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Series foreword

Artificial intelligence is the study of intelligence using the ideas and methods of

computation. Unfortunately, a definition of intelligence seems impossible at the

moment because intelligence appears to be an amalgam of so many information-

processing and information-representation abilities.

Of course psychology, philosophy, linguistics, and related disciplines offer

various perspectives and methodologies for studying intelligence. For the most

part, however, the theories proposed in these fields are too incomplete and too

vaguely stated to be realized in computational terms. Something more is needed,

even though valuable ideas, relationships, and constraints can be gleaned from

traditional studies of what are, after all, impressive existence proofs that intelli-

gence is in fact possible.

Artificial intelligence offers a new perspective and a new methodology. Its

central goal is to make computers intelligent, both to make them more useful and

to understand the principles that make intelligence possible. That intelligent

computers will be extremely useful is obvious. The more profound point is that

artificial intelligence aims to understand intelligence using the ideas and methods

of computation, thus offering a radically new and different basis for theory

formation. Most of the people doing work in artificial intelligence believe that

these theories will apply to any intelligent information processor, whether

biological or solid state.

There are side effects that deserve attention, too. Any program that will

successfully model even a small part of intelligence will be inherently massive

and complex. Consequently, artificial intelligence continually confronts the

limits of computer-science technology. The problems encountered have been

hard enough and interesting enough to seduce artificial intelligence people into

working on them with enthusiasm. It is natural, then, that there has been a steady

flow of ideas from artificial intelligence to computer science, and the flow shows

no sign of abating.

The purpose of this series in artificial intelligence is to provide people in many
areas, both professionals and students, with timely, detailed information about

what is happening on the frontiers in research centers all over the world.

J. Michael Brady

Daniel Bobrow
Randall Davis
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PrefaceThe schema mechanism is a general leaming and conceptbuilding mechanismintended to reproduce aspects of Piagetian cognitive development during infancyA computer program that implements the schema mechanism has replicated several early milestones in the Piagetian infants invention of the concept of persistent objectThe schema mechanism implementation connects to a simulated body in a microworld The mechanism leams from its experiences by processes of empiricall

eaming and concept invention and uses what it leams to plan actions often forthe sake of explicit goals Empirical leaming is achieved by a novel inductiontechnique marginal attribution that builds stmctures called scrlmnas each schema asserts that a given action in a specified context has particular results Contexts and results are expressed in terms of binary state elements called items Crucially the schema mechanism not only discovers relations among existingrepres

entational elements actions and items but also constructs new such elements Its learning is entirely autonomous and unsupervisedFor any achievable result the mechanism can dene a new abstract action theaction of achieving that result Most importantly the mechanism invents radically novel concepts by constructing new state elements syrztzctic items to designate aspects of the world that the existing repertoire of representations fails to express A synthetic item is de

fined with respect to a particular unreliable schemathe item designates whatever unknown condition must be satisfied for the schemato be reliable Such a condition may differ fundamentally from any states previously represented by the mechanismThe schema mechanism like a Piagetian infant initially represents the worldonly in terms of simple sensory and motor elements At first there is no concept ofpersistent external objectsobjects that exist even when not perceived T

heschema mechanism recapitulates aspects of the Piagetian developmental sequence by inventing a series of approximations to the persistentobject conceptThe mechanism discovers correspondences among touch vision and other modalities and eventually represents an object independently of how or if the objectis currently perceived This designation is far removed from the original sensorimotor elements of representation

Preface

The schema mechanism is a general learning and concept-building mechanism

intended to reproduce aspects ofPiagetian cognitive development during infancy

.

A computer program that implements the schema mechanism has replicated sev-

eral early milestones in the Piagetian infant's invention of the concept of persist-

ent object.

The schema mechanism implementation connects to a simulated body in a mi-

croworld. The mechanism learns from its experiences by processes of empirical

learning and concept invention, and uses what it learns to plan actions, often for

the sake of explicit goals. Empirical learning is achieved by a novel induction

technique, marginal attribution, that builds structures called schemas; each sche-

ma asserts that a given action, in a specified context, has particular results. Con-

texts and results are expressed in terms ofbinary state elements called items. Cru-

cially, the schema mechanism not only discovers relations among existing

representational elements (actions and items), but also constructs new such ele-

ments. Its learning is entirely autonomous and unsupervised.

For any achievable result, the mechanism can define a new, abstract action, the

action of achieving that result. Most importantly, the mechanism invents radical-

ly novel concepts by constructing new state elements, synthetic items, to desig-

nate aspects of the world that the existing repertoire of representations fails to ex-

press. A synthetic item is defined with respect to a particular unreliable schema;

the item designates whatever unknown condition must be satisfied for the schema

to be reliable. Such a condition may differ fundamentally from any states pre-

viously represented by the mechanism.

The schema mechanism, like a Piagetian infant, initially represents the world

only in terms ofsimple sensory and motor elements. At first, there is no concept of

persistent, external objects—objects that exist even when not perceived. The

schema mechanism recapitulates aspects of the Piagetian developmental se-

quence by inventing a series of approximations to the persistent-object concept.

The mechanism discovers correspondences among touch, vision, and other mo-

dalities, and eventually represents an object independently ofhow, or if, the object

is currently perceived. This designation is far removed from the original, sensori-

motor elements of representation.



Part I Constructivist AI

Part I Constructivist AI



1 Introduction and overviewThe most wondrous quest of humankind remains its ancient and ongoing effortto understand the human mind This book presents the schewza nzechanism oneof myriad attempted contributions to that effort The schema mechanism proceeds from the work of the psychologist Jean Piaget who sought the basic operational principles of the mind by studying the genesis of thought in infants and childrenPiagets theoretical stance known as constructivisnz prop

oses that the newbom infant is virtually a solipsist conceiving of reality exclusively in terms ofsensory impressions and motor actions the infant can leam that certain actionscan create particular sensations but lacks any idea that there are objects that existindependently of their perception But although by this account the individualbegins life with only sensorimotor terms of representation she goes on to construct new representational elements as the prior repert

oire proves inadequate todescribe her experiences Eventually she is able to conceive of an object independently of howor even whetIzerit is currently perceivedThe schema mechanism is a general leaming and conceptbuilding mechanisminspired by Piagets account of human cognitive development The mechanism isintended to replicate key aspects of cognitive development during infancy withpossible relevance to later development as well This project serves two purposes it take

s Piagets theory of human development as a source of inspiration foran artificial leaming mechanism and it extends and tests Piaget s theory by seeingwhether a specific mechanism that works according to Piagetian themes actuallyexhibits Piagetian abilities In fact a computer program which implements theschema mechanism along with a simple simulated physical environment hasreplicated several early milestones in the Piagetian infants acquisition of the concept of physi

cal objectThe schema mechanism practices a kind of leaming that uses almost no aprioriknowledge of the world Starting without such knowledge is both a handicap anda source of power A system that depends too strongly on builtin knowledge andbuiltin terms of representation will have difficulty ever making discoveries farbeyond the scope of what is built in But without already having a good idea ofwhat relates to what and how it relates a leaming system faces a formidab

le problem in interpreting its experiences well enough to leam from them in the firstplace and without a builtin conceptual vocabulary suited to the problems itfaces the system needs a powerful facility for inventing concepts for itself Theseare the two central challenges addressed by this research

Introduction and overview

The most wondrous quest of humankind remains its ancient and ongoing effort

to understand the human mind. This book presents the schema mechanism, one

of myriad attempted contributions to that effort. The schema mechanism pro-

ceeds from the work of the psychologist Jean Piaget, who sought the basic opera-

tional principles of the mind by studying the genesis ofthought in infants and chil-

dren.

Piaget's theoretical stance, known as constructivism, proposes that the new-

born infant is virtually a solipsist, conceiving of reality exclusively in terms of

sensory impressions and motor actions; the infant can learn that certain actions

can create particular sensations, but lacks any idea that there are objects that exist

independently of their perception. But although, by this account, the individual

begins life with only sensorimotor terms of representation, she goes on to con-

struct new representational elements as the prior repertoire proves inadequate to

describe her experiences. Eventually, she is able to conceive of an object inde-

pendently of how—or even whether—it is currently perceived.

The schema mechanism is a general learning and concept-building mechanism

inspired by Piaget's account ofhuman cognitive development. The mechanism is

intended to replicate key aspects of cognitive development during infancy, with

possible relevance to later development as well. This project serves two pur-

poses: it takes Piaget's theory ofhuman development as a source of inspiration for

an artificial learning mechanism; and it extends and tests Piaget' s theory by seeing

whether a specific mechanism that works according to Piagetian themes actually

exhibits Piagetian abilities. In fact, a computer program which implements the

schema mechanism (along with a simple, simulated physical environment) has

replicated several early milestones in the Piagetian infant's acquisition ofthe con-

cept of physical object.

The schema mechanism practices a kind oflearning that uses almost no apriori

knowledge of the world. Starting without such knowledge is both a handicap and

a source ofpower. A system that depends too strongly on built-in knowledge, and

built-in terms of representation, will have difficulty ever making discoveries far

beyond the scope of what is built in. But without already having a good idea of

what relates to what, and how it relates, a learning system faces a formidable prob-

lem in interpreting its experiences well enough to learn from them in the first

place; and without a built-in conceptual vocabulary suited to the problems it

faces, the system needs a powerful facility for inventing concepts for itself. These

are the two central challenges addressed by this research.



4 Chapter l Introduction and overviewThis chapter begins with an overview of the schema mechanism and of thebackground of this research programsome basic concems about the nature ofleaming that motivate and inform this work A brief guide to the dissertation concludes the chapter Subsequent chapters present a detailed description of the schema mechanism itself and of the results from experiments with its implementationThe final chapters discuss the schema mechanism in

 relation to cognitive scienceand to other research programs in the field of artificial intelligence11 The schema mechanism an overviewThis section summarizes the book It spotlights the fundamental questions addressed by research with the schema mechanism sketches the schema mechanisms implementation and samples the results obtained111 Fundamental problems empirical learning and concept inventionThe schema mechanism controls and receives sensory information from a bo

dyBased on its interaction with the world the mechanism discovers regularities inthe world expressed in some existing representational vocabulary and it constructs new concepts thereby augmenting that vocabulary to make additional empirical discoveries expressible The schema mechanism uses the knowledge it acquires to guide its actions both for the sake of specific goals and in order to gainfurther knowledgeThe mechanism expresses regularities as schemas each of whic

h predictssome effects of an action under specified circumstances the mechanism expresses concepts as binary state elements called items each of which can be on or o toassert or deny that some condition holds Each item can have an associated valuean items value can inuence the selection of those actions which according toextant schemas may achieve the state designated by the item The mechanismthus follows what we might call a pred1t10nvaIue paradigm see section 91 in

contrast with a situationaction paradigm the mechanism does not directly leamwhat action to take in a given situation but rather leams what would happen nextfor each ofseveral possible actions It may then select what action to take based inpart on the value of an achievable resultThe schema mechanism is principally concemed with empirical leaming andwith concept invention For each of these intertwined processes I identify a foundational problem and propose and demons

trate a partial solution0 The foundational problem in empirical leaming is that the variability of theeffects of the same action in different circumstances makes an actions re

Chapter 1 . Introduction and overview

This chapter begins with an overview of the schema mechanism, and of the

background of this research program—some basic concerns about the nature of

learning that motivate and inform this work. A brief guide to the dissertation con-

cludes the chapter. Subsequent chapters present a detailed description ofthe sche-

ma mechanism itselfand of the results from experiments with its implementation.

The final chapters discuss the schema mechanism in relation to cognitive science

and to other research programs in the field of artificial intelligence.

1.1 The schema mechanism: an overview

This section summarizes the book. It spotlights the fundamental questions ad-

dressed by research with the schema mechanism, sketches the schema mecha-

nism's implementation, and samples the results obtained.

1.1.1 Fundamental problems: empirical learning and concept invention

The schema mechanism controls, and receives sensory information from, a body.

Based on its interaction with the world, the mechanism discovers regularities in

the world, expressed in some existing representational vocabulary; and it con-

structs new concepts, thereby augmenting that vocabulary to make additional em-

pirical discoveries expressible. The schema mechanism uses the knowledge it ac-

quires to guide its actions, both for the sake of specific goals, and in order to gain

further knowledge.

The mechanism expresses regularities as schemas, each of which predicts

some effects of an action under specified circumstances; the mechanism expres-

ses concepts as binary state elements called items, each ofwhich can be on or offto

assert or deny that some condition holds. Each item can have an associated value;

an item's value can influence the selection of those actions which, according to

extant schemas, may achieve the state designated by the item. The mechanism

thus follows what we might call a prediction-value paradigm (see section 9. 1 ), in

contrast with a situation-action paradigm: the mechanism does not directly learn

what action to take in a given situation, but rather learns what would happen next

for each of several possible actions. It may then select what action to take based in

part on the value of an achievable result.

The schema mechanism is principally concerned with empirical learning and

with concept invention. For each of these intertwined processes, I identify a foun-

dational problem, and propose and demonstrate a partial solution.

• The foundational problem in empirical learning is that the variability of the

effects of the same action in different circumstances makes an action's re-



11 The schema mechanism 5sults hard to notice as such in the first place A solution to the empiricalleaming problem implemented by the schema mechanisms marginalattribution facility is to use sensitive statistical measures to altemate between discovering a highly unreliable result and then seeking conditionswith respect to which the result follows more reliably0 The foundational problem in concept invention is the need to define radically novel conceptsones that desi

gnate entities fundamentally differentfrom any that were previously represented as for example a physical object is a much different sort of thing than a visual image or a tactile sensation A solution is to define a new concept as the potential to evoke a manifestation where the manifestation is described in terms of previouslydesignated concepts the schema mechanisms synthetic items define suchconceptsEmpirical learning marginal attributionThe first foundational pro

blem concems empirical leaming The schema mechanisms empirical leaming facility faces a difficult chickenandegg problem Agiven action may have a variety of different results in different circumstances forexample moving one s hand incrementally backward can result in a tactile sensation on the chin the shoulder or elsewhere depending on where the hand startedEven if a particular result follows a given action reliably under certain circumstances that result may occur o

nly rarely in general Moreover causes other thanthe given action may also give rise to the result and even when that action doescause the result the result may be buried among many unrelated events Thuseven the most reliable results can be hard to notice as such until the correspondingcircumstances have been identified but those in tum cannot be sought withoutfirst knowing what result they correspond to That is the chickenandegg problemOne solution would be to provid

e apriori constraint about what might be relevant to what But in the interests of being able to transcend a priori domains andin the interests of modeling Piagets theory the schema mechanism starts without such knowledge This way from the outset the mechanism demonstrates theability to leam in unprecedented domainssince to the mechanism all domainsare unprecedentedThe schema mechanisms marginal attribution facility section 412 tacklesthe chickenandegg problem by dist

inguishing the relevance of a result from itsreliability A result is relevant to an action if the result occurs more often when the
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suits hard to notice as such in the first place. A solution to the empiri-

cal-learning problem, implemented by the schema mechanism's marginal

attribution facility, is to use sensitive statistical measures to alternate be-

tween discovering a highly unreliable result, and then seeking conditions

with respect to which the result follows more reliably.

• The foundational problem in concept invention is the need to define radical-

ly novel concepts—ones that designate entities fundamentally different

from any that were previously represented (as, for example, a physical ob-

ject is a much different sort of thing than a visual image or a tactile sensa-

tion). A solution is to define a new concept as the potential to evoke a man-

ifestation, where the manifestation is described in terms of previously

designated concepts; the schema mechanism's synthetic items define such

concepts.

Empirical learning: marginal attribution

The first foundational problem concerns empirical learning. The schema mecha-

nism's empirical learning facility faces a difficult chicken-and-egg problem. A
given action may have a variety of different results in different circumstances; for

example, moving one's hand incrementally backward can result in a tactile sensa-

tion on the chin, the shoulder, or elsewhere, depending on where the hand started.

Even if a particular result follows a given action reliably under certain circum-

stances, that result may occur only rarely in general. Moreover, causes other than

the given action may also give rise to the result; and even when that action does

cause the result, the result may be buried among many unrelated events. Thus,

even the most reliable results can be hard to notice as such, until the corresponding

circumstances have been identified; but those, in turn, cannot be sought without

first knowing what result they correspond to. That is the chicken-and-egg prob-

lem.

One solution would be to provide apriori constraint about what might be rele-

vant to what. But in the interests of being able to transcend a priori domains (and

in the interests of modeling Piaget's theory), the schema mechanism starts with-

out such knowledge. This way, from the outset, the mechanism demonstrates the

ability to learn in unprecedented domains—since, to the mechanism, all domains

are unprecedented.

The schema mechanism's marginal attribution facility (section 4. 1 .2) tackles

the chicken-and-egg problem by distinguishing the relevance of a result from its

reliability. A result is relevant to an action if the result occurs more often when the



6 Chapter 1 Introduction and overviewaction is taken than when not however infrequent the result may be even when theaction is taken Requiring only that there be a significant difference in frequenciesrelieves the problem of a results general rarity despite its following reliably underthe right conditions Requiring that the difference be significant quickly ltersout merely coincidental cooccurrences But detecting relevant results without apriuri constraints requires 

looking everywherethat is maintaining relevancestatistics for every pair of action and possible result Section 51 argues that theburden of this exhaustive crosscorrelation is acceptableHaving identified a relevant result the mechanism seeks conditions underwhich the result follows reliably Here too distinguishing relevance from reliability tums out to be important in order to build up to some necessary conjunction of context conditions by nding one conjunct at a time

 as explained in section 412Concept invention synthetic itemsThe second foundational problem is radically novel concept invention Conventional leaming systems define new concepts as boolean combinations generalizations or specializations or analogs or clusters of existing concepts Any suchvariant of existing concepts resembles one or more prior concepts differing onlyincrementally Piagetian development in contrast requires the invention of concepts that differ fundam

entally from all prior conceptsFor example the schema mechanismlike an infant according to Piagetstarts with only sensorimotor terms of representationterms that designatesensory inputs and motor outputs But the mechanism again like a Piagetian infant develops important precursors of the concept of physical object eventuallybeing able to represent an objects continued existence even when the object is nolonger perceived A physical object that persists when not perceiv

ed is nothinglike its various sensory manifestations those are transient variable recurrentand intangible whereas an object is characterized by among other things itslongterm persistence its stability its substance its tangibility its spatiallocalityand its weight and volumeThe schema mechanism defines a new concept by building a state elementcalled a s_vntzctic item section 42 The mechanism defines a synthetic item withrespect to a schema that represents z1[mrtorn o

frommahility For example returning the hand to where an object was last felt typically recovers the tactile manifestation ofthe object because a nearby object typically stays put for a while andthus will be felt again when the hand retums to where the object was recently en
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action is taken than when not, however infrequent the result may be even when the

action is taken. Requiring only that there be a significant difference in frequencies

relieves the problem ofa result's general rarity despite its following reliably under

the right conditions. Requiring that the difference be significant quickly filters

out merely coincidental co-occurrences. But detecting relevant results without a

priori constraints requires looking everywhere—that is, maintaining relevance

statistics for every pair of action and possible result. Section 5.1 argues that the

burden of this exhaustive cross-correlation is acceptable.

Having identified a relevant result, the mechanism seeks conditions under

which the result follows reliably. Here, too, distinguishing relevance from reli-

ability turns out to be important, in order to build up to some necessary conjunc-

tion of context conditions by finding one conjunct at a time (as explained in sec-

tion 4. 1.2).

Concept invention: synthetic items

The second foundational problem is radically novel concept invention. Conven-

tional learning systems define new concepts as boolean combinations, general-

izations or specializations, or analogs or clusters of existing concepts. Any such

variant of existing concepts resembles one or more prior concepts, differing only

incrementally. Piagetian development, in contrast, requires the invention of con-

cepts that differ fundamentally from all prior concepts.

For example, the schema mechanism—like an infant, according to Pia-

get—starts with only sensorimotor terms of representation—terms that designate

sensory inputs and motor outputs. But the mechanism (again, like a Piagetian in-

fant) develops important precursors of the concept of physical object, eventually

being able to represent an object's continued existence even when the object is no

longer perceived. A physical object that persists when not perceived is nothing

like its various sensory manifestations: those are transient, variable, recurrent,

and intangible, whereas an object is characterized by (among other things) its

long-term persistence, its stability, its substance, its tangibility, its spatiallocality,

and its weight and volume.

The schema mechanism defines a new concept by building a state element

called a synthetic item (section 4.2). The mechanism defines a synthetic item with

respect to a schema that represents a pattern ofrecoverability. For example, re-

turning the hand to where an object was last felt typically recovers the tactile man-

ifestation ofthe object (because a nearby object typically stays put for a while, and

thus will be felt again when the hand returns to where the object was recently en-



11 The schema mechanism 7countered Upon discovering this pattem of recoverability the mechanism defines a new synthetic item to designate whatever unknown aspect of the world assures this recoverability in this example the new synthetic item is thus defined torepresent whatever aspect of the world assures that retuming the hand to a particular location would in fact result in the tactile sensation in questionIn effect this synthetic item thereby designates that there

 is at present a readily palpable object at a particular location This English descriptionobject at aparticular l0cati0nis composed of designations of physical object and of spatial location But crucially the mechanism itself does not define this syntheticitem by composing prior concepts of object and location the mechanism has nosuch prior concepts On the contrary this synthetic item may serve as a precursorof those very conceptsThus the construction of a synthetic 

item starts from some previously conceived manifestationin this example a tactile sensationwhich however hadnot been conceived of as a manifestation of anything Working backward fromthe manifestation the act of defining a synthetic item postulates a previously unconceivedof thing that is manifested in this case a physical object Buildingsynthetic items corresponds to Piagetian conservation phenomena wherein an individual postulates some new kind of thing that remains

 invariant even when allmanifestations of it change or cease From early infancy to sophisticated sciencefrom palpable objects to energy or quarkssuch postulates can be revolutionaryHaving thus defined a new concept the mechanism then tries to discover applicablity conditions for the conceptthat is conditions which distinguish instances of the concept from noninstances In the present example the applicability conditions are conditions under which the probing action of

 the hand would infact result in the specified manifestation These conditions are expressed as afunction of other concepts represented by the mechanism eg concepts corresponding to visual evidence for the objects presence The applicability conditions serve to operationalize the new concept to make it usable by determiningalbeit imperfectly when the concept is and is not applicable But the operationalizing function does not dene the new concept for the function is alw

ays subjectto extension and revision when new experiences reveal a discrepancy between thefunction and the concept that it is supposed to operationalize
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countered.) Upon discovering this pattern of recoverability, the mechanism de-

fines a new synthetic item to designate whatever unknown aspect ofthe world as-

sures this recoverability; in this example, the new synthetic item is thus defined to

represent whatever aspect ofthe world assures that returning the hand to a particu-

lar location would in fact result in the tactile sensation in question.

In effect, this synthetic item thereby designates that there is, at present, a readi-

ly palpable object at a particular location. This English description

—

object at a

particular location—is composed of designations of physical object, and of spa-

tial location. But crucially, the mechanism itself does not define this synthetic

item by composing prior concepts of object and location; the mechanism has no

such prior concepts. On the contrary, this synthetic item may serve as a precursor

of those very concepts.

Thus, the construction of a synthetic item starts from some previously con-

ceived manifestation—in this example, a tactile sensation—which, however, had

not been conceived of as a manifestation of anything. Working backward from

the manifestation, the act of defining a synthetic item postulates a previously un-

conceived-of thing that is manifested (in this case, a physical object). Building

synthetic items corresponds to Piagetian conservation phenomena, wherein an in-

dividual postulates some new kind of thing that remains invariant even when all

manifestations of it change or cease. From early infancy to sophisticated sci-

ence—from palpable objects to energy or quarks—such postulates can be revolu-

tionary.

Having thus defined a new concept, the mechanism then tries to discover appli-

cablity conditions for the concept—that is, conditions which distinguish in-

stances ofthe concept from non-instances. In the present example, the applicabil-

ity conditions are conditions under which the probing action of the hand would, in

fact, result in the specified manifestation. These conditions are expressed as a

function of other concepts represented by the mechanism (e.g., concepts corre-

sponding to visual evidence for the object's presence). The applicability condi-

tions serve to operationalize the new concept, to make it usable, by determining,

albeit imperfectly, when the concept is and is not applicable. But the operational-

izing function does not define the new concept, for the function is always subject

to extension and revision when new experiences reveal a discrepancy between the

function and the concept that it is supposed to operationalize.



8 Chapter 1 Introduction and overview112 The implementation structures machinery and accomplishmentsI intend schema mechanism to be a generic term like internal combustion engine it designates any leaming mechanism that operates more or less as described here no matter whether the mechanism is instantiated biologically electronically or is just an unimplemented abstraction I advance the hypothesis thatthe schema mechanism may be implemented by the human brain as a co

mponentof our intelligence However except where otherwise noted I use the term schema mechanism in this book to refer to the mechanism as implemented by a particular computer program that is described hereThis section sketches the schema mechanisms data structures its machineryfor building and using its structures and a synopsis of the leaming actuallyachieved by the implementation Chapters 3  4 and 6 present this subject matter ingreater breadth and depthFigure 11 i

llustrates the schema mechanisms robot body and microworld iea small artificial world in which the body resides These can be viewed on acomputer screen providing a way to watch the mechanisms actions The bodyincludes a crude visual system and a single mobile hand detached from thebody with tactile sensors and the ability to grasp and move objects Like a neonates this body lacks the ability to move itself from place to placethe hand QmodYFigure 11 The microworld The s

chema mechanism controls a simuan object  the visual fieldlated robot in a twodimensional microworld The visual field can moverelative to the body Here the visual field encompasses the body and around object but not the handStructures schemas actions and itemsThe schema mechanism has three kinds of data structures schemas actions anditems
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1.1.2 The implementation: structures, machinery, and accomplishments

I intend schema mechanism to be a generic term (like internal combustion en-

gine); it designates any learning mechanism that operates more or less as de-

scribed here, no matter whether the mechanism is instantiated biologically, elec-

tronically, or is just an unimplemented abstraction. I advance the hypothesis that

the schema mechanism may be implemented by the human brain, as a component

of our intelligence. However, except where otherwise noted, I use the term sche-

ma mechanism in this book to refer to the mechanism as implemented by a partic-

ular computer program that is described here.

This section sketches the schema mechanism's data structures, its machinery

for building and using its structures, and a synopsis of the learning actually

achieved by the implementation. Chapters 3 , 4 and 6 present this subject matter in

greater breadth and depth.

Figure 1 . 1 illustrates the schema mechanism's robot body and microworld (i.e.,

a small, artificial world in which the body resides). These can be viewed on a

computer screen, providing a way to watch the mechanism's actions. The body

includes a crude visual system, and a single, mobile hand (detached from the

body) with tactile sensors and the ability to grasp and move objects. Like a neo-

nate's, this body lacks the ability to move itself from place to place.

an object

the visual field

the hand

the head/body

Figure 1.1 The microworld. The schema mechanism controls a simu-

lated robot in a two-dimensional microworld. The visual field can move
relative to the body. Here, the visual field encompasses the body and a

round object, but not the hand.

Structures: schemas, actions, and items

The schema mechanism has three kinds of data structures: schemas, actions, and

items.



11 The schema mechanism 90 A schema is a tripartite structure comprising a context action and result Aschema asserts that if its action is taken when its context conditions are allsatisfied then the result conditions will obtain The assertion is subject to areliability factor that the schema maintains For example the schema infigure 12 asserts that if the hand is just in front of the mouth context moving the hand incrementally backward action will precipitate a tacti

le sensation on the mouth result0 Each action designates an event that can affect the state of the world asmight be reected in the state of some of the mechanisms items9 An item is a state element Each item corresponds to some proposition aboutthe state of the world and is On or O to assert or deny that propositionAn item can also be in an Unknown statecontext action resultHandInFr0nt0fM0utlz M outhF eelsT0mhH andBackwardFigure 12 A schema A schema asserts that takin

g its actionwhen its context conditions are satisfied would achieve its resultThis schema says how to move the hand backward to the mouthA schema is a unit of knowledge both declarative and procedural Declaratively a schema makes a factual assertion an assertion about what would happenunder certain circumstances Procedurally a schema can say how to pursue agoal the goal may be in the schemas own result or the schema may facilitate theactivation of some other schema w

hose result includes the goal A schema is alsoa unit of experimentation comparing what happens when an action is taken towhat happens without it As explained below new schemas arise from such experimentsSchemas contexts and results are represented in terms of items Each contextdesignates zero or more items some may be negated In figure 12 the contextconsists of the nonnegated item HandInFr0nt0fM0uth A context is satisfiedwhen and only when all of its nonnegated items

 are On and all of its negated itemsare O A result similarly contains zero or more possibly negated items in figure 12 the result consists of the item M0utl2FeelsTomI2 also nonnegated The

1.1. The schema mechanism

• A schema is a tripartite structure comprising a context, action, and result. A
schema asserts that if its action is taken when its context conditions are all

satisfied, then the result conditions will obtain. (The assertion is subject to a

reliability factor that the schema maintains). For example, the schema in

figure 1 .2 asserts that if the hand is just in front of the mouth (context), mov-

ing the hand incrementally backward (action) will precipitate a tactile sen-

sation on the mouth (result).

• Each action designates an event that can affect the state of the world (as

might be reflected in the state of some of the mechanism's items).

• An item is a state element. Each item corresponds to some proposition about

the state of the world, and is On (or Off) to assert (or deny) that proposition.

(An item can also be in an Unknown state.)

context: action: result:

HandlnFrontOfMouth f~\ w/^^\ MouthFeelsTouch

HandBackward

Figure 1.2 A schema. A schema asserts that taking its action

when its context conditions are satisfied would achieve its result.

This schema says how to move the hand backward to the mouth.

A schema is a unit of knowledge, both declarative and procedural. Declara-

tively, a schema makes a factual assertion, an assertion about what would happen

under certain circumstances. Procedurally, a schema can say how to pursue a

goal; the goal may be in the schema's own result, or the schema may facilitate the

activation of some other schema whose result includes the goal. A schema is also

a unit of experimentation, comparing what happens when an action is taken to

what happens without it. As explained below, new schemas arise from such ex-

periments.

Schemas' contexts and results are represented in terms of items. Each context

designates zero or more items; some may be negated. In figure 1.2, the context

consists of the (nonnegated) item HandlnFrontOfMouth. A context is satisfied

when and only when all of its nonnegated items are On, and all of its negated items

are Off. A result similarly contains zero or more (possibly negated) items; in fig-

ure 1 .2, the result consists of the item MouthFeelsTouch (also nonnegated). The



lt Chapter 1 Introduction and overviewresult items are expected subject to the schemas reliability factor to turn On orOff if negated when the schema completes its activation To activate a schema isto initiate its action when the schemas context conditions are satisfied the schemas activation finishes when its action terminatesPrimitive and acquired structuresThe schema mechanisms primitively supplied items all correspond to perceptualinformation such as tI1crcs some

thing toztching the hand or tlteres some objectat the upper left oftho visual field Each primitively supplied action correspondsto some simple motor activity like moving the hand incrementally forward orglancing incrementally to the left Calling the initial actions and items primitiveis just to say that they comprise the initial representational vocabulary in contrastwith later elements which the mechanism itself constructs What the primitiveitems designate and how t

hey are computed need not be simple the visual itemsfor example may correspond to information that in humans is the result of acomplicated analysis of a visual scene to extract information about threedimensional structureHowever sophisticated the processing may be that supplies primitive information to the schema mechanism the schema mechanism itself is at first wholly ignorant of what the primitive actions and items correspond to or how they mighrelate to one anothe

r It does not know for example which items are visual andwhich tactile or even what it would mean to be visual or tactile It does not knowthat two items designating similar kinds of informationfor example two tactileitems corresponding to contact with adjacent regions of the handhave any closer relationship to each other than to arbitrary other items And the mechanismdoes not even hatelet alone understandany primitive items that designatepersistent objectsobjects tha

t continue to exist even when not perceived It ispart of the schema mechanism s task to learn about the relations among its units ofrepresentation both primitive and constructedA constructivist mechanism is like a programming language in that its character is defined not so much by its particular set of primitives as by its ways of combining structures to form larger ones and by its means of abstractionits meansof forming new units of representation that allow the de

tails of their implementation to be i gnored1 The schema mechanism like a good programming languageis \tnsi7l instances of its basic units of representationschemas items andactionswcan all be constructed by the mechanisms means of combination andl ll11s unzllysis of programming languages is borrowed from Abelson and Sussman [l
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result items are expected, subject to the schema's reliability factor, to turn On (or

Off, if negated) when the schema completes its activation. To activate a schema is

to initiate its action when the schema's context conditions are satisfied; the sche-

ma's activation finishes when its action terminates.

Primitive and acquired structures

The schema mechanism's primitively supplied items all correspond to perceptual

information, such as there's something touching the hand or there's some object

at the upper left ofthe visualfield. Each primitively supplied action corresponds

to some simple motor activity, like moving the hand incrementally forward or

glancing incrementally to the left. Calling the initial actions and items primitive

is just to say that they comprise the initial representational vocabulary, in contrast

with later elements, which the mechanism itself constructs. What the primitive

items designate, and how they are computed, need not be simple; the visual items,

for example, may correspond to information that (in humans) is the result of a

complicated analysis of a visual scene to extract information about three-dimen-

sional structure.

However sophisticated the processing may be that supplies primitive informa-

tion to the schema mechanism, the schema mechanism itself is, at first, wholly ig-

norant of what the primitive actions and items correspond to, or how they migh.

relate to one another. It does not know, for example, which items are visual and

which tactile, or even what it would mean to be visual or tactile. It does not know

that two items designating similar kinds of information—for example, two tactile

items corresponding to contact with adjacent regions of the hand—have any clos-

er relationship to each other than to arbitrary other items. And the mechanism

does not even have—let alone understand—any primitive items that designate

persistent objects—objects that continue to exist even when not perceived. It is

part of the schema mechanism's task to learn about the relations among its units of

representation, both primitive and constructed.

A constructivist mechanism is like a programming language in that its charac-

ter is defined not so much by its particular set of primitives as by its ways of com-

bining structures to form larger ones, and by its means of abstraction—its means

of forming new units of representation that allow the details of their implementa-

tion to be ignored. ' The schema mechanism, like a good programming language,

is extensible: instances of its basic units of representation—schemas, items, and

actions—can all be constructed by the mechanism's means of combination and

1 . This analysis of programming languages is borrowed from Abelson and Sussman ( 1].



11 The schema mechanism 1 1abstraction More than this the schema mechanism is wlfexte11sibleit is themechanism itself rather than a programmer or other external agent that n1anufactures these extensionsThe schema mechanism interacts with the world and based on its experiencesconstructs new schemas actions and items9 The schema mechanism builds schemas that connect items and actions toexpress discoveries about regularities in the world Such discoveries aremade by the 

mechanism s marginal attribution facility which as mentionedabove addresses the chickenandeg g problem of empirical leaming howto recognize an actions result without first knowing the necessary contextconditions0 The mechanism builds new state elements synthetic items to designate aspects of the world that are radically different from any that were previouslyrepresented0 For any achievable result the mechanism can build a composite uct1on defined as the action of ach

ieving that result regardless of just which schemasare used to achieve the result Dening composite actions allows the mechanism to represent events at levels of abstraction higher than the lowest sensorimotor level Composite actions also allow for the designation of statetransitions that are caused externally rather than being under the mechanisms control as explained in section 432Highlights of the implementations accomplishmentsChapter 6 presents a detailed synopsi

s of the developmental progression achievedby the schema mechanisms computer implementation emphasizing its recapitulation of some early milestones in the Piagetian development of the concept ofphysical objects Here as a preview are some brief highlightsThe mechanism has ten primitive ie builtin actions four to move the handincrementally forward back right or left within a certain range of the body fourto shift the glance orientation incrementally in those directions

 within a certainrange and actions of opening and closing the hand There are three categories ofprimitive items proprioceptivez tactile and visual For each possible bodyrelative hand position there is a handposition item which is On just in case the hand isin that position similarly there is an eyeposition item for each possible bodyrel2 Proprioception gives an organism information about the orientation of its limbs and otherbody parts using direct cues such as muscl

e tension as opposed to say visual evidence

1.1. The schema mechanism
1 \

abstraction. More than this, the schema mechanism is ^//-extensible—it is the

mechanism itself (rather than a programmer or other external agent) that man-

ufactures these extensions.

The schema mechanism interacts with the world, and based on its experiences,

constructs new schemas, actions, and items.

• The schema mechanism builds schemas that connect items and actions to

express discoveries about regularities in the world. Such discoveries are

made by the mechanism's marginal attribution facility, which, as mentioned

above, addresses the chicken-and-egg problem of empirical learning: how
to recognize an action's result without first knowing the necessary context

conditions.

• The mechanism builds new state elements, synthetic items, to designate as-

pects of the world that are radically different from any that were previously

represented.

• For any achievable result, the mechanism can build a composite action, de-

fined as the action of achieving that result, regardless ofjust which schemas

are used to achieve the result. Defining composite actions allows the mech-

anism to represent events at levels of abstraction higher than the lowest, sen-

sorimotor level. Composite actions also allow for the designation of state

transitions that are caused externally, rather than being under the mecha-

nism's control (as explained in section 4.3.2).

Highlights of the implementation's accomplishments

Chapter 6 presents a detailed synopsis ofthe developmental progression achieved

by the schema mechanism 's computer implementation, emphasizing its recapitu-

lation of some early milestones in the Piagetian development of the concept of

physical objects. Here, as a preview, are some brief highlights.

The mechanism has ten primitive (i.e., built-in) actions: four to move the hand

incrementally forward, back, right, or left, within a certain range of the body; four

to shift the glance orientation incrementally in those directions, within a certain

range; and actions of opening and closing the hand. There are three categories of

primitive items: proprioceptive2 , tactile, and visual. For each possible body-rela-

tive hand position, there is a hand-position item which is Onjust in case the hand is

in that position; similarly, there is an eye-position item for each possible body-rel-

2. Proprioception gives an organism information about the orientation of its limbs and other

body parts using direct cues such as muscle tension, as opposed to, say visual evidence.



12 Chapter 1 Introduction and overviewative glance orientation Various tactile items designate contact with parts of thehand or the body some tactile items denote specific tactile details of objects beingfelt The visual field comprises a number of regions for each there is a visualitem which is On just in case an object appears at that region every object s imageoccupies just one such region Also for each of several foveal regions a numberof other items designate vis

ual details of an image appearing there these detailscan help identify specific objectsAmong the mechanisms first achievements is a practical elaboration of thespatial relationship among the various visualfield items and proprioceptiveitems That is the mechanism builds schemas such as in figure 13 which describe the adjacency of certain handposition eyeposition or visualregion itemswith respect to incremental hand or glance actions Such schemas chain togetherin netwo

rks that tell the mechanism how to move the hand from one bodyrelativeposition to another by a series of motions between adjacent positions or how todirect the gaze to a given orientation or change the gaze to shift an image to a given part of the visual fieldhcmd handat21 H2 2Q hand 8forwardey ye imagat imageaIat32 at3 1 rgi0n33 regi0rz238 eye S 8 eye 3baclcward rightFigure 13 Adjacency schemas These schemas help forge a practical understanding of locations adjacenc

yThe mechanism leams about some visual effects of hand motions as illustratedin figure 14 In addition the mechanism leams to sometimes anticipate tactileContact when the hand is seen moved beside an object also shown in figure 14Such schemas begin to connect an objects visual and tactile propertiesbutwithout yet representing the object apart from its sensory manifestationIt is not enough to discover such connections among existing representationsA constructivist syst

ems greatest challenge is to transcend its initially suppliedterms of representation to extend its own ontological vocabulary to designatekinds of things that are radically different from any that it had previously beenable to represent Beyond discovering intermodal coordination the schema
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ative glance orientation. Various tactile items designate contact with parts of the

hand or the body; some tactile items denote specific tactile details ofobjects being

felt. The visual field comprises a number of regions; for each, there is a visual

item which is Onjust in case an object appears at that region (every object' s image

occupiesjust one such region). Also, for each of several/ovra/ regions, a number

of other items designate visual details of an image appearing there; these details

can help identify specific objects.

Among the mechanism's first achievements is a practical elaboration of the

spatial relationship among the various visual-field items and proprioceptive

items. That is, the mechanism builds schemas such as in figure 1.3, which de-

scribe the adjacency ofcertain hand-position, eye-position, or visual-region items

with respect to incremental hand or glance actions. Such schemas chain together

in networks that tell the mechanism how to move the hand from one body-relative

position to another by a series of motions between adjacent positions, or how to

direct the gaze to a given orientation, or change the gaze to shift an image to a giv-

en part of the visual field.

hand- hand-

^4Cy hand-\Jy
forward

eye- eye- image-at- image-at-
a'~3<lj^y^Q^-31 reSion-3^y^Qryn-2,

backward right

Figure 1.3 Adjacency schemas. These schemas help forge a practi-

cal understanding of locations' adjacency.

The mechanism learns about some visual effects ofhand motions, as illustrated

in figure 1.4. In addition, the mechanism learns to sometimes anticipate tactile

contact when the hand is seen moved beside an object, also shown in figure 1.4.

Such schemas begin to connect an object's visual and tactile properties—but

without yet representing the object apart from its sensory manifestation.

It is not enough to discover such connections among existing representations.

A constructivist system's greatest challenge is to transcend its initially supplied

terms of representation, to extend its own ontological vocabulary, to designate

kinds of things that are radically different from any that it had previously been

able to represent. Beyond discovering intermodal coordination, the schema
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Figure 1.4 Intermodal schemas. These schemas anticipate some visual

and tactile effects of hand motion. The notation hand-image... abbrevi-

ates visual-detail items that correspond to the hand; hand-image-to-re-

gion-2,2 is a composite action.

mechanism builds synthetic items that begin to designate objects, as distinct from

their current perceptions.

The first schema in figure 1 .5 says that the action of moving the hand to

body-relative position (2,3)
3 results in a tactile sensation. The schema's context is

empty, so its assertion is unconditional, and very unreliable—the assertion is cor-

rect only when an object happens to be at the adjacent position ( 1 ,3). The mecha-

nism builds a synthetic item, which we might call PalpableObjectAtl,3 (the

name, of course, has no meaning to the mechanism). The item is defined to repre-

sent whatever condition makes the schema reliable; we observers know (but the

mechanism does not) that this condition is that there be an object at ( 1 ,3).
4 As the

mechanism discovers conditions under which the schema is reliable—for in-

stance, if the schema happened to succeed just recently—it turns the item On
when such conditions are met; whenever the item is On, the mechanism under-

stands that moving the hand to (2,3) will result in a tactile sensation.

Similarly, when the second synthetic item in figure 1 .5 is On, the mechanism

knows that looking directly at (2,3) will produce an image just left of where the

glance is directed; the item thus denotes a visible object at ( 1 ,3). Each ofthese two

synthetic items can remain On even when the eye and hand are both directed else-

where, enabling the mechanism to represent that something persists in the ab-

sence of any sensory manifestation. Later developments coordinate these initial-

ly distinct items, so that they tend to turn On and Offtogether, reflecting, in effect,

3. This action is a composite action. The formation of composite actions is explained in section

4.3.1.

4. The reader may wonder why the synthetic item does not get incorporated into the context of

the schema. The answer is that a given schema's context (or result) never changes, although a simi-

lar schema, but with something added to its context or result, may also be built. Thus, the synthetic

item shown here may appear in the context (or result) of some other schema, but not in the very

schema with respect to which the item is defined.
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Figure 1.5 Persistent-object items. These synthetic items designate palpa-

ble or visible objects (respectively) at a certain body-relative position.

a discovery that the representations are coextensive—that a visible object at ( 1 ,3)

is the same thing as a palpable object at (1,3).

1.2 Origins of constructivist AI: on the meaning of

learning

A research program's aspirations are elucidated by its inspirations—by the prior

investigations that pose basic questions and frame possible answers. This section

presents some concerns about the nature of learning that motivate the schema

mechanism, both in its broad outline and in many of its details.

The scope of human skill and knowledge is striking. For some domains of ex-

pertise, such as visual processing, it is clear that the human species is genetically

endowed with hardware that embodies knowledge about the domain. For other

domains, such as language, the question of built-in knowledge is controversial.

But for many domains—physics, architecture, economics, chess, juggling, cine-

matography, computer programming, rock'n'roll—there can be no correspond-

ing innate mental modules. The subject matter ofthese domains did not even exist

(or become accessible) until so recently that evolution could not have learned how
to preprogram the corresponding skills; and the complexity of those domains,

along with the tight match of the corresponding competence, precludes the possi-

bility that such preprogramming arose as an accidental side-effect of other evolu-

tionary developments. Moreover, in those domains and myriad others, dramatic

advances in knowledge occur within individual lifetimes—sometimes in mere

years, days, even seconds. Uniquely, successive generations of human beings in-

herit a progressive accumulation ofcompetence arising not by the rearrangement

of genes but by the creativity of minds, and propagating not through biological

reproduction but through the tutelage of culture.
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We must, of course, be endowed with innate machinery that is responsible for

our ability to construct and acquire such diverse knowledge. We may term such

machinery a general learning mechanism—general in the sense that it spans a di-

verse, open-ended set ofdomains that were not specifically "anticipated " by evo-

lution. It is natural to wonder what portion of human intelligence grows out of a

general learning mechanism, and what part is due to innately specialized, do-

main-specific processing modules.

1.2.1 Learning in human beings: nativism and constructivism

Jean Piaget and Noam Chomsky stand at two extremes ofthe nativism vs. learning

spectrum. Piaget's work is at the foundation of the modern empirical study of the

genesis of intelligence in individual humans. Piaget proposes a radically con-

structivist account in which even the basic notion of an object—the notion that

visual and tactile sensations are related to each other, as manifestations of some

external thing; that this thing exists even when not perceived, etc.—is not innate,

but is abstracted from the infant's interactions with its world. Similarly, notions

of logic, classification, and number, conceptions of people and of self, and of the

rest of the world, are all gradually constructed. Moreover, intelligence it-

self—seen as a gamut of strategies for pursuing goals or solving problems or ex-

ploring terrains, literal or figurative—is constructed, bit by bit, with ever-increas-

ing sophistication.

At the other extreme, Noam Chomsky champions a radically nativist theory of

cognitive development. Chomsky doubts the very intelligibility of the notion of

learning [15, 54] , particularly with regard to cognitive universals, that is, concepts

normally acquired by all persons; virtually everyone, for example, comes to un-

derstand the rudimentary properties of physical objects, and gains fluency in

speaking and understanding a language. It may be that such knowledge is not at

first present, or is not present in a form that the infant can use (just as, for example,

an infant's reproductive apparatus is not yet functional). But what is innately

present, by any account, is a mechanism which, interacting with any normal envi-

ronment, nearly inevitably develops a usable version of such knowledge.

Chomsky poses the rhetorical question: how does that nearly inevitable devel-

opment differ from, say, the nearly inevitable development of limbs by a zygote?

Limbs are not present at conception, nor any miniature model of limbs; nor is

there even (necessarily) any local region ofthe genome specifically descriptive of

limbs, i.e., specifically dedicated to the control of limb development but not of

otherbody parts. Nonetheless, the growth ofhuman limbs is an innately specified
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l demonstration of that factNonetheless in opposition to Chomskys conclusion universal or analyticknowledge might develop as the product of a leaming mechanism That is amechanism whose function is to gain and use information to build and use knowledge structures that represent environmental contingencies eg street names

16 Chapter 1. Introduction and overview

maturational process, merely by virtue of the fact that the human genome, placed

in a normal environment, almost certainly will grow limbs. And, although natural

selection undoubtedly shaped the evolution of limbs, many other physical struc-

tures (e.g., navels) were not specifically selected for, but developed instead as

side-effects of other constraints; nonetheless, even navels are properly said to be

innately specified, not learned by each individual. Why should the learnedness of

cognitive universals be judged by different standards than morphological univer-

sal?

Escaping the snare of this clever, provocative question helps elucidate the

meaning of learning, and prepares the way for more substantive investigations of

the nature of learning. Here, I believe, is an easy, sensible way out.

Consider, for example, knowing the names and layout of the streets in one's

neighborhood. This knowledge is untendentiously learned, in that information is

gained when this knowledge is acquired (using Shannon ' s [62] technical sense of

information). No examination ofa zygote could yield a street map of its neighbor-

hood; the information simply is not present. But examining the brain of a person

who has acquired that knowledge could—in principle—reveal that information.

In contrast, the process of growing limbs yields no new information that limbs

will exist. Looking at a zygote, one could already—in principle—deduce that the

mature organism will develop limbs, if nurtured in a normal environment (pre-

suming that one knows what such an environment is like). Thus, the information

that limbs would develop is already present in the zygote; the mature organism

bears no additional such information.

Let us say that a mechanism is a learning mechanism if its function is to gain

and use information. Chomsky's point, recast in these terms, is that the acquisi-

tion ofcognitive universals, like the development of limbs, entails no information

gain; as much can be determined (in principle) about cognitive universals by ex-

amining a zygote (if the examiner has knowledge of the zygote's normal kind of

environment) as by examining an adult. The same can be said for analytic—nec-

essarily true—knowledge, such as 2+2=4. In the case of nonanalytic universals,

either examination is fruitful; in the case of analytic knowledge, both examina-

tions are superfluous (since we can know, for example, that 2+2=4, without em-

pirical demonstration of that fact).

Nonetheless, in opposition to Chomsky's conclusion, universal or analytic

knowledge might develop as the product of a learning mechanism. That is, a

mechanism whose function is to gain and use information, to build and use knowl-

edge structures that represent environmental contingencies (e.g., street names),
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might also, and by the same processes, build and use structures that represent fea-

tures ofthe environment which turn out to be so ubiquitous, and so prominent, that

any such mechanism, in a normal environment, will almost inevitably come to

represent those features. Because they are inevitable, these structures do not add

information (in the technical sense) to the system. Nonetheless, studying the

knowledge structures built by a learning mechanism, one lacks any good reason to

exclude those that turn out to be inevitable, hence universal (to mechanisms of

that kind); all of a learning mechanism's similarly acquired and similarly used

knowledge structures are sensibly called learned.

Thus, universal and analytic knowledge can be learned, if acquired by a learn-

ing mechanism—a mechanism for gaining information (even though the acquisi-

tion of universal and analytic knowledge is not itself an information gain). But

even if cognitive universals are in fact learned, it remains sensible to say, as

Chomsky does, that they are innately specified, in the same sense that limbs or

navels are (even if, like navels, the cognitive universals were not specifically "an-

ticipated," i.e., selected for, by evolution). The two apparently conflicting claims

are reconcilable if the innately specified developmental process is a learning pro-

cess, in the sense just given.

The substantive question, then, is which such knowledge, if any, is in fact

learned by human beings, and which, if any, is either present at birth, or develops

later by a nonlearning maturational process.

1.2.2 Learning in artificial systems

A parallel question arises when designing an artificial intelligence (AI). To what

extent is it reasonable to seek powerful general mechanisms of learning; to what

extent should research focus on more domain-specific mechanisms? The question

about humans is distinct from the question about AI. Even if general learning

mechanisms are feasible, human beings might not be designed that way; con-

versely, even if much of human intelligence does flow from a general learning

mechanism, engineering a replica of that mechanism may be an intractable prob-

lem.

Indeed, early AI work, pursuing self-organizing systems, tried and failed to

find just such a mechanism. As this approach became discredited, there followed

a generation of knowledge-based AI, characterized by the principle that intelli-

gence, especially learning, derives its power from knowledge: about specific do-

mains, about reasoning, about space and time and so on. There must be a wealth of
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do this work must be designed not just to amass atomic facts but toorganize data into functional units to abstract essential attributes and discard useless ones to verify suspected regularities and pursue variations on them to develop new kinds of representation as old ones prove inadequatethe sort of activitythat must be involved in any serious effort to make sense of the world5 The interpretation of such evidence is not straightforward though see section 293 An int
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structure to support the acquisition of new structure. From this point of view,

bootstrapping from meager initial knowledge seems unlikely.

On the other hand, the failure to develop tabula rasa systems may have been

due to problems not intrinsic to the very attempt. In particular, the study of

self-organizing systems (like some philosophical and psychological inquiries

about the innateness vs.acquisition of human knowledge) has been handicapped

by lack of attention to empirical evidence. The relevance of empirical data to the

question about humans is clear: by observing the intellectual development of hu-

mans from infancy, one can hope to obtain evidence as to the early presence or

absence of certain abilities or knowledge. 5 With regard to the AI approach, it is

good to be reminded of a maxim of Seymour Papert: in order to think seriously

about thinking, one must think about thinking about something. But what is a

self-organizing system to "think" about? Not the things that human adults think

about: adult tasks are predicated upon much acquired knowledge, not available to

a tabula rasa machine. On the other hand, whatever it is that human infants think

about is a plausible candidate for the subject matter ofa learning-based AI mecha-

nism. The infant's learning achievements offer target abilities for the mechanism,

providing a basis for the mechanism's design. Without data about infants (and

without a plausible constructivist theory to characterize that data) there is no good

source of inspiration as to what, specifically, a constructivist mechanism ought to

do.

The methodological flaw—not having a clearly specified target domain—is

compounded by a second problem in research about self-organizing systems: it is

traditional to set up a chaotic gaggle of interacting elements and then wait for or-

der to emerge from the chaos. But extracting order from chaos is hard work. A
mechanism to do this work must be designed not just to amass atomic facts, but to

organize data into functional units, to abstract essential attributes and discard use-

less ones, to verify suspected regularities and pursue variations on them, to devel-

op new kinds of representation as old ones prove inadequate—the sort of activity

that must be involved in any serious effort to make sense of the world. 6

5. The interpretation of such evidence is not straightforward, though (see section 2.9.3)- An in-

fant might not yet manifest certain knowledge that is nonetheless present—or that will arise from
an innately-programmed maturational sequence. Conversely, adultocentric interpretations may
impart to an infant a more sophisticated understanding than is necessary to explain its actions.

6. The resurrection of self-organizing systems in the guise of connectionism avoids the primary

pitfalls of earlier such research. Present-day connectionism tends to focus more modestly on pro-

viding alternative computational goals for solving particular problems. Section 9.2compares con-

nectionist work with the approach advocated here.
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1.2.3 Humanlike learning in artificial systems

Piaget's work offers an antidote to both the lack of a clear target domain and the

naive-order-from-chaos problem. Piaget gives an elaborate description of the

course of cognitive development from infancy through childhood and adoles-

cence, taking account of the evolution of primitive problem-solving and do-

main-specific knowledge. Piaget characterizes ways in which, at a given point,

a person uses existing knowledge and skills to achieve specific goals, and to create

new knowledge and skills. Piaget's intricate road map of the course of develop-

ment—especially during infancy—specifies a target domain for artificial sys-

tems, a sequence of cognitive acquisitions for a mechanism to achieve.

Piaget documents some striking uniformities throughout cognitive develop-

ment, and refers to these as Afunctional invariants of intelligence. These invari-

ants amount to a loose characterization of an underlying developmental mecha-

nism. Departing from the older empiricist tradition, Piaget's characterization of

developmental invariants emphasizes the importance of well-designed activities

of organizing, structuring, and abstracting from experience, and of the purposive

application of knowledge and exploration in the pursuit of goals, in contrast with

merely accumulating data from and being conditioned by the environment. Pia-

get's loose description offunctional invariants falls far short ofa formal specifica-

tion of a developmental mechanism; still, it furnishes an important alternative to

naive order from chaos as a starting point for a precise specification.

My research program, then, is to design and implement a mechanism that cor-

responds to Piaget's sketch ofthe functional invariants ofcognitive development.

This endeavor has two broad goals: to help understand the human mind, and to

help design an artificial mind. As mentioned above, questions about the nature of

intelligence might have different answers for cognitive science than for AI. None-

theless, the program advocated here (not as the sole promising approach, but as

one of them) is to try to build an intelligent mechanism by taking human intelli-

gence as the inspiration—that is, by trying to reverse engineer the mechanism of

the human mind.

I presume, as a working hypothesis, the approximate correctness of Piaget's

theory (subject to certain revisions in light of modern evidence, as discussed in

section 2.9.3). That is, I assume that a general learning mechanism resembling

Piaget's is indeed present in the human mind, and is of central importance to the

development of intelligence during infancy (and quite possibly through adult-

hood). I present results to show that a mechanism designed along the lines of Pia-

get's theory can indeed account for some early aspects of the Piagetian develop-
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etian mechanism Replication of developmental events is ofinterest here only to the extent that those events reflect the operation of a reasonably designed leaming mechanism and reasonably designed mechanisms that donot correspond to the human apparatus are worthy of investigation but belong to adifferent program of research See section 101 for elaboration on these methodological issuesPiagets theory is symbiotic with the schema mechanism0 As just noted Piaget outline

s the main themes of cognitive developmentand details much of the content of its early leaming This gives a first approximation to the mechanism and a set of target achievements9 The schema mechanism adds precision to Piagets characterization of constructivism A more concrete statement of Piagetian theory makes possiblemore specific tests and evaluations of the theory0 Implementing a mechanism for Piagetian development is itself a partial testof his theory Successful

 replication of Piagetian milestones by a plausiblyengineered leaming mechanism is circumstantial evidence that such amechanism is involved in human development Unsuccessful attempts at
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mental progression. The motivation for stressing early (rather than later)

development is threefold: early development is simplest; the most detailed com-

prehensive observations ofhuman development concern early development; and

the developmental mechanism is most clearly discerned in its earliest operation,

before its own constructs obscure it by complicating its observable activity.

The schema mechanism is a proposed approximation to the mechanism of Pia-

getian development. I make no a priori assumption about how uniform or compli-

cated this mechanism must be; my method is to postulate as much built-in com-

plexity as appears to meet the mechanism's design goals. Two fundamental

influences contribute to the design of the schema mechanism: the Piagetian road

map, and engineering requirements. The mechanism is intended both to help ex-

plain the themes of Piagetian development, and to be well-motivated from an en-

gineering standpoint, given the computational demands of the learning tasks in-

volved. I avoid machinery that accords with only one of these two

principles—machinery that is rigged to replicate this or that developmental event,

but without any good reason for a learning system to incorporate such machinery;

or apparatus that builds in sophisticated abilities which, however, are not initially

present in Piagetian development. These exclusions stem from the goal ofreverse

engineering the Piagetian mechanism. Replication of developmental events is of

interest here only to the extent that those events reflect the operation of a reason-

ably designed learning mechanism; and reasonably designed mechanisms that do

not correspond to the human apparatus are worthy ofinvestigation, but belong to a

different program ofresearch. (See section 10. 1 for elaboration on these method-

ological issues.)

Piaget's theory is symbiotic with the schema mechanism:

• As just noted, Piaget outlines the main themes of cognitive development,

and details much of the content of its early learning. This gives a first ap-

proximation to the mechanism, and a set of target achievements.

• The schema mechanism adds precision to Piaget's characterization of con-

structivism. A more concrete statement of Piagetian theory makes possible

more specific tests and evaluations of the theory.

• Implementing a mechanism for Piagetian development is itself a partial test

of his theory. Successful replication of Piagetian milestones by a plausibly

engineered learning mechanism is circumstantial evidence that such a

mechanism is involved in human development. Unsuccessful attempts at



13 Guide to the rest of the book 21such replication may point to places where the theory is wrong or needs tobe supplementedIn sum the project of constructivist AI is to explore Piagets theory by themethodology of artificial intelligence testing a theory of the mind by building amechanism that works according to that theory and seeing to what extent themechanism displays the abilities that the theory was supposed to explain13 Guide to the rest of the bookNine chapter
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1

such replication may point to places where the theory is wrong, or needs to

be supplemented.

In sum, the project of constmctivist AI is to explore Piaget's theory by the

methodology of artificial intelligence: testing a theory of the mind by building a

mechanism that works according to that theory, and seeing to what extent the

mechanism displays the abilities that the theory was supposed to explain.

1.3 Guide to the rest of the book

Nine chapters follow the present one.

• ChapterTwo gives a synopsis ofthe initial, sensorimotorperiod ofPiagetian

development (and touches briefly on subsequent periods); this developmen-

tal sequence is the target scenario for the schema mechanism. This chapter

also addresses the the suitability of basing the schema mechanism on Pia-

get's theory, given strong contemporary challenges to that theory. (The

reader who is concerned only with the schema mechanism per se may wish

to skip this chapter.)

Part II: The schema mechanism

• Chapter Three describes the schema mechanism, its data structures, and its

control.

• Chapter Four describes the mechanism's facilities for building new in-

stances of its data structures.

• Chapter Five sketches the architecture (neural and computer implementa-

tion) of the schema mechanism.

Part III: Performance and speculations

• Chapter Six presents a synopsis of the schema mechanism's computer im-

plementation's achievement of some of the developmental milestones de-

scribed in the second chapter, and proposes a hypothetical scenario of fur-

ther achievements.

• Chapter Seven raises the speculative possibility that the basic learning

mechanism, acting in concert with its own constructs, can implement more

sophisticated virtual structures and mechanisms.



22 Chapter 1 Introduction and overview0 Chapter Eight addresses the problem of naive induction and its bearing onproposed leaming systems such as the schema mechanismPart IV Appraisal9 Chapter Nine analyzes the schema mechanism in relation to other A1 research programs0 Chapter Ten offers a methodological critique of constructivist AI suggestions for future research and an evaluation and summary
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• Chapter Eight addresses the problem of naive induction and its bearing on

proposed learning systems, such as the schema mechanism.

Part IV: Appraisal

• Chapter Nine analyzes the schema mechanism in relation to other AI re-

search programs.

• Chapter Ten offers a methodological critique of constructivist AI sugges-

tions for future research, and an evaluation and summary.



2 Synopsis of Piagetian developmentThis chapter discusses Piagets theory of the development ofsensorimotor Intelligence as described in his volumes on infancy [50 52] I present a summary ofthe original theory and suggest bases for reconciling Piagetian theory with modem evidence evidence which reveals infant knowledge that is apparently precocious by Piagetian theory21 Piagetian fundamentalsThe point of departure of Piagets theory is the schema a unit of behavior and

knowledge which by Piagets biological metaphor interacts and evolves with itsphysical environment and with other schemas The initial schemas are merelythose of reex responses For quite some time the infants schemas are closelyassociated with her own actions Later sophistications involving the combination of schemas abstraction above specific acts and perspectives and the interiorization of schemas activity will allow the schema to transcend a literal dependence on ph

ysical action while retaining its procedural avor Schemas oflooking grasping whats seen swinging dropping hiding one object underanother pushing one object with another are examples of postreex schemasPiaget identifies assimilation and accommodation as the basic processes of intelligence0 Assimilation is a schemas use of things in the world including other schemas as part of its own functioning and0 Accomodation is the modification of schemas in adjustment to novelti

es inthe worldPiaget does not try to present complete explicit rules goveming the activityand modification of schemas But his theory does try to characterize such rulesand to give an intricate chronicle of the lowlevel results of their functioningThe sensorimotor period from biith until about age two is the first of fourbroad periods of development in Piagetian theory Sensorimotor intelligence isexpressed solely in actions that affect the world In the later phasesthe

 preoperational phase then the phases of concrete operations and formal operationsthe truth of assertions about the world becomes the focus of intelligencerst for assertions about the real world and later in the realms of the hypotheticaland the abstract [53]Piaget distinguishes six stages within the sensorimotor period Each successive stage is characterized by schemas that embody a new elaboration of prob

2 Synopsis of Piagetian development

This chapter discusses Piaget's theory ofthe development of sensorimotor intelli-

gence, as described in his volumes on infancy [50, 52]. I present a summary of

the original theory, and suggest bases for reconciling Piagetian theory with mod-

ern evidence evidence which reveals infant knowledge that is apparently preco-

cious by Piagetian theory.

2.1 Piagetian fundamentals

The point of departure of Piaget's theory is the schema: a unit of behavior and

knowledge which, by Piaget's biological metaphor, interacts and evolves with its

physical environment, and with other schemas. The initial schemas are merely

those of reflex responses. For quite some time, the infant's schemas are closely

associated with her own actions. Later sophistications, involving the combina-

tion of schemas, abstraction above specific acts and perspectives, and the interio-

rization of schemas' activity, will allow the schema to transcend a literal depen-

dence on physical action, while retaining its procedural flavor. Schemas of

looking, grasping what's seen, swinging, dropping, hiding one object under

another, pushing one object with another, are examples of post-reflex schemas.

Piaget identifies assimilation and accommodation as the basic processes of in-

telligence:

• Assimilation is a schema's use of things in the world (including other sche-

mas) as part of its own functioning; and

• Accomodation is the modification of schemas in adjustment to novelties in

the world.

Piaget does not try to present complete, explicit rules governing the activity

and modification of schemas. But his theory does try to characterize such rules

and to give an intricate chronicle of the low-level results of their functioning.

The sensorimotor period (from birth until about age two) is the first of four

broad periods of development in Piagetian theory. Sensorimotor intelligence is

expressed solely in actions that affect the world. In the later phases—the preop-

erational phase, then the phases of concrete operations and formal opera-

tions—the truth of assertions about the world becomes the focus of intelligence,

first for assertions about the real world, and later in the realms of the hypothetical

and the abstract [53].

Piaget distinguishes six stages within the sensorimotor period. Each succes-

sive stage is characterized by schemas that embody a new elaboration of prob-



24 Chapter 2 Synopsis of Piagetian developmentlemsolving activity the infants earliest behavior is only a zerothorder exampleof problemsolving later stages do greater justice to the term or goalpursuingactivity which never implies the eradication of less sophisticated schemas oreven that such schemas stop being created The elaborations characteristic of agiven stage do not appear simultaneously the stage is just the period during whichsuch appearances first peak A st

ages uniformity is thus a descriptive inventionand doesnt imply rigid chronological partitioningThe infants representation of realityspace objects causation timeexhibits corresponding stages of development In fact Piaget argues that progressivelymore sophisticated techniques of intelligence and progressively more sophisticated representations of reality are two indissociable aspects of the same development At the outset problemsolving is just the dynamic expression o

f the infants representation of realitya natural enough idea since the infants schemasare procedural a thing is understood in terms of what can be done to it or with itSo more advanced problem solving results from the application of the samemechanism to more sophisticated representations of reality and vice versa Eventually of course the child acquires explicit knowledge about thinking that can beused to improve methods of thought but there is substantial maturing of

 intelligence long before such metaknowledge is evident in the childOne critical feature of the infants intelligence not well captured by this summary is the irwremental quality of its development At least at the outset eachnew capability observed in the infant is only slightly different than what was previously exhibited the infant shows only minor adjustments of activity in apparent response to experience in prior activity It should be kept in mind that the actual 

steps are of much finer grain than are presented here As intelligenceprogresses and there come to be more powerful schemas for interpreting theworld the steps grow bolder and in ways that lll discuss less dependent uponspecific experience So the change from trivial to powerful steps is a smooth onethe increments by which intelligence improves are in effect of size proportionalto the power ofcxisting schemas so the development has an exponential character22 First stag

e reex activity solipsist images7The infants initial schemas are those of reflex activity for example closing thehand in response to a touch on the palm or sucking something that touches thelips These schemas are exercised either in response to the appropriate stimuli orelse spontaneously as though for play or practice

24 Chapter 2. Synopsis of Piagetian development

lem-solving activity (the infant's earliest behavior is only a zeroth-order example

of problem-solving; later stages do greater justice to the term) or goal-pursuing

activity (which never implies the eradication of less sophisticated schemas, or

even that such schemas stop being created). The elaborations characteristic of a

given stage do not appear simultaneously; the stage is just the period during which

such appearances first peak. A stage's uniformity is thus a descriptive invention,

and doesn't imply rigid chronological partitioning.

The infant's representation ofreality—space, objects, causation, time—exhib-

its corresponding stages ofdevelopment. In fact, Piaget argues that progressively

more sophisticated techniques of intelligence, and progressively more sophisti-

cated representations of reality, are two indissociable aspects of the same devel-

opment. At the outset, problem-solving is just the dynamic expression of the in-

fant's representation of reality—a natural enough idea, since the infant's schemas

are procedural: a thing is understood in terms of what can be done to it or with it.

So, more advanced problem solving results from the application of the same

mechanism to more sophisticated representations ofreality , and vice versa. Even-

tually, of course, the child acquires explicit knowledge about thinking that can be

used to improve methods of thought; but there is substantial maturing of intelli-

gence long before such meta-knowledge is evident in the child.

One critical feature of the infant's intelligence, not well captured by this sum-

mary, is the incremental quality of its development. At least at the outset, each

new capability observed in the infant is only slightly different than what was pre-

viously exhibited; the infant shows only minor adjustments of activity, in appar-

ent response to experience in prior activity. It should be kept in mind that the ac-

tual steps are of much finer grain than are presented here. As intelligence

progresses and there come to be more powerful schemas for interpreting the

world, the steps grow bolder, and, in ways that I'll discuss, less dependent upon

specific experience. So, the change from trivial to powerful steps is a smooth one;

the increments by which intelligence improves are, in effect, of size proportional

to the power of existing schemas, so the development has an exponential charac-

ter.

2.2 First stage: reflex activity, solipsist images7

The infant's initial schemas are those of reflex activity: for example, closing the

hand in response to a touch on the palm, or sucking something that touches the

lips. These schemas are exercised either in response to the appropriate stimuli, or

else spontaneously, as though for play or practice.



22 First stage 2 5From the outset schemas admit of modifications in response to experiencedresults of their activity For example after many instances of disorderly reexivegroping for a nipple touching the mouth an infants sucking schema appears tonotice that when the nipple touches say the left cheek tuming to the left will bepropitious Groping in adjustment to the nipple thus assumes a gradually more coherent appearance as clues such as cheekcontact are exploitedThe

 early development of schemas also shows generalization and differentiation For example the sucking schema adjusts itself not only to the nipple butalso to other objects frequently presented to it eg a finger or a toy Often theinfant will suck such an object as contentedly as if it were a nipple But whenhungry the infant responds with enthusiasm to the nipple while crying instead ifgiven a finger to suck The appearance of this discrimination suggests that despite the

 productionlike character of schemas early stimulustriggered activitythe desired result of a schemas activity also affects its courseThe first few months of life also see the first socalled primary circular reactions These are pattems of action derived by gradual differentiation of reflexschemas that tend towards repetition For example the graspreex schemagives rise to a altematelyholdthenreleaseobject schema and to a scratchobject schema and so on As with pure reex 

schemas these sometimes repeatemptily that is without any stimulus or object to interact withVisual schemas developing at this time include those of tracking a slowly moving object of visually exploring a stationary object and of altemate glances between one object and anotherA striking feature of these early schemas is that they havent yet intertwined  For example tactile stimuli elicit no visual response things seen inspireno effort at prehension Moreover when for 

example a watched object passes beyond the infants field of view the infant either loses all evident interest in it asthough it no longer existed or else with apparent expectation of seeing it againeither continues to look off in the same direction or gazes back to where the objectwas first seen Similarly an object that is touched but not seen may be repeatedlygrasped then released but if say it falls to a new position the infant will neithersearch for it visually no

r move her hand to search for the object in a different position than where just graspedThese observations imply that the infants model of the worldin the sense ofwhat aspects of the world the infant can react to or exploitis metaphorically7 I am using a slightly different border between first and second stage than Piaget definesThis is of no importance I mention it only to avoid confusion
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From the outset, schemas admit of modifications in response to experienced

results of their activity. For example, after many instances of disorderly reflexive

groping for a nipple touching the mouth, an infant's sucking schema appears to

notice that when the nipple touches (say) the left cheek, turning to the left will be

propitious. Groping in adjustment to the nipple thus assumes a gradually more co-

herent appearance, as clues such as cheek-contact are exploited.

The early development of schemas also shows generalization and differenti-

ation. For example, the sucking schema adjusts itself not only to the nipple, but

also to other objects frequently presented to it: e.g., a finger or a toy. Often, the

infant will suck such an object as contentedly as if it were a nipple. But when

hungry, the infant responds with enthusiasm to the nipple while crying instead if

given a finger to suck. The appearance of this discrimination suggests that, de-

spite the production-like character of schemas ' early, stimulus-triggered activity,

the desired result of a schema's activity also affects its course.

The first few months of life also see the first so-called primary circular reac-

tions. These are patterns of action, derived by gradual differentiation of reflex

schemas, that tend towards repetition. For example, the grasp-reflex schema

gives rise to a alternately-hold-then-release-object schema, and to a scratch-ob-

ject schema, and so on. As with pure reflex schemas, these sometimes repeat

"emptily," that is, without any stimulus or object to interact with.

Visual schemas developing at this time include those of tracking a slowly mov-

ing object, of visually exploring a stationary object, and of alternate glances be-

tween one object and another.

A striking feature of these early schemas is that they haven't yet "inter-

twined. " For example, tactile stimuli elicit no visual response; things seen inspire

no effort at prehension. Moreover, when for example a watched object passes be-

yond the infant's field of view, the infant either loses all evident interest in it, as

though it no longer existed; or else, with apparent expectation of seeing it again,

either continues to look off in the same direction, or gazes back to where the object

was first seen. Similarly, an object that is touched but not seen may be repeatedly

grasped then released; but if, say, it falls to a new position, the infant will neither

search for it visually, nor move her hand to search for the object in a different posi-

tion than where just grasped.

These observations imply that the infant's model of the world—in the sense of

what aspects of the world the infant can react to or exploit—is (metaphorically)

7. I am using a slightly different border between first and second stage than Piaget defines.

This is of no importance; I mention it only to avoid confusion.



26 Chapter 2 Synopsis of Piagetian developmentsolipsist in nature the infants universe contains not objects of substance and permanence viewable from different perspectives but rather images some visualsome tactile etc that change state in response to personal actions themselvesknown only by the transformations they produce The infants early schemas organize the world into various solipsist spaces each giving a group in the mathematical sense of operations the operat

ions are primitive motor actions or sometimes passive expectation and the things operated on are sensory states23 Second stage the coordination of primary schemasAs reex schemas elaborate into primary circular reactions they also begin to intercoordinate and thus to bridge the gap between sensory modes The primary circular reactions and their intercoordinations both appear to have the same character of development a schema acquires differentiated responses to andanti

cipations of sensory signals with which it was previously unacquainted Ifthe new signals of one schema are already familiar to another then a functionalcoordination results as when schemas of hand movements combine with suckingto form an integrated thumbsucking schemaInitially an infant will suck her finger or other object only if it comes in fortuitous contact with the infants mouth or slightly later cheeks etc Even thenthe infant doesnt know how to keep her hand in

 place and the hand is quicklypulled away But random hand movements may accidently brush the handagainst the vicinity of the mouth Not only will this trigger attempts to suck butalso future hand trajectories will converge to the mouth more and more directlyEventually the infant can smoothly and spontaneously move her hand to hermouth and insert and suck on a finger Later a more profound development isseen the infant is capable of carrying a grasped object to her mout

h and suckingon it thus prehension is coordinated with suckingMore striking still is the coordination that develops between vision and prehension Piaget discems a number of milestones in this development0 The infant watches the movements of her hand and gradually leams to bringher hand into her visual field and keep it there while watching it0 The infant watches while grasping and releasing objects
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solipsist in nature: the infant's universe contains not objects of substance and per-

manence viewable from different perspectives, but rather images, some visual,

some tactile, etc., that change state in response to personal actions (themselves

known only by the transformations they produce). The infant's early schemas or-

ganize the world into various solipsist spaces, each giving a group (in the mathe-

matical sense) ofoperations: the operations are primitive motor actions (or, some-

times, passive expectation), and the things operated on are sensory states.

2.3 Second stage: the coordination of primary sche-

mas

As reflex schemas elaborate into primary circular reactions, they also begin to in-

tercoordinate and thus to bridge the gap between sensory modes. The primary cir-

cular reactions, and their intercoordinations, both appear to have the same charac-

ter of development: a schema acquires differentiated responses to, and

anticipations of, sensory signals with which it was previously unacquainted. If

the new signals of one schema are already familiar to another, then a functional

coordination results, as when schemas ofhand movements combine with sucking

to form an integrated thumb-sucking schema.

Initially, an infant will suck her finger (or other object) only if it comes in fortu-

itous contact with the infant's mouth (or, slightly later, cheeks etc.). (Even then,

the infant doesn't know how to keep her hand in place, and the hand is quickly

pulled away.) But random hand movements may accidently brush the hand

against the vicinity of the mouth. Not only will this trigger attempts to suck, but

also, future hand trajectories will converge to the mouth more and more directly.

Eventually, the infant can smoothly and spontaneously move her hand to her

mouth, and insert and suck on a finger. Later, a more profound development is

seen: the infant is capable of carrying a grasped object to her mouth and sucking

on it; thus, prehension is coordinated with sucking.

More striking still is the coordination that develops between vision and prehen-

sion. Piaget discerns a number of milestones in this development:

• The infant watches the movements ofher hand, and gradually learns to bring

her hand into her visual field, and keep it there while watching it.

• The infant watches while grasping and releasing objects.



24 Third stage 370 The infant subsequently will tum to look at an object when the objecttouches her hand or will move the object into her visual field to look at it0 At some point the infant will reach for an object but only if the object andthe infants hand are seen together0 Eventually the sight of the object alone will suffice to trigger a successfulattempt to grasp itOf course each of these bits and pieces of eyehand coordination develops notas a sudden leap but 

by gradually improved gropingThe acquisition of visualtactile coordination has an important consequencehereafter the infants leaming and attention become oriented around objects notjust particular sensory impressions The appearance of this more objective behavior marks the onset of the next sensorimotor stage24 Third stage secondary circular reactions subjective permanenceThe third sensorimotor stage usually begins four or five months after birth andcontinues until e

ight or nine months of ageSecondary circular reactions are characteristic of third stage behavior theseconsist of the repetition of actions in order to reproduce fortuitouslydiscoveredeffects on objects For example0 The infants hand hits a hanging toy The infant sees it bob about then repeats the gesture several times later applying it to other objects as well developing a striking schema for striking0 A strange sound is made by accidentally striking the crib wicker 

with a toyThe infant reproduces the motion involved and after more occasional fortuitous contacts will rub the toy deliberately against the wicker Howeverspatial contact between the objects is not understood as such If the infantsposition is changed such that the customary gesture fails to achieve contactwith the crib she repeats the gesture anyway doing nothing that adapts tothe altered situation0 The infant pulls a string hanging from the bassinet hood and notices 

that atoy also connected to the hood shakes in response The infant again grasps
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• The infant subsequently will turn to look at an object when the object

touches her hand, or will move the object into her visual field to look at it.

• At some point, the infant will reach for an object, but only if the object and

the infant's hand are seen together.

• Eventually, the sight of the object alone will suffice to trigger a successful

attempt to grasp it.

Ofcourse, each of these bits and pieces of eye/hand coordination develops not

as a sudden leap, but by gradually improved groping.

The acquisition of visual/tactile coordination has an important consequence:

hereafter, the infant's learning and attention become oriented around objects, not

just particular sensory impressions. The appearance ofthis more objective behav-

ior marks the onset of the next sensorimotor stage.

2.4 Third stage: secondary circular reactions, sub-

jective permanence

The third sensorimotor stage usually begins four or five months after birth, and

continues until eight or nine months of age.

Secondary circular reactions are characteristic of third stage behavior; these

consist of the repetition of actions in order to reproduce fortuitously-discovered

effects on objects. For example:

• The infant's hand hits a hanging toy. The infant sees it bob about, then re-

peats the gesture several times, later applying it to other objects as well, de-

veloping a striking schema for striking.

• A strange sound is made by accidentally striking the crib wicker with a toy.

The infant reproduces the motion involved, and after more occasional fortu-

itous contacts, will rub the toy deliberately against the wicker. However,

spatial contact between the objects is not understood as such. If the infant's

position is changed such that the customary gesture fails to achieve contact

with the crib, she repeats the gesture anyway, doing nothing that adapts to

the altered situation.

• The infant pulls a string hanging from the bassinet hood, and notices that a

toy, also connected to the hood, shakes in response. The infant again grasps



28 Chapter 2 Synopsis of Piagetian developmentand pulls the string already watching the toy rather than the string Againthe spatial and causal nature of the connection between the objects is not understood the infant will generalize the gesture to inappropriate situationsIn these reactions the infant responds quickly to a novel result by using a familiar schema to reproduce the result even though the schema had never previouslybeen used for that purpose However the e

ffect is discovered by accident andonly the particular schema involved in the accident is used to reproduce the effectNonetheless thanks to the intersensorial schemas of the previous stage thecurrent schemas transcend particular primitive motor actions and sensory imagesThis together with the more complex chain of actions involved in say seeinggrasping moving or rubbing an object give secondary circular reactions the appearance of being goaldirected where the goal is

 to reproduce the surprise effect in contrast with the stimulusbound appearance of the primary circular reactionsThe sense in which the third stage initiates the representation of objects ratherthan images is perhaps best described as follows if one were to write a programthat did the sorts of things that a third stage infant does apart from learning theprogram would most naturally be written on a level of abstraction that designatedobjects a program to mimic earlier

 stages would most naturally lack such a leveland would instead be oriented around sensory imagesTo the extent that they deal with objects rather than images the secondary circular reactions can begin to designate interactions and hence practical relationsbetween objectsbut with the limitation that the relationship is given only by aschema with a particular motor action implying both unnecessary restrictionsand inappropriate generalizations of the relation as in the 

wickerstriking andhoodpulling examples aboveSimilar progress and limitations appear in the third stage representation of objects permanence and position9 Deferred irular reactions appear An infant playing with a toyvia a secondary circular reaction schema is momentarily distracted but soon tumsback to where the toy was left and resumes playing with it This is similar tobut more complicated than the earlier feat oflooking again at one image after shifting gaze to anot

her here a coordination of body and hand movements guided by vision is required to recapture the object0 When the infant is watching an object that falls moving too quickly to trackso that she loses sight of it she will look downwards for it At first this hap
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and pulls the string, already watching the toy rather than the string. Again,

the spatial and causal nature of the connection between the objects is not un-

derstood; the infant will generalize the gesture to inappropriate situations.

In these reactions, the infant responds quickly to a novel result by using a famil-

iar schema to reproduce the result, even though the schema had never previously

been used for that purpose. However, the effect is discovered by accident, and

only the particular schema involved in the accident is used to reproduce the effect.

Nonetheless, thanks to the intersensorial schemas of the previous stage, the

current schemas transcend particular primitive motor actions and sensory images.

This, together with the more complex chain of actions involved in, say, seeing,

grasping, moving, or rubbing an object, give secondary circular reactions the ap-

pearance of being goal-directed (where the goal is to reproduce the surprise ef-

fect), in contrast with the stimulus-bound appearance ofthe primary circular reac-

tions.

The sense in which the third stage initiates the representation of objects rather

than images is perhaps best described as follows: if one were to write a program

that did the sorts of things that a third stage infant does (apart from learning), the

program would most naturally be written on a level of abstraction that designated

objects; a program to mimic earlier stages would most naturally lack such a level,

and would instead be oriented around sensory images.

To the extent that they deal with objects rather than images, the secondary cir-

cular reactions can begin to designate interactions, and hence practical relations,

between objects—but with the limitation that the relationship is given only by a

schema with a particular motor action, implying both unnecessary restrictions,

and inappropriate generalizations, of the relation (as in the wicker-striking and

hood-pulling examples above).

Similar progress, and limitations, appear in the third stage representation ofob-

jects' permanence and position:

• Deferred circular reactions appear. An infant, playing with a toy (via a sec-

ondary circular reaction schema) is momentarily distracted but soon turns

back to where the toy was left and resumes playing with it. This is similar to,

but more complicated than, the earlier feat of looking again at one image af-

ter shifting gaze to another; here, a coordination of body and hand move-

ments, guided by vision, is required to recapture the object.

• When the infant is watching an object that falls, moving too quickly to track

so that she loses sight of it, she will look downwards for it. At first this hap-



24 Third stage 29pens primarily when it was the infant who held and dropped the object andis also catalyzed by the sound of the fallen object or by tracking it momentarily when it starts to fall Eventually the reaction becomes reliable even inthe absence of such clues0 Similarly if the infant holds without looking at it an object that falls or istaken from her hand she leams at this stage to extend her hand and reclaimthe objectThus the third stage infant apparently 

conceives of objects as occupying particular positions at which they can be reclaimed if they vanish from view Moreover in contrast with the previous stage the object can be sought in a new position rather than the first or last place that it was recently perceived Howevercloser observation shows that this reclamation is only understood with respect to aparticular schema of action The infant confronted with an objects sudden disappearance tries to recapture it either

 by extending the activity of a schema alreadyinvoked to keep sight of the thingeg for the falling objector by reusing aschema just used to secure the thing in the first placeeg reaching to regrasp anunseen object removed from the hand In this latter case if that particular gesturefails to rediscover the object the infant will not until the next fourth stageemploy perpendicular motions in a systematic search for the thing but may instead revert to looking for it in i

ts original position This reversion to cruder techniques when more advanced ones fail tends to occur through all stages of sensorimotor intelligence and later intelligence as wellThat the position of vanished objects is first conceived only in terms of particular action schemas is further attested to by the reaction of an infant to the intervention of an obstacle If an infant of this stage is presented with a toy which as shewatches is covered with a cloth the infant

 will not attempt to raise the cloth torecapture the objectdespite the fact that the infant is quite capable of picking upa cloth when that itself is of interest When the toy disappears the infant eitherloses interest stares at where it was or looks back at where it was first seen if thatwas a different place but does not reach for itor if already reaching for it whensight of it is blocked will immediately give up In fact even if the infants attemptto grasp a toy is 

thwarted by a barrier that doesnt block sight of the toy the infantappears to be oblivious to the barrier making no attempt to displace it or movearound it The infant does however learn during this stage to grasp and extricatethe hidden toy if part of it is visible

2.4. Third stage 29

•

pens primarily when it was the infant who held and dropped the object, and

is also catalyzed by the sound of the fallen object, or by tracking it momen-
tarily when it starts to fall. Eventually, the reaction becomes reliable even in

the absence of such clues.

Similarly, if the infant holds (without looking at it) an object that falls, or is

taken, from her hand, she learns at this stage to extend her hand and reclaim

the object.

Thus, the third stage infant apparently conceives of objects as occupying par-

ticular positions at which they can be reclaimed if they vanish from view. More-

over, in contrast with the previous stage, the object can be sought in a new posi-

tion, rather than the first or last place that it was recently perceived. However,

closer observation shows that this reclamation is only understood with respect to a

particular schema of action. The infant confronted with an object's sudden disap-

pearance tries to recapture it either by extending the activity of a schema already

invoked to keep sight of the thing—e.g., for the falling object—or by reusing a

schemajust used to secure the thing in the first place—e.g., reaching to regrasp an

unseen object removed from the hand. In this latter case, if that particular gesture

fails to rediscover the object, the infant will not (until the next, fourth, stage)

employ perpendicular motions in a systematic search for the thing, but may in-

stead revert to looking for it in its original position. This reversion to cruder tech-

niques when more advanced ones fail tends to occur through all stages of sensori-

motor intelligence, and later intelligence as well.

That the position ofvanished objects is first conceived only in terms ofparticu-

lar action schemas is further attested to by the reaction ofan infant to the interven-

tion of an obstacle. If an infant of this stage is presented with a toy which, as she

watches, is covered with a cloth, the infant will not attempt to raise the cloth to

recapture the object—despite the fact that the infant is quite capable of picking up

a cloth when that itself is of interest. When the toy disappears, the infant either

loses interest, stares at where it was, or looks back at where it was first seen (if that

was a different place), but does not reach for it—or, if already reaching for it when

sight of it is blocked, will immediately give up. In fact, even if the infant's attempt

to grasp a toy is thwarted by a barrier that doesn't block sight of the toy, the infant

appears to be oblivious to the barrier, making no attempt to displace it or move
around it. The infant does, however, learn during this stage to grasp and extricate

the hidden toy if part of it is visible.



30 Chapter 2 Synopsis of Piagetian developmentThe need to rotate an object presents intellectual difculties similar to thoseposed by the need to move an obstacle Suppose a third stage infant is presentedwith a bottle but the bottle is held with the nipple facing away from the child sothat the nipple cannot be seen Thus the important part of the bottle is obscurednot by a foreign object but by the rest of the bottle itself The infant exhibits problems similar to those

 produced by a separate obstacle giving up on the nipplewhen it is no longer perceived The difficulty is not a lack of the motor skill required to rotate an object since while the nipple is visible the infant will tum thebottle to make the nipple accessible this is done quite unsystematically but persistently until fortuitous success is achieved So the difficulty is again a representational one characteristic of this stage the potential nipple as opposed to thenipple

 when actually perceived is understood only in connection with certainschemas known to actualize it There is not yet a schema of rotation the successesin orienting a visible nipple appear to be due to a series of separate movementseach guided crudely by the current perception of the nipple and not organized intoa coherent activity of reorientation When in the next stage these attempts arearranged in a coordinated structure there will indeed be a schema of rotation wi

threspect to which the potential nipple can be representedFinally it should be noted that during the third stage a potentialXwithrespecttoprehension is not strongly coordinated with a potentialXwithrespecttovision For example an infant of this stage who has looked at but nottouched an object that falls below her gaze may look downward for it but will notmake any tactile search for it25 Fourth stage coordination of secondary schemasThe fourth stage brings a coordinati

on of secondary schemas analogous to the second stages intertwining of primary schemas Just as the second stage allowed theinfants representation of the world to transcend specific primitive motor sequences and sensory impressions and abstract these to acts upon objects the subject of third stage leaming so the fourth stage coordinations will allow the infants understanding to become independent of particular acts preparing for fifthstage elaboration of the activity 

of objects themselves and their interrelationshipsThe fourth stage infant is capable of using a familiar schema for a new purposein a new situation This contrasts with the previous stage whose secondary circular reactions did allow familiar schemas to be used for new effects but only ifthese effects had previously been empirically and fortuitously produced
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The need to rotate an object presents intellectual difficulties similar to those

posed by the need to move an obstacle. Suppose a third stage infant is presented

with a bottle, but the bottle is held with the nipple facing away from the child, so

that the nipple cannot be seen. Thus the important part of the bottle is obscured,

not by a foreign object but by the rest of the bottle itself. The infant exhibits prob-

lems similar to those produced by a separate obstacle, giving up on the nipple

when it is no longer perceived. The difficulty is not a lack of the motor skill re-

quired to rotate an object, since while the nipple is visible, the infant will turn the

bottle to make the nipple accessible; this is done quite unsystematically, but per-

sistently until fortuitous success is achieved. So the difficulty is again a represen-

tational one, characteristic of this stage: the potential nipple (as opposed to the

nipple when actually perceived) is understood only in connection with certain

schemas known to actualize it. There is not yet a schema ofrotation; the successes

in orienting a visible nipple appear to be due to a series of separate movements,

each guided crudely by the current perception ofthe nipple, and not organized into

a coherent activity of reorientation. When, in the next stage, these attempts are

arranged in a coordinated structure, there will indeed be a schema ofrotation, with

respect to which the potential nipple can be represented.

Finally, it should be noted that during the third stage, a potential-X-with-re-

spect-to-prehension is not strongly coordinated with a potential-X-with-re-

spect-to-vision. For example, an infant of this stage who has looked at, but not

touched, an object that falls below her gaze may look downward for it, but will not

make any tactile search for it.

2.5 Fourth stage: coordination of secondary schemas

The fourth stage brings a coordination ofsecondary schemas analogous to the sec-

ond stage's intertwining ofprimary schemas. Just as the second stage allowed the

infant's representation of the world to transcend specific primitive motor se-

quences and sensory impressions, and abstract these to acts upon objects (the sub-

ject of third stage learning), so the fourth stage coordinations will allow the in-

fant's understanding to become independent of particular acts, preparing for fifth

stage elaboration of the activity of objects themselves, and their interrelation-

ships.

The fourth stage infant is capable of using a familiar schema for a new purpose

in a new situation. This contrasts with the previous stage, whose secondary circu-

lar reactions did allow familiar schemas to be used for new effects, but only if

these effects had previously been empirically (and fortuitously) produced.



25 Fourth stage 31A classic example of this is the removal of an object blocking the prehension ofa desired toy This may be catalyzed by the accidental displacement of the intervening object when the infant initially ignores it But at some point the infantsattention is focused specifically on moving the obstacle at first clumsily butsuccessive efforts develop a well coordinated schema of displacement by pickingup and moving or by striking The infants behavior makes c

lear that she is notinterested in the obstacle itself since it is discarded and the desired toy is thengrasped The obstacle displacement was thus subordinated to that goal Interestingly it isnt until shortly after this displacement coordination that Piaget observes the advent of the infants ability to release one toy being held in order topick up anotherAn important variation of the above displacement coordination is the removalof an object that blocks the view of a 

desired toy In transition between the thirdand fourth stages an infant might continue to reach for and grasp a toy whose viewwas blocked provided that the infant had already started to reach when the objectdisappeared from sight This along with the extrication of partially hidden objects from the previous stage and the displacement of nonhiding obstaclesleads to the ability to react to the complete covering of an object by removing thecover and claiming the rediscove

red object This is quickly generalized into agame of repeatedly hiding and recovering an objectRecall the third stage inability to say respond with prehension to a potentialvisual object During the fourth stage potential in contrast with actually perceived objects with respect to different schemas are united in a way reminiscentof the second stages marriage of visual and tactile perceptions The ability to uncover a hidden object extends this unity not only is there a

 prehensile remedy to avisual disappearance but the remedy is complicated involving a pair of secondary schemas that deal with two distinct objects Thus both the permanence andspatial localization of vanished objects are now understood not just with respectto a given secondary schema but with respect to coordinated pairs of such schemas This begins to put objects in spatial relationship to one another Similarlythe infant of this stage becomes capable of0 Systematic s

earch Eg when the infant drops an object her hand will notonly be moved down to find it but will also be moved perpendicularly inexploration of the immediate vicinity9 Systematic rotation The infant can recover the obscured reverse side of anobject

2.5. Fourth stage 31

A classic example ofthis is the removal ofan object blocking the prehension of

a desired toy. This may be catalyzed by the accidental displacement of the inter-

vening object when the infant initially ignores it. But at some point, the infant's

attention is focused specifically on moving the obstacle (at first clumsily, but

successive efforts develop a well coordinated schema ofdisplacement by picking

up and moving, or by striking). The infant's behavior makes clear that she is not

interested in the obstacle itself, since it is discarded and the desired toy is then

grasped. The obstacle displacement was thus subordinated to that goal. (Interest-

ingly, it isn't until shortly after this displacement coordination that Piaget ob-

serves the advent of the infant's ability to release one toy being held in order to

pick up another.)

An important variation of the above displacement coordination is the removal

of an object that blocks the view of a desired toy. In transition between the third

and fourth stages, an infant might continue to reach for and grasp a toy whose view

was blocked, provided that the infant had already started to reach when the object

disappeared from sight. This, along with the extrication of partially hidden ob-

jects (from the previous stage), and the displacement of non-hiding obstacles,

leads to the ability to react to the complete covering of an object by removing the

cover and claiming the rediscovered object. This is quickly generalized into a

game of repeatedly hiding and recovering an object.

Recall the third stage inability to, say, respond with prehension to a potential

visual object. During the fourth stage, potential (in contrast with actually per-

ceived) objects with respect to different schemas are united in a way reminiscent

of the second stage's marriage of visual and tactile perceptions. The ability to un-

cover a hidden object extends this unity: not only is there a prehensile remedy to a

visual disappearance, but the remedy is complicated, involving a pair of second-

ary schemas that deal with two distinct objects. Thus, both the permanence and

spatial localization of vanished objects are now understood, not just with respect

to a given secondary schema, but with respect to coordinated pairs of such sche-

mas. This begins to put objects in spatial relationship to one another. Similarly,

the infant of this stage becomes capable of:

• Systematic search. E.g., when the infant drops an object, her hand will not

only be moved down to find it, but will also be moved perpendicularly in

exploration of the immediate vicinity.

• Systematic rotation. The infant can recover the obscured reverse side of an

object.



32 Chapter 2 Synopsis of Piagetian development0 Exploitation of perspective The infant can shift her head to look around anobstacle0 Imitation of familiar but invisible movements During the third stage onlyvisible actions producible by existing schemas are imitatedeg grasping a toy Interestingly there is no imitation of a sequence such as openingand closing a hand that is exercised as a part of various familiar schemasbut not yet differentiated in its own right In th

e fourth stage the infant willimitate an action such as sticking out the tongue that she has taken manytimes but without having seen its effects Prior visual and tactile exploration of faces in conjunction with sounds sometimes accompanying the gesture provide clues that assist that identification9 Systematic exploration of novelty When presented with a new object theinfant applies in succession many familiar schemas to the object shakingstriking rotating etc During 

the third stage a new object would tend to excite some schema or other but the current emphasis is different the schemasnow seem focused on the object while previously understanding of the object seemed focused on a particular schema An unexpected effect of someexploratory actionsay the production of an unusual soundmay giverise to a secondary circular reaction repeating that effect Piaget calls such areaction derived to denote that it arose in the context of more st

ructured activity namely the explorationDespite these advances the fourth stage representations of reality still exhibitmany limitations of subjectivity The most striking of these is the fourthstageplace error shown by the following experiment The infant plays with a toy thatis then taken away and hidden under a pillow at the left The infant raises the pillow and reclaims the object Once again the toy is taken and hidden this timeunder a blanket at the right The infa

nt promptly raises not the blanket but thepillow again and appears surprised and puzzled not to find the toy This sort of confusion is observed repeatedly during the fourth stage It is a remarkable analog to the earlier reaction to disappearance by searching in the firstor last place that the thing was recently perceived or in a new position by extending a reclaiming schema Then hidden position was represented only with respect to the comparatively simple schemas tha

t existed Now hidden position isunderstood in terms of combinations of such schemas which relate pairs of objects Although more complex the representation is still procedural and the pro
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• Exploitation of perspective. The infant can shift her head to look around an

obstacle.

• Imitation of familiar but invisible movements. During the third stage, only

visible actions, producible by existing schemas, are imitated—e.g., grasp-

ing a toy. (Interestingly, there is no imitation of a sequence, such as opening

and closing a hand, that is exercised as a part of various familiar schemas,

but not yet differentiated in its own right.) In the fourth stage, the infant will

imitate an action (such as sticking out the tongue) that she has taken many
times, but without having seen its effects. Prior visual and tactile explora-

tion of faces, in conjunction with sounds sometimes accompanying the ges-

ture, provide clues that assist that identification.

• Systematic exploration of novelty. When presented with a new object, the

infant applies in succession many familiar schemas to the object: shaking,

striking, rotating, etc. During the third stage, a new object would tend to ex-

cite some schema or other, but the current emphasis is different: the schemas

now seem focused on the object, while previously, understanding of the ob-

ject seemed focused on a particular schema. (An unexpected effect of some

exploratory action—say, the production of an unusual sound—may give

rise to a secondary circular reaction repeating that effect. Piaget calls such a

reaction derived to denote that it arose in the context of more structured ac-

tivity, namely the exploration.)

Despite these advances, the fourth stage representations of reality still exhibit

many limitations of subjectivity. The most striking of these is the fourth-stage

place error, shown by the following experiment. The infant plays with a toy that

is then taken away and hidden under a pillow at the left. The infant raises the pil-

low and reclaims the object. Once again, the toy is taken and hidden, this time

under a blanket at the right. The infant promptly raises, not the blanket, but the

pillow again, and appears surprised and puzzled not to find the toy.

This sort of confusion is observed repeatedly during the fourth stage. It is a re-

markable analog to the earlier reaction to disappearance by searching in the first

or last place that the thing was recently perceived, or in a new position by extend-

ing a reclaiming schema. Then, hidden position was represented only with re-

spect to the comparatively simple schemas that existed. Now, hidden position is

understood in terms of combinations of such schemas, which relate pairs of ob-

jects. Although more complex, the representation is still procedural, and the pro-



26 Fifth stage 33cedures involved have only developed to the point of saying something likewhen this toy disappears displacement of the pillow will rediscover itSo the relationships among objects are yet understood only in terms of pairwisetransitions as in the cycle of hiding and uncovering a toy The intervention of athird object is not properly taken into account Moreover the infant still comprehends the displacement of an object relative to herself rather that to 

another objectFor instance an infant who can easily tum a block around does not yet leam toorient it relative to a box so as to fit inside Similarly there is no comprehension ofthe need to put a stick in contact with a semidistant toy in order to move the toyThese feats will be possible in the following stage26 Fifth stage experiments on objectsDuring the fifth sensorimotor stage usually beginning about a year after birththe socalled tertiary circular reactions appea

r These are little experimentsthat the infant conducts to see what an object will do For example an infant mayrepeatedly drop a toy paying evident attention not to the act of dropping but tothe behavior of the object as it falls Similarly the infant experiments with varying ways of placing an object on an inclined surface to watch it roll or perchingit at the edge of a table so that it tumbles to the ground etcThese experiments extend the focus on an objects behavior

 rather than personal action noted during the last stage But where fourth stage explorationsmerely use the object in existing schemas the present experiments vary the exploratory schemasnot just in response to surprise results as with the derivedsecondary reactions noted in the previous section but in provocation of unexpected behavior Indeed the specific autonomous activity of an object is yet unexpected by the infant as evidenced by systematic inability to account 

for it whennecessary For example an infant trying to dispose of an obtrusive cushion repeatedly pushes it back against a wall but in such a position that it must fall backin the way againTertiary like secondary circular reactions can be coordinated with other schemas in a meansend relationship For instance an infant reaches through the barsof a playpen to grasp a long toy The infant doesnt anticipate the solidity of thebars which block the toy from being drawn closer

 The fourth stage infantleamed about the solidity of an obstacle to prehension but that was only with respect to movement of the hand itself Here the infant must leam that one objectalso blocks the motion of another object Although the infant already knows howto rotate an object say to find its reverse side there is not yet a schema for rotat
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cedures involved have only developed to the point of saying something like:

"when this toy disappears, displacement of the pillow will rediscover it."

So the relationships among objects are yet understood only in terms ofpairwise

transitions, as in the cycle of hiding and uncovering a toy. The intervention of a

third object is not properly taken into account. Moreover, the infant still compre-

hends the displacement ofan object relative to herselfrather that to another object.

For instance, an infant who can easily turn a block around does not yet learn to

orient it relative to a box so as to fit inside. Similarly, there is no comprehension of

the need to put a stick in contact with a semi-distant toy in order to move the toy.

These feats will be possible in the following stage.

2.6 Fifth stage: experiments on objects

During the fifth sensorimotor stage (usually beginning about a year after birth)

the so-called tertiary circular reactions appear. These are little "experiments"

that the infant conducts to see what an object will do. For example, an infant may
repeatedly drop a toy, paying evident attention not to the act of dropping, but to

the behavior of the object as it falls. Similarly, the infant experiments with vary-

ing ways of placing an object on an inclined surface to watch it roll, or perching

it at the edge of a table so that it tumbles to the ground, etc.

These experiments extend the focus on an object's behavior, rather than per-

sonal action, noted during the last stage. But where fourth stage explorations

merely use the object in existing schemas, the present experiments vary the ex-

ploratory schemas—not just in response to surprise results (as with the derived

secondary reactions noted in the previous section) but in provocation of unex-

pected behavior. (Indeed, the specific autonomous activity of an object is yet un-

expected by the infant, as evidenced by systematic inability to account for it when

necessary. For example, an infant trying to dispose of an obtrusive cushion re-

peatedly pushes it back against a wall, but in such a position that it must fall back

in the way again.)

Tertiary (like secondary) circular reactions can be coordinated with other sche-

mas in a means-end relationship. For instance, an infant reaches through the bars

of a playpen to grasp a long toy. The infant doesn't anticipate the solidity of the

bars, which block the toy from being drawn closer. (The fourth stage infant

learned about the solidity of an obstacle to prehension, but that was only with re-

spect to movement of the hand itself! Here, the infant must learn that one object

also blocks the motion ofanother object.) Although the infant already knows how
to rotate an object (say to find its reverse side), there is not yet a schema for rotat-



34 Chapter 2 Synopsis of Piagetian developmenting one object relative to another as is called for here so the toy can be oriented toallow passage through the bars But lacking such a schema the infant nonetheless appears to identify the collision as the source of difficulty and for a long whilegropes for different ways of placing the object against the bars Eventually asuccessful orientation is found On subsequent attempts the infants gropingsconverge more and more qu

ickly to the solution and a reliable schema of objectrelative rotation evolvesThe gropings of this example are tertiary circular reactions as they involve deliberate variations of a repeated action and with interest in the effect on the objectie whether it is making progress through the bars rather than in the action itself Now there is an additional feature the experiment is directed toward the goalof bringing the toy closer Thus many schemas inuence the activity0 t

he grasping schema which specifies the goal9 the schema of turning an object relative to ones self which gives a point ofdeparture for the new means needed to fulfill the goal0 importantly the many schemas that by now exist to describe objects andspace these are needed to interpret meaningfully the results of the experimental variations to direct refinements of the evolving rotation schema9 the intermediate approximations to the eventual objectrelative rotationschema

From the observers point of view the coordination of these schemas results inan important amplification of the infants intellectual capabilities for the firsttime the infant responds to an unexpected obstacle by inventing a way to overcome it rather than just relying on an alreadyexisting schema Piaget concludesthat this capability essentially falls out of0 quantitatively the myriad schemas that can be brought to bear on a situationand 9 qualitatively the higher leve

l of abstraction on which the schemas now represent things focusing on objects as such thus allowing the same principlesof interaction of schemas to yield more sophisticated resultsSimilar examples of the invention of new means are found when the infantleams to use a stick an underlying support or an attached string to move a givenobject You may recall that some secondary circular reactions involved influenc
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ing one object relative to another, as is called for here so the toy can be oriented to

allow passage through the bars. But, lacking such a schema, the infant nonethe-

less appears to identify the collision as the source ofdifficulty, and for a long while

gropes for different ways of placing the object against the bars. Eventually, a

successful orientation is found. On subsequent attempts, the infant's gropings

converge more and more quickly to the solution, and a reliable schema of ob-

ject-relative rotation evolves.

The gropings ofthis example are tertiary circular reactions, as they involve de-

liberate variations ofa repeated action, and with interest in the effect on the object

(i.e., whether it is making progress through the bars), rather than in the action it-

self. Now there is an additional feature: the experiment is directed toward the goal

of bringing the toy closer. Thus, many schemas influence the activity:

• the grasping schema, which specifies the goal.

• the schema of turning an object, relative to one's self, which gives a point of

departure for the new means needed to fulfill the goal.

• importantly, the many schemas that by now exist to describe objects and

space; these are needed to interpret meaningfully the results of the exper-

imental variations, to direct refinements of the evolving rotation schema.

• the intermediate approximations to the eventual object-relative rotation

schema.

From the observer's point of view, the coordination of these schemas results in

an important amplification of the infant's intellectual capabilities: for the first

time, the infant responds to an unexpected obstacle by inventing a way to over-

come it, rather than just relying on an already-existing schema. Piaget concludes

that this capability essentially falls out of:

•

•

quantitatively, the myriad schemas that can be brought to bear on a situation;

and

qualitatively, the higher level of abstraction on which the schemas now rep-

resent things, focusing on objects as such; thus allowing the same principles

of interaction of schemas to yield more sophisticated results.

Similar examples of the invention of new means are found when the infant

learns to use a stick, an underlying support, or an attached string, to move a given

object. You may recall that some secondary circular reactions involved influenc-



27 Sixth stage 3 5ing one object by pulling another connected to the first by a string But that effectwas discovered entirely by accident and with no appreciation of the physical connection During the present stage the infant wishing to influence a remote objectleams to search for an attached string visually tracing the path ofconnection Aswith the objectrelative rotation schema a great deal of intermediate groping isrequired to develop schemas for using a string sup

port or stick One interestingintermediate situation that Piaget observes regarding the use of a stick is that aninfant who is trying to grasp an object just out of reach and who has previouslysucceeded in using a stick to draw the object closer will not think of doing thatunless she is already holding the stick or unless the stick is presented to her Thisis somewhat like the state of a second stage infant who is leaming to grasp what isseen but only when the hand is 

seen next to the objectThese developments add to the infants conceptions of objects and spaceThrough the tertiary circular reactions objects are endowed with autonomous behavior and the direction of such reactions towards goals involving a second object teaches the infant about the solidity of objects and relationships among objects themselves This progress is also reected in the fourthstage place errordescribed above During that stage some improvement is made in sel

ecting theright place to look for a vanished object but the accomplishment has an empiricalcharacter and the selection is often wrong as though the infant had leamed thatlooking under the blanket sometimes works instead but without really getting thepoint On the other hand the fifth stage infant leams reliably to search the place atwhich the object was seen to disappear27 Sixth stage simulation of eventsThe fifth stage infant shows no sign of mentally simulating the 

activity of objectsand leaming from the simulation instead of from actual experimentation But thesixth stage fumishes evidence of this ability An infant who reaches the sixth stagewithout happening to have leamed about say using a stick may invent that behavior in response to a problem that requires it quite suddenly with dramaticallyless groping than for similar inventions of the previous stage Piaget argues thatthe irzteriorization a kind of intemal reenactment of 

physical activity is responsible for this capabilityIn addition the infant now becomes capable of interpreting situations whoseunderstanding requires representation of events not actually observed For instance consider yet another form of hidden object confusion which the fifth stageinfant exhibits A toy is placed in a small box without a lid so that the infant still
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ing one object by pulling another connected to the first by a string. But that effect

was discovered entirely by accident, and with no appreciation ofthe physical con-

nection. During the present stage, the infant wishing to influence a remote object

learns to search for an attached string, visually tracing the path of connection. As

with the object-relative rotation schema, a great deal of intermediate groping is

required to develop schemas for using a string, support, or stick. One interesting

intermediate situation that Piaget observes regarding the use of a stick is that an

infant who is trying to grasp an object just out of reach, and who has previously

succeeded in using a stick to draw the object closer, will not think of doing that

unless she is already holding the stick, or unless the stick is presented to her. This

is somewhat like the state of a second stage infant who is learning to grasp what is

seen, but only when the hand is seen next to the object.

These developments add to the infant's conceptions of objects and space.

Through the tertiary circular reactions, objects are endowed with autonomous be-

havior; and the direction of such reactions towards goals involving a second ob-

ject teaches the infant about the solidity of objects, and relationships among ob-

jects themselves. This progress is also reflected in the fourth-stage place error,

described above. During that stage, some improvement is made in selecting the

right place to look for a vanished object, but the accomplishment has an empirical

character and the selection is often wrong, as though the infant had learned that

looking under the blanket sometimes works instead, but without really getting the

point. On the other hand, the fifth stage infant learns reliably to search the place at

which the object was seen to disappear.

2.7 Sixth stage: simulation of events

The fifth stage infant shows no sign of mentally simulating the activity of objects

and learning from the simulation instead of from actual experimentation. But the

sixth stage furnishes evidence ofthis ability. An infant who reaches the sixth stage

without happening to have learned about (say) using a stick may invent that be-

havior (in response to a problem that requires it) quite suddenly, with dramatically

less groping than for similar inventions of the previous stage. Piaget argues that

the interiorization (a kind of internal reenactment) of physical activity is respon-

sible for this capability.

In addition, the infant now becomes capable of interpreting situations whose

understanding requires representation of events not actually observed. For in-

stance, consider yet another form ofhidden object confusion, which the fifth stage

infant exhibits: A toy is placed in a small box, without a lid, so that the infant still



36 Chapter 2 Synopsis of Piagetian developmentsees it Before the infant has a chance to recover the toy from the box the box ismoved beneath a blanket where hidden from the infants view toy is dumped outThe box is brought to view again empty The infant is surprised that the toy is nolonger in the box and does not attempt to search under the blanket Analogouslyto fourth stage progress with the place error the fifth stage infant does leam empirically and unreliably to 

search under the blanket But when two screening objects are used in succession a remarkably parallel confusion results the infantdoes not understand the need to look specifically under that cover from which thebox emerged But now during the sixth stage the infant deals successfully withthese situations apparently able to represent the unobserved displacement of thetoy under the screenThe above developments are a small sample of the explosion of intellect andknowledge

 of the sixth stage The ability to represent one s own body in objectivespatial terms to understand personal orientation for example being able to pointback to a house thats no longer in sight and the beginning of language all ariseduring this stage The sixth stage thus forms a bridge between sensorimotor intelligence and the later periods28 Subsequent periods preoperational concreteand formal operationsThroughout the sensorimotor period the infants intelligence is c

oncemed withthe effects of actions on present reality Even the first manifestations of languagetowards the end of the sensorimotor period are concemed with the expression ofdesires and commands rather than the communication of ideas But in the periodto followthe preoperational periodthe child begins to manipulate the truth ofpropositions via inference and classification just as earlier she had manipulatedthe state of objects via physical actions The child begins to t

hink and speak ofpast or distant events of causation and number and time of other peoples perspectives During the period of concrete operations the child becomes able to reasonmore systematically about the subject matter of the previous period as during thevarious sensorimotor stages previously uncoordinated fragments of representation become properly connected A preoperational child for example confusesthe relative duration of two time intervals with the ordering of

 their beginnings orends a child at that period tends to believe that the older oftwo people was bomlater A preoperational child has not grasped conservation of number or at least
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sees it. Before the infant has a chance to recover the toy from the box, the box is

moved beneath a blanket where, hidden from the infant's view, toy is dumped out.

The box is brought to view again, empty. The infant is surprised that the toy is no

longer in the box, and does not attempt to search under the blanket. Analogously

to fourth stage progress with the place error, the fifth stage infant does learn, em-

pirically and unreliably, to search under the blanket. But when two screening ob-

jects are used in succession, a remarkably parallel confusion results: the infant

does not understand the need to look specifically under that cover from which the

box emerged. But now, during the sixth stage, the infant deals successfully with

these situations, apparently able to represent the unobserved displacement of the

toy under the screen.

The above developments are a small sample of the explosion of intellect and

knowledge ofthe sixth stage. The ability to represent one' s own body in objective

spatial terms, to understand personal orientation (for example, being able to point

back to a house that's no longer in sight), and the beginning of language all arise

during this stage. The sixth stage thus forms a bridge between sensorimotor intel-

ligence and the later periods.

2.8 Subsequent periods: preoperational, concrete

and formal operations

Throughout the sensorimotor period, the infant's intelligence is concerned with

the effects of actions on present reality. Even the first manifestations oflanguage,

towards the end of the sensorimotor period, are concerned with the expression of

desires and commands, rather than the communication of ideas. But in the period

to follow—the preoperational period—the child begins to manipulate the truth of

propositions, via inference and classification, just as earlier she had manipulated

the state of objects via physical actions. The child begins to think and speak of

past or distant events, of causation and number and time, of other peoples' per-

spectives.

During the period of concrete operations, the child becomes able to reason

more systematically about the subject matter of the previous period; as during the

various sensorimotor stages, previously uncoordinated fragments of representa-

tion become properly connected. A preoperational child, for example, confuses

the relative duration of two time intervals with the ordering of their beginnings or

ends; a child at that period tends to believe that the older of two people was born

later. A preoperational child has not grasped conservation of number (or at least,



28 Subsequent periods 37conservation of 11 correspondence consider the following fascinating andtypical protocol taken from a conversation with a child of five years [5 1 ] p 26What are theseLittle green [A2]and red [Al]beadsIs there the sameamount in the two glassesYesIf we made a necklace with the red onesand another with the green ones would they be the samelengthYesWhyBecause theres the same height of green andredIf we put the beads in there [L] what would happen

They would behi gherWould there be the same amountNo Where would there bemoreThere [L]WhyBeeause it is narrow[A1 was pouredinto L] Do you really think there are more beads there [L] than here[A2]YesWhy Because it is narrow and they go higherIf Ipoured them all out [making as though to pour the red beads on one side andthe green on the other] would they be the same or notM ore redonesWhyBecause that one [L] is narrowAnd if I make a necklace with the red beads and one 

with the green beads will they be the sameor notThe red one will be longerWhyBeeause there ll be more inthere [L] [The red beads were put back into A1] And nowThey re thesame height again WhyBeeause youve poured them into thatone[Al]Are there more red ones or green ones The sameThese and otherilluminating confusions are corrected during the period of concrete operationsThe final period of intelligencethe period of formal operationsbegins approximately at the onset of

 adolescence Just as the ascension from sensorimotorintelligence brought with it the ability to represent abstract truth instead of justcurrent state the passage to formal operations brings the capacity to represent abstract validity instead of just actual truth Previously the individual could use oneproposition to imply others in a variety of ways but now implicability itselfie validitybecomes an object about which the individual can reason Reasoning about validity 

as such makes formal reasoning pos siblereasonin g separatedfrom the content of the propositions reasoned about In a similar vein0 True hypotheticodeductive reasoning appears a person gains the ability todevise appropriate experiments to test hypotheses systematically varyingone factor then another while holding the others constant Previously theindividual maneuvered in a space of propositions linked by more or less
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conservation of 1-1 correspondence); consider the following fascinating (and

typical) protocol, taken from a conversation with a child offive years ([5 1 ], p. 26):

What are these?

—

Little green [A2]and red [Al]beads.—Is there the same

amount in the two glasses?

—

Yes.—If we made a necklace with the red ones

and another with the green ones, would they be the same

length?

—

Yes.—Why?

—

Because there's the same height of green and

red.—Ifwe put the beads in there [L], what would happen?

—

They wouldbe

higher.—Would there be the same amount?

—

No. —Where would there be

more?

—

There —[L].—Why?

—

Because it is narrow.—[Al was poured

into L] Do you really think there are more beads there [L] than here

[A2]?

—

Yes.—Why? —Because it is narrow and they go higher.—If I

poured them all out [making as though to pour the red beads on one side and

the green on the other] would they be the same or not?

—

More red

ones.—Why? Because that one [L] is narrow.—And if I make a neck-

lace with the red beads and one with the green beads, will they be the same,

or not?

—

The red one will be longer.—Why?

—

Because there'll be more in

there [L].—[The red beads were put back into A 1.] And now?

—

They' re the

same height again. —Why?

—

Because you've poured them into that

one[A\].—Are there more red ones or green ones? —The same.

These and other illuminating confusions are corrected during the period ofcon-

crete operations.

The final period of intelligence—the period of formal operations—begins ap-

proximately at the onset of adolescence. Just as the ascension from sensorimotor

intelligence brought with it the ability to represent abstract truth instead of just

current state, the passage to formal operations brings the capacity to represent ab-

stract validity instead ofjust actual truth. Previously the individual could use one

proposition to imply others in a variety ofways; but now implicability itself—i.e.,

validity—becomes an "object" about which the individual can reason. Reason-

ing about validity as such makes formal reasoning possible—reasoning separated

from the content of the propositions reasoned about. In a similar vein:

• True hypothetico-deductive reasoning appears: a person gains the ability to

devise appropriate experiments to test hypotheses, systematically varying

one factor, then another, while holding the others constant. Previously the

individual maneuvered in a space of propositions linked by (more or less)



38 Chapter 2 Synopsis of Piagetian developmentlogical entailment now an entire such space is a single point in a new spacewhere going from point to point corresponds to changing a hypothesis0 The ability to generate systematic permutations appears The concrete operations individual could reason about sets of things to generate all possiblepermutations among a collection of objects a person must reason about a setof sets each of the sets being one permutation of the o

bjects In all theseexamples relations among concreteoperations objects in turn become theobjects of formal reasoningPiaget describes the progression to concrete and then formal operations as thedevelopment of more powerfully expressive logics In reply Fodor [25] arguesthat such a progression if indeed it occurs cannot occur by learning The essenceof Fodors argument is that less powerful logics by definition simply cannot express and therefore cannot build systems tha

t embody more powerful logicsThis objection and a way around it can be understood by an analogy between lo gics and classes of computational entitiesA finitestate automaton is strictly less powerful than a Turing machine a Turing machine can simulate a finitestate automaton but not vice versa [45] Hencea nitestate automaton cannot possibly leam to be a Turing machine Nonetheless any physically realized digital computer though conventionally regarded asTuringequivalen

t is really just a finitestate automaton It is considered Turingequivalent via the reasonable and customary idealization that its memory isinfinite There are no precise rules goveming the suitability of this idealizationroughly the idealization is appropriate when a finitestate automaton has a largearray of state elements that it uses more or less uniformlyelements that therebyserve as general memoryA finitestate automaton might well have an initial state that does n

ot lend itselfto an infinitememory idealization but might later enter a state for which that idealization becomes suitable this could happen for example if the automaton simulates a series of devices and if an eventual such simulation but not the ones thatprecede it is of a device that is reasonably idealized as a Turing machine Then aFodorlike argument is still correct but only as a technicality formally there hasbeen no increase in computational power Nonetheless f

or reasonable practicalpurposes by plausible customary idealizations the system has indeed changed itself from a finitestate automaton to virtually a Turing machine An analogouspossibility with regard to the development of logics of varying power suffices to
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logical entailment; now, an entire such space is a single point in a new space,

where going from point to point corresponds to changing a hypothesis.

• The ability to generate systematic permutations appears. The concrete oper-

ations individual could reason about sets of things; to generate all possible

permutations among a collection of objects, a person must reason about a set

of sets, each of the sets being one permutation of the objects. In all these

examples, relations among concrete-operations objects in turn become the

objects of formal reasoning.

Piaget describes the progression to concrete and then formal operations as the

development of more powerfully expressive logics. In reply, Fodor [25] argues

that such a progression, if indeed it occurs, cannot occur by learning. The essence

of Fodor 's argument is that less powerful logics, by definition, simply cannot ex-

press, and therefore cannot build, systems that embody more powerful logics.

This objection, and a way around it, can be understood by an analogy between log-

ics and classes of computational entities.

A finite-state automaton is strictly less powerful than a Turing machine: a Tur-

ing machine can simulate a finite-state automaton, but not vice versa [45 ]. Hence,

a finite-state automaton cannot possibly learn to be a Turing machine. Nonethe-

less, any physically realized digital computer, though conventionally regarded as

Turing-equivalent, is really just a finite-state automaton. It is considered Tur-

ing-equivalent via the reasonable and customary idealization that its memory is

infinite. There are no precise rules governing the suitability of this idealization;

roughly, the idealization is appropriate when a finite-state automaton has a large

array of state elements that it uses more or less uniformly—elements that thereby

serve as general memory.

A finite-state automaton might well have an initial state that does not lend itself

to an infinite-memory idealization, but might later enter a state for which that ide-

alization becomes suitable; this could happen, for example, if the automaton sim-

ulates a series of devices, and if an eventual such simulation, but not the ones that

precede it, is of a device that is reasonably idealized as a Turing machine. Then, a

Fodor-like argument is still correct, but only as a technicality: formally, there has

been no increase in computational power. Nonetheless, for reasonable practical

purposes, by plausible customary idealizations, the system has indeed changed it-

self from a finite-state automaton to (virtually) a Turing machine. An analogous

possibility with regard to the development of logics of varying power suffices to



29 Themes of Piagetian development 39escape Fodors impossibility argument conceming the leaming of concrete andformal operations29 Themes of Piagetian developmentSeveral recurrent themes of Piagetian development are illustrated in the foregoing sections in some detail for the sensorimotor stages and hastily for the subsequent periods These also serve as central themes for the design of the schemamechanism0 Intelligence develops by building statespaces to represent th

e world0 by discovering how states and transformations are related and0 by constructing new elements of the space and new transformationswhose relations must in tum be discovered From motions of physicalobjects to inferences among propositions this theme is repeatedthroughout Piagetian development0 New schemas form as incremental differentiations or generalizations of existing ones9 Schemas coordinate to form composite structures that abstract above the details of th

e component elements0 Another important kind of abstraction involves c0nservati0nthe discovery of a new kind of thing in the world found by noticing the possibility ofreturning to some manifestation of it291 Fragmented representationPerhaps the most powerful theme composed of the above strands is that the bootstrapping of intelligence involves the assembly of concepts from specialcasefragments That is many apparently atomic or fundamental concepts are in factcomposit

es of a large body of constituent schemas from which the atomicthing arises For example9 Knowing that the ball is on the table entails the expectation that it can be detected there by sight or by touch or by weighing the table and noticing theextra weight and entails that it wont be found elsewhere at the momentsuch as on the oor and that it must have gotten there somehow that itused to be in a different position but moved
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escape Fodor's impossibility argument concerning the learning of concrete and

formal operations.

2.9 Themes of Piagetian development

Several recurrent themes of Piagetian development are illustrated in the forego-

ing sections (in some detail for the sensorimotor stages, and hastily for the subse-

quent periods). These also serve as central themes for the design of the schema

mechanism.

• Intelligence develops by building state-spaces to represent the world:

• by discovering how states and transformations are related; and

• by constructing new elements of the space, and new transformations,

whose relations must in turn be discovered. From motions of physical

objects to inferences among propositions, this theme is repeated

throughout Piagetian development.

• New schemas form as incremental differentiations or generalizations of ex-

isting ones.

• Schemas coordinate to form composite structures that abstract above the de-

tails of the component elements.

• Another important kind of abstraction involves conservation—the discov-

ery of a new kind of thing in the world, found by noticing the possibility of

returning to some manifestation of it.

2.9.1 Fragmented representation

Perhaps the most powerful theme, composed ofthe above strands, is that the boot-

strapping of intelligence involves the assembly of concepts from special-case

fragments. That is, many apparently atomic or fundamental concepts are in fact

composites of a large body of constituent schemas, from which the "atomic"

thing arises. For example:

• Knowing that the ball is on the table entails the expectation that it can be de-

tected there by sight, or by touch (or by weighing the table and noticing the

extra weight...); and entails that it won't be found elsewhere at the moment

(such as on the floor); and that it must have gotten there somehow, that it

used to be in a different position but moved.



40 Chapter 2 Synopsis of Piagetian development0 Knowing that four things are present entails that adding another will makefive that if none are added or removed there will still be four that if they arecounted in any order with each counted exactly once the result will befour  etc For each of these concepts and many others Piaget demonstrates that certain  entailedconsequences   of the concept can be seen coming into use for the first time thus by implication first e

xisting at differentstages of development Gradually they are organized into a coherent wholeOnly in the eventual mature result are the constituent parts of the concept sowell coordinated their mutual entailment so automatic as to give rise to afunctional unity292 Stages of developmentThe role of stages in Piagetian theory is often overemphasized As mentionedabove in section 21 the apparent simultaneity of the innovations of a given stageis an expository device the ac

tual uniformity is only approximate Moreovereven for some particular strand of development the invariance of the orderingalong the sequence is both less absolute and less important than is often thoughtThere are several reasons that development A might be observed to precede Bor on the other hand to be contemporaneous with B in a typical individual s development For example0 A and B might each derive quickly and independently from some commonancestor C and thus tend 

to appear at the same time9 A and B might develop mostly independently with A just being simpler than B so that A would appear first0 A and B might be comparable points along two similar but independent sequences of constructions whose analogous developments are roughly contemporaneous0 Some of As structures might be included as components of Bs As structures are then a prerequisite for B so A must appear first In the first threecases it is plausible that the typical

 order of A and B might be altered by circumstances that cause the individual to focus an unusual amount of attentionon one or the other Thus it is not surprising that White and Held [72] forexample have shown that by varying the prominence of a hanging brightlycolored object in infants early environments experimenters can induce
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• Knowing that four things are present entails that adding another will make

five; that ifnone are added or removed, there will still be four; that if they are

counted, in any order, with each counted exactly once, the result will be

"four;" etc. For each of these concepts (and many others), Piaget demon-

strates that certain
'

' entailedconsequences '

' of the concept can be seen com-

ing into use for the first time (thus, by implication, first existing) at different

stages ofdevelopment. Gradually, they are organized into a coherent whole.

Only in the eventual mature result are the constituent parts of the concept so

well coordinated, their mutual entailment so automatic, as to give rise to a

functional unity.

2.9.2 Stages of development

The role of stages in Piagetian theory is often over-emphasized. As mentioned

above in section 2. 1 , the apparent simultaneity of the innovations of a given stage

is an expository device; the actual uniformity is only approximate. Moreover,

even for some particular strand of development, the invariance of the ordering

along the sequence is both less absolute, and less important, than is often thought.

There are several reasons that development A might be observed to precede B,

or on the other hand to be contemporaneous with B , in a typical individual ' s devel-

opment. For example:

• A and B might each derive quickly and independently from some common
ancestor C, and thus tend to appear at the same time.

• A and B might develop (mostly) independently, with A just being "sim-

pler" than B, so that A would appear first.

• A and B might be comparable points along two similar but independent se-

quences of constructions, whose analogous developments are roughly con-

temporaneous.

• Some of A's structures might be included as components of B's; A's struc-

tures are then a prerequisite for B, so A must appear first. In the first three

cases, it is plausible that the typical order ofA and B might be altered by cir-

cumstances that cause the individual to focus an unusual amount ofattention

on one or the other. Thus, it is not surprising that White and Held [72], for

example, have shown that by varying the prominence of a hanging, bright-

ly-colored object in infants' early environments, experimenters can induce



29 Themes of Piagetian development 41variations in the order of acquisition of handregard and swiping behaviorEven in the fourth case above where the ordering constraint is the strongestit is possible that altemative paths of development can bypass certain prerequisites especially when unusual conditions say physical handicapsblock the typical pathsIndeed there is no a priori reason to expect a constructivist mechanism to exhibit stagelike regularities at all the spa

ce of plausible developmental paths mightbe large enough for each individual to pursue her own idiosyncratic constructionin some or all domains Altematively there may be domains where a particularnext step is always so obvious that there is little room for variation But in factsome domains do show strong developmental regularities among different individuals and it is natural for the study of constructivist mechanisms to begin thereFor by observing similar developmen

ts among different individuals the experimenter can partially compensate for being unable to repeat with controlled variations the same development for a given individual Hence a reason for the preponderance of stagelike developments in the discussion of constructivism293 Constructivism vs nativismA constructivist account of the development of intelligence holds that the difference between the mind of an adult and that of an infant lies in mental structuresbuilt by t

he individual Even when a given concept is attained universally egthe idea of a physical object it is because the concept is prominent in reality ina way that is accessible to the mechanism of leaming recall section 121 A nativist account on the other hand holds that universal knowledge is innate and iseither already operative in the neonate or unfolds according to a predeterminednonleaming processThe debate between constructivist and nativist accounts of human intel

ligenceextends back to antiquity In a famous dialog Socrates leads a student to a difficult conclusion by a series of leading questions Socrates concludes that the student must have known the conclusion all along since the teacher stated no factsbut merely asked questions eg [58] p 92Modem arguments on this subject often involve actual evidence But the interpretation of such evidence can be difficult it is easy to under or overattributeknowledge to an infant The fact

 that a certain piece of knowledge does not showitself in an infants behavior until a certain age does not guarantee that it was recently learned Perhaps the infant had the knowledge sooner but lacked some further capability needed to act on that knowledge Or perhaps the knowledge was
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variations in the order of acquisition of hand-regard and swiping behavior.

Even in the fourth case above, where the ordering constraint is the strongest,

it is possible that alternative paths of development can bypass certain pre-

requisites, especially when unusual conditions (say, physical handicaps)

block the typical paths.

Indeed, there is no a priori reason to expect a construedvist mechanism to ex-

hibit stagelike regularities at all; the space ofplausible developmental paths might

be large enough for each individual to pursue her own idiosyncratic construction,

in some or all domains. Alternatively, there may be domains where a particular

next step is always so "obvious" that there is little room for variation. But in fact,

some domains do show strong developmental regularities among different indi-

viduals, and it is natural for the study ofconstructivist mechanisms to begin there.

For by observing similar developments among different individuals, the exper-

imenter can partially compensate for being unable to repeat, with controlled vari-

ations, the same development for a given individual. Hence, a reason for the pre-

ponderance of stagelike developments in the discussion of constructivism.

2.9.3 Constructivism vs. nativism

A constructivist account of the development of intelligence holds that the differ-

ence between the mind of an adult, and that of an infant, lies in mental structures

built by the individual. Even when a given concept is attained universally (e.g.,

the idea of a physical object), it is because the concept is prominent in reality, in

a way that is accessible to the mechanism of learning (recall section 1.2.1). A na-

tivist account, on the other hand, holds that universal knowledge is innate, and is

either already operative in the neonate, or unfolds according to a predetermined,

nonlearning process.

The debate between constructivist and nativist accounts ofhuman intelligence

extends back to antiquity. In a famous dialog, Socrates leads a student to a diffi-'

cult conclusion by a series of leading questions; Socrates concludes that the stu-

dent must have known the conclusion all along, since the teacher stated no facts,

but merely asked questions (e.g., [58], p. 92).

Modern arguments on this subject often involve actual evidence. But the inter-

pretation of such evidence can be difficult; it is easy to under- or over-attribute

knowledge to an infant. The fact that a certain piece ofknowledge does not show

itself in an infant's behavior until a certain age does not guarantee that it was re-

cently learned. Perhaps the infant had the knowledge sooner, but lacked some fur-

ther capability needed to act on that knowledge. Or, perhaps the knowledge was



42 Chapter 2 Synopsis of Piagetian developmentrecently acquired but by a nonlearning maturational process Piaget s strategy ofobserving infants activity can give the false impression that leaming occurs byfailing to detect the early presence of knowledge in some latent formOn the other hand it is also easy to overestimate an infant s knowledge by presuming more awareness than is actually required to explain an infants behaviorConsider an infant who sees an object the

n reaches out and grasps it This couldbe due to the infants understanding that there are objects that an object has a spatial location that it has visual and tactile manifestations that a certain visual pattem means object A is at position X and that moving the hand to position X willtherefore result in touching the obj ect which the infant desires Altematively theinfant might have no suspicion of the existence of objects but might have noticedthat a certain visual s

ensation followed by a certain action grasping results inanother tactile sensation which the infant desires A third possibility is that theinfant is just exhibiting a reflex consisting of a motor response to a visual stimulus without specifically desiring the result of that response without even anticipating what the result will be indeed without even knowing that there is any resultIn the present example the Piagetian view is that all three interpretations arecorrec

t each at a different stage of development Mindless reex activity yieldsto leamed predictions that can be hamessed to pursue goals These predictions areat first in drastically subjective form expressed exclusively in terms of primitiveperceptual inputs and motor actions The predictions are then reformulated ingradually more objective terms of representation terms that become progressively independent of personal action and perceptionWhat sort of evidence can be marsh

aled for or against such an interpretationIn principle an examination of the infants neural apparatus could reveal whatsort of cognitive event was taking place but that would require both a technologyfor monitoring the apparatus and a theory for understanding what was beingmonitored neither of which is forthcoming in the forseeable future Thus fornow we must settle for less direct forms of evidence0 ProPiagetian eviziencc Piaget chronicles a gradual elaboration of ab

ilitieseach step incrementally more advanced than the last The themes of this process correspond to plausible leaming methods which the schema mechanism makes precise That the incremental elaborations are consistent withthe steps taken by a leaming mechanism is circumstantial evidence thatleaming is in fact taking place
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recently acquired, but by a nonlearning maturational process. Piaget' s strategy of

observing infants' activity can give the false impression that learning occurs, by

failing to detect the early presence of knowledge in some latent form.

On the other hand, it is also easy to overestimate an infant's knowledge, by pre-

suming more awareness than is actually required to explain an infant's behavior.

Consider an infant who sees an object, then reaches out and grasps it. This could

be due to the infant's understanding that there are objects, that an object has a spa-

tial location, that it has visual and tactile manifestations, that a certain visual pat-

tern means object A is at position X, and that moving the hand to position X will

therefore result in touching the object, which the infant desires. Alternatively, the

infant might have no suspicion of the existence of objects, but might have noticed

that a certain (visual) sensation, followed by a certain action (grasping), results in

another (tactile) sensation (which the infant desires). A third possibility is that the

infant is just exhibiting a reflex consisting of a motor response to a visual stimu-

lus, without specifically desiring the result of that response, without even antici-

pating what the result will be, indeed without even knowing that there is any re-

sult.

In the present example, the Piagetian view is that all three interpretations are

correct, each at a different stage of development. Mindless reflex activity yields

to learned predictions that can be harnessed to pursue goals. These predictions are

at first in drastically subjective form, expressed exclusively in terms of primitive

perceptual inputs and motor actions. The predictions are then reformulated in

gradually more objective terms ofrepresentation, terms that become progressive-

ly independent of personal action and perception.

What sort of evidence can be marshaled for or against such an interpretation?

In principle, an examination of the infant's neural apparatus could reveal what

sort of cognitive event was taking place; but that would require both a technology

for monitoring the apparatus, and a theory for understanding what was being

monitored, neither of which is forthcoming in the forseeable future. Thus, for

now, we must settle for less direct forms of evidence.

• Pro-Piagetian evidence. Piaget chronicles a gradual elaboration of abilities,

each step incrementally more advanced than the last. The themes ofthis pro-

cess correspond to plausible learning methods, which the schema mecha-

nism makes precise. That the incremental elaborations are consistent with

the steps taken by a learning mechanism is circumstantial evidence that

learning is in fact taking place.



29 Themes of Piagetian development 439 Anti Piagetian eviderzce Many recent experiments reveal infant knowledgethat is expressed more subtly than by overt purposeful action Often suchexpressions occur considerably prior to the first Piagetian manifestations ofthe corresponding knowledge casting doubt on the Piagetian interpretationSome such evidence suffers from the problem of overattributing knowledge toan infant A clear example I believe occurs in TGR Bowers descri

ption of aneonates aversion to a looming object [9] An infant sits in front of a screen thatshows a projected outline of a rapidly approaching object The infant exhibits anavoidance response the infant closes its eyes tums its head away raises its armsin front of its face and so on Bower takes this as evidence that the infant interprets the visual information as an indication of an approaching object anticipatesthat an unpleasant collision could occur and takes actio

n intended to ward off thecollisionAltematively the infant may have no such understanding of the movement andeffects of objects or even of their very existence Instead the infant may simplyhave a reex that releases a particular motor response to a one simple class of visual stimuli This more conservative attribution of knowledge indeed seems themore plausible given the obvious benefit of having such a reflex and the anomalous complexity of the infants behavior by com

parison with any other interactions with objects until several months laterIn other cases however Piaget underattributes the infants or childs abilitiesFor example Piaget demonstrates that a preoperational child when asked how agiven scene eg a model of some terrain looks to an observer stationed somewherein the terrain instead describes how the scene looks from her own vantagepoint Piaget infers a general inability to appreciate the difference of anothersperspective

 but experiments by Masangkay et al [42] show that in simplertaskseg asking which of two sides of a card an observer sees when the card isplaced between the child and the observerchildren as young as two answer correctly Still in view of the Piagetian themeof assembling concepts from simplerfragments it remains plausible that these specialcase earlier abilities overlooked by Piaget are precursor components of a more general ability exhibited inthe tasks Piaget descri

bes Taking note of the earlier abilities finetunes the Piagetian story extending it rather than refuting itSome recent experiments however demonstrate early knowledge that is moredifficult to reconcile with a Piagetian explanation Here the recent work of Bail
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• Anti-Piagetian evidence. Many recent experiments reveal infant knowledge

that is expressed more subtly than by overt, purposeful action. Often, such

expressions occur considerably prior to the first Piagetian manifestations of

the corresponding knowledge, casting doubt on the Piagetian interpretation.

Some such evidence suffers from the problem ofover-attributing knowledge to

an infant. A clear example, I believe, occurs in T.G.R. Bower's description of a

neonate's aversion to a looming object [9]. An infant sits in front of a screen that

shows a projected outline of a rapidly approaching object. The infant exhibits an

avoidance response: the infant closes its eyes, turns its head away, raises its arms

in front of its face, and so on. Bower takes this as evidence that the infant inter-

prets the visual information as an indication of an approaching object, anticipates

that an unpleasant collision could occur, and takes action intended to ward off the

collision.

Alternatively, the infant may have no such understanding ofthe movement and

effects of objects, or even of their very existence. Instead, the infant may simply

have a reflex that releases a particular motor response to a one simple class ofvisu-

al stimuli. This more conservative attribution of knowledge indeed seems the

more plausible, given the obvious benefit of having such a reflex, and the anoma-

lous complexity of the infant's behavior by comparison with any other interac-

tions with objects until several months later.

In other cases, however, Piaget under-attributes the infant's or child's abilities.

For example, Piaget demonstrates that a preoperational child, when asked how a

given scene (e.g., a model of some terrain) looks to an observer stationed some-

where in the terrain, instead describes how the scene looks from her own vantage

point. Piaget infers a general inability to appreciate the difference of another's

perspective; but experiments by Masangkay et al. [42] show that in simpler

tasks—e.g., asking which of two sides of a card an observer sees when the card is

placed between the child and the observer—children as young as two answer cor-

rectly. Still, in view of the Piagetian theme of assembling concepts from simpler

fragments, it remains plausible that these special-case earlier abilities, over-

looked by Piaget, are precursor components of a more general ability exhibited in

the tasks Piaget describes. Taking note ofthe earlier abilities fine-tunes the Piage-

tian story, extending it rather than refuting it.

Some recent experiments, however, demonstrate early knowledge that is more

difficult to reconcile with a Piagetian explanation. Here, the recent work of Bail-



44 Chapter 2 Synopsis of Piagetian developmentlargeon is exemplary In one experiment [5] a fivemonthold infant third Piagetian stage sits opposite a plywood board the board attaches to a tabletop byhinges on which the board can rotate toward or away from the infant Initially theboard is rotated at against the table tilting toward the infant Just behind theboard is a small toy As the infant watches the board rotates up away from theinfant until it blocks the infants v

iew of the toy The experimenter then surreptitiously removes the nowhidden toy via a hidden trapdoor in the table and theboard continues its rotation until it is again at on the table but now tilting awayfrom the infant the board could not have rotated that far if the toy were still in itswayThis seemingly impossible event surprises the infant as determined by the infants extended scrutiny of the apparatus compared to among other relevant controls the time spent look

ing at similar rotation in the absence of an obstructingtoy Moreover the infant takes into consideration such properties as the hiddentoys size and compressibility showing surprise only if the board rotates furtherthan those properties should allowBaillargeons evidence thus reveals knowledge of hidden objects in infantswho cannot yet retrieve such an object by displacing the barrier despite beingable to grasp and move the barrier object when that object itself is of 

interest Itremains an open question whether such knowledge is innate or leamed Clearlyhowever Piagets explanation for the thirdstage obliviousness to hidden objectsthat the infant simply does not represent that the object still existsis contradicted by Baillargeons evidenceBaillargeon construes the evidence to demonstrate a failure of coordination between an infants knowledge of hidden objects and purposeful activity that restson that knowledge But that construal I m

aintain admits of three broad furtherinterpretations two of which are compatible with the constructivist view0 One interpretation is not compatible the infants knowledge of hidden objects might be un1earnedorleamed by a nonPiagetian process The infantacquires the ability to recover a hidden object when some impediment to exploiting that alreadypresent knowledge is overcome perhaps by leamingor perhaps by a nonleaming maturational process0 Altematively the persistence

 of hidden objects might be leamed accordingto Piagetian developmental themes albeit prior to the ability to exploit theknowledge by recovering a hidden object That ability may be acquired byfurther learning along Piagetian lines Section 1031 illustrates this possi
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largeon is exemplary. In one experiment [5 ] , a five-month-old infant (third Piage-

tian stage) sits opposite a plywood board; the board attaches to a tabletop by

hinges on which the board can rotate toward or away from the infant. Initially, the

board is rotated flat against the table, tilting toward the infant. Just behind the

board is a small toy. As the infant watches, the board rotates up, away from the

infant, until it blocks the infant's view of the toy. The experimenter then surrepti-

tiously removes the now-hidden toy (via a hidden trap-door in the table), and the

board continues its rotation until it is again flat on the table, but now tilting away

from the infant; the board could not have rotated that far if the toy were still in its

way.

This seemingly impossible event surprises the infant, as determined by the in-

fant's extended scrutiny ofthe apparatus, compared to (among other relevant con-

trols) the time spent looking at similar rotation in the absence of an obstructing

toy. Moreover, the infant takes into consideration such properties as the hidden

toy's size and compressibility, showing surprise only if the board rotates further

than those properties should allow.

Baillargeon's evidence thus reveals knowledge of hidden objects in infants

who cannot yet retrieve such an object by displacing the barrier (despite being

able to grasp and move the barrier object when that object itself is of interest). It

remains an open question whether such knowledge is innate or learned. Clearly,

however, Piaget's explanation for the third-stage obliviousness to hidden ob-

jects—that the infant simply does not represent that the object still exists—is con-

tradicted by Baillargeon's evidence.

Baillargeon construes the evidence to demonstrate a failure ofcoordination be-

tween an infant's knowledge of hidden objects, and purposeful activity that rests

on that knowledge. But that construal, I maintain, admits of three broad further

interpretations, two of which are compatible with the constructivist view.

• One interpretation is not compatible: the infant's knowledge of hidden ob-

jects might be unlearned (or learned by a non-Piagetian process). The infant

acquires the ability to recover a hidden object when some impediment to ex-

ploiting that already-present knowledge is overcome, perhaps by learning,

or perhaps by a nonlearning maturational process.

• Alternatively, the persistence of hidden objects might be learned according

to Piagetian developmental themes, albeit prior to the ability to exploit the

knowledge by recovering a hidden object. That ability may be acquired by

further learning along Piagetian lines. Section 10.3.1 illustrates this possi-



29 Themes of Piagetian development 45bility in terms of the schema mechanism although the illustration concemsinterrnodal coordination rather than hiddenobject persistence0 It may be that the Piagetian story is true not of the infants cognition as awhole but of the infants central cognitive system The central system bythis hypothesis incorporates a general leaming mechanism and uses what itleams to guide its actions to achieve goals True the infants peripheral percep

tual modules enjoy extensive possibly innate knowledge about physicalobjects and their persistence as reected for example by the surprise exhibited by the infant in Baillargeons experiment But the central systemby this interpretation lacks access to the knowledge embodied in the peripheral modules Those modules use their knowledge to assemble the perceptual input to the central system which by this account has no initial understanding of that input The central system

 must recapitulate for itself muchof the peripheral modules knowledge such as awareness of hidden objects and does so in accordance with the Piagetian sequence Observationsof infants purposeful behavior in contrast with experiments that elicit subtle indications of surprise reect the Piagetian leaming accomplished bythe central systemThe first of these interpretations if correct would cast serious doubt on theconstructivist theory by refuting that account with respec

t to one of its paradigmatic examples The second interpretation like the perspective experiment citedabove extends the theory rather than refuting it The third interpretation acknowledges a large exception to Piagetian theory but salvages the essence of thetheoryIt may seem implausibly wasteful for the central system to have to recapitulateknowledge already present in other modules as stipulated by the third interpretation But suppose that in the course of biological

 evolution a specialpurposeleaming system arose that became powerful enough to go far beyond its originalspecial purposein particular powerful and general enough to recapitulate andtranscend much builtin knowledge from other cognitive modules The knowledge in other modules would not be suitable for extension by this leamin g mechanism because the independently developed representational formats used by theother modules would not be compatible with the module that hap

pened to evolveinto the general leaming mechanism In particular the peripheral knowledgewould likely be implicit in procedures for eg visual tracking rather than explicit as arguably required for nontrivial leaming see section 91 The builtin
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bility in terms of the schema mechanism (although the illustration concerns

intermodal coordination, rather than hidden-object persistence).

• It may be that the Piagetian story is true, not of the infant's cognition as a

whole, but of the infant's central cognitive system. The central system, by

this hypothesis, incorporates a general learning mechanism, and uses what it

learns to guide its actions to achieve goals. True, the infant's peripheral, per-

ceptual modules enjoy extensive, possibly innate knowledge about physical

objects and their persistence (as reflected, for example, by the surprise ex-

hibited by the infant in Baillargeon's experiment). But the central system,

by this interpretation, lacks access to the knowledge embodied in the periph-

eral modules. Those modules use their knowledge to assemble the perceptu-

al input to the central system, which, by this account, has no initial under-

standing of that input. The central system must recapitulate for itself much
of the peripheral modules' knowledge (such as awareness of hidden ob-

jects), and does so in accordance with the Piagetian sequence. Observations

of infants' purposeful behavior, in contrast with experiments that elicit sub-

tle indications of surprise, reflect the Piagetian learning accomplished by

the central system.

The first of these interpretations, if correct, would cast serious doubt on the

constructivist theory, by refuting that account with respect to one of its paradig-

matic examples. The second interpretation, like the perspective experiment cited

above, extends the theory rather than refuting it. The third interpretation ac-

knowledges a large exception to Piagetian theory, but salvages the essence of the

theory.

It may seem implausibly wasteful for the central system to have to recapitulate

knowledge already present in other modules, as stipulated by the third interpreta-

tion. But suppose that, in the course of biological evolution, a special-purpose

learning system arose that became powerful enough to go far beyond its original

special purpose—in particular, powerful and general enough to recapitulate and

transcend much built-in knowledge from other cognitive modules. The knowl-

edge in other modules would not be suitable for extension by this learning mecha-

nism, because the independently developed representational formats used by the

other modules would not be compatible with the module that happened to evolve

into the general learning mechanism. (In particular, the peripheral knowledge

would likely be implicit in procedures for, e.g., visual tracking, rather than explic-

it, as arguably required for nontrivial learning; see section 9.1) The built-in



to Chapter 2 Synopsis of Piagetian developmentknowledge in the older modules would then be redundantperhaps in somecases even becoming vestigialas the leamed recapitulation gained i1nportance Builtin biologically evolved knowledge of the existence of physical objects is then partly superseded by similar concepts reinvented by each individual to put it succinctly urtmlogy recapitulates phylogenyPostulating the learned recapitulation of apparently builtin competence ma

yseem an unduly contorted effort to salvage Piagets theory by explaining away thecontrary evidence In the absence of clear positive evidence for Constructivismthis defense of Piaget would indeed be weak One kind of positive evidencethough is a demonstration that a plausibly designed leaming mechanism wouldindeed have reason to exhibit the milestones of Piagetian development as reflections ofPiagetian leaming processes This book presents preliminary indicationsto that

 effectThe research program presented here takes Piagets theory as an approximateworking hypothesis This theory even ifdiluted by the recapitulation interpretation of modern evidence suffices to support the dual motivation for this researchusing human cognition as inspiration for design of an artificial mechanism andexperimenting with an artificial mechanism in order to elaborate and demonstratethe possible workings ofhuman cognition If on the other hand the nativist

 alternative is correct after all then these motivations collapse In that case aspects ofthe schema mechanism may still hold interest as artificial leaming techniques butthe likelihood of their being prominent in human or humanlike development willbe far smallerEven if the Piagetian account is essentially correct there remain many possibleversions of the account with different balances ofnativism and constructivismConsider these illustrative points along a spectrum o

f possibilities0 There is an invariant constructivist mechanism and it is responsible for Piagetian development within the central system0 The constructivist mechanism is invariant except for some parameters orresource levels that improve maturationally This maturational system8 liven if such recapitulation is thus required might we not expect evolution itself to pertonn the recapitulatioll building the duplicated kuovlledge directly into the central systentrather th
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knowledge in the older modules would then be redundant—perhaps, in some

cases, even becoming vestigial—as the learned recapitulation gained impor-

tance.8 Built-in, biologically evolved knowledge of the existence of physical ob-

jects is then (partly) superseded by similar concepts re-invented by each individu-

al; to put it succinctly, ontology recapitulates phylogeny.9

Postulating the learned recapitulation of apparently built-in competence may
seem an unduly contorted effort to salvage Piaget's theory by explaining away the

contrary evidence. In the absence of clear positive evidence for constructivism,

this defense of Piaget would indeed be weak. One kind of positive evidence,

though, is a demonstration that a plausibly designed learning mechanism would

indeed have reason to exhibit the milestones of Piagetian development, as reflec-

tions of Piagetian learning processes. This book presents preliminary indications

to that effect.

The research program presented here takes Piaget's theory as an approximate

working hypothesis. This theory, even if diluted by the recapitulation interpreta-

tion ofmodern evidence, suffices to support the dual motivation for this research:

using human cognition as inspiration for design of an artificial mechanism, and

experimenting with an artificial mechanism in order to elaborate and demonstrate

the possible workings ofhuman cognition. If, on the other hand, the nativist alter-

native is correct after all, then these motivations collapse. In that case, aspects of

the schema mechanism may still hold interest as artificial learning techniques, but

the likelihood of their being prominent in human or humanlike development will

be far smaller.

Even if the Piagetian account is essentially correct, there remain many possible

versions of the account, with different balances of nativism and constructivism.

Consider these illustrative points along a spectrum of possibilities:

• There is an invariant constructivist mechanism, and it is responsible for Pia-

getian development within the central system.

• The constructivist mechanism is invariant, except for some parameters or

resource levels that improve maturationally. This maturational system

8. Even if such recapitulation is thus required, might we not expect evolution itself to per-

form the recapitulation, building the duplicated knowledge directly into the central system,

rather than requiring each individuals central system to re-learn it? Perhaps, eventually. But

would that built-in recapitulation evolve before the central system became powerful enough to

ask this very question? If not, the evolved recapitulation has not happened yet.

9. This pun is due to Ed Hardebeck.



29 Themes of Piagetian development 47serves merely to delay cognitive development compared to a system inwhich the full complement of resources was available from the outset 10 Various auxiliary features are added maturationally embellishing the theconstructivist mechanism but leaving it qualitatively unchanged As in thecase just above Piagetian development still results from the structures builtby this mechanism rather than from the predetermined changes to the mech

anism0 There is a preprogrammed succession of fundamentally different developmental mechanisms for example one for sensorimotor development onefor the concrete operations phase one for formal operations0 Much development is via structures built by a constructivist mechanism butsome major developments say instantiating a universal grammar occurmaturationally due to other more specialized mechanisms0 No cognitive development is driven by leaming Acquired knowledge isti

ghtly constrained for a given domain at a given stage to be of the sort thatthat domains module is preprogrammed to accommodate at that stageOnly the first of these possibilities is purely constructivist But only the lastthree have significant maturational nonleaming aspects and only the last is entirely nonconstructivist Any but the last of these possibilities preserves in full themotivations for building the schema mechanism The schema mechanism itselfas currently 

implemented is at the constructivist extreme of the above spectrumbut that can be regarded as merely a simplifying assumption At this distance thedifference is not yet perceptible10 Conceivably though certain delays of complexity actively help subsequent developmentby providing useful simplifications to build upon
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serves merely to delay cognitive development, compared to a system in

which the full complement of resources was available from the outset. 10

• Various auxiliary features are added maturationally, embellishing the the

constructivist mechanism but leaving it qualitatively unchanged. As in the

case just above, Piagetian development still results from the structures built

by this mechanism, rather than from the predetermined changes to the mech-

anism.

• There is a preprogrammed succession of fundamentally different develop-

mental mechanisms; for example, one for sensorimotor development, one

for the concrete operations phase, one for formal operations.

• Much development is via structures built by a constructivist mechanism, but

some major developments (say, instantiating a universal grammar) occur

maturationally, due to other, more specialized mechanisms.

• No cognitive development is driven by learning. Acquired knowledge is

tightly constrained, for a given domain at a given stage, to be of the sort that

that domain's module is preprogrammed to accommodate at that stage.

Only the first of these possibilities is purely constructivist. But only the last

three have significant maturational, nonlearning aspects; and only the last is en-

tirely nonconstructivist. Any but the last ofthese possibilities preserves in full the

motivations for building the schema mechanism. The schema mechanism itself,

as currently implemented, is at the constructivist extreme of the above spectrum,

but that can be regarded as merely a simplifying assumption. At this distance, the

difference is not yet perceptible.

10. Conceivably, though, certain delays of complexity actively help subsequent development
by providing useful simplifications to build upon.
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3 Representational elements structure and useThe schema mechanism is engineered to pursue two fundamental symbiotic objectives to gain knowledge by constructing or revising symbolic assertions aboutthe world and to use those symbolic constructs to pursue specific goals and togain further knowledge The acquisition of symbolic constructs in tum has twoprincipal themes making discoveries expressed in terms of existing representational elements and constructing new eleme

nts with which to express further discoveries Figure 31 diagrams the major components of the schema mechanismas explained in the next several chaptersc0I2szrulionrmisi0Iz_ garbage cuIIectizmmaczmr_vnot implementedSchmas marginal attributionspinoff schemasas    3 actions action compositionK3Ecq   items item synthesischaininggoalValue delegationselection and hysteresisactivation3 eXP10T3ti0n habituation4 value 08 inverseactionsactioncontrollerssubactivationnot implemen

tedFigure 31 Organization of the schema mechanismThis chapter and the next two describe the schema mechanism and aspects ofits present computer implementation This chapter specifies the structure andfunction of the three kinds of representational elements used by the schema mech

3 Representational elements: structure and use

The schema mechanism is engineered to pursue two fundamental, symbiotic ob-

jectives: to gain knowledge by constructing or revising symbolic assertions about

the world, and to use those symbolic constructs to pursue specific goals and to

gain further knowledge. The acquisition of symbolic constructs in turn has two

principal themes: making discoveries expressed in terms of existing representa-

tional elements, and constructing new elements with which to express further dis-

coveries. Figure 3. 1 diagrams the major components of the schema mechanism,

as explained in the next several chapters.
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Figure 3.1 Organization of the schema mechanism.

This chapter and the next two describe the schema mechanism, and aspects of

its present computer implementation. This chapter specifies the structure and

function of the three kinds ofrepresentational elements used by the schema mech-



U1IxChapter 3 Representational elements structure and useanism schemas actions and items Schemas express the effects of actions itemsare state elements and actions are conditions that are sometimes under the schema mechanisms control This chapter describes the representational elementsthemselves and the control of their use the next chapter describes their construction and maintenance There follows a chapter describing the schema mechanism s architectureboth the hypo

thesized architecture for a neural implementation and the actual architecture of the computer implementation31 SchemasA schema has three main parts a mrztexr an action and a result Contexts and results contain items each of which designates a particular state or condition anitems occurrence in a context or result may be negated to designate the oppositeor absence of a given state or condition Figure 32 shows a schema with contextpqr action a and result r_v By notatio

nal convention a schemas name is written in the form c0ntrtaclionrestlt a negated item is preceded with a  anditems conjoined in a context or result are separated with an  ampersand orif the items have singleletter names they are simply concatenated Thus theschema in figure 32 is pqrax_vcontext T3511\ 1 action JFigure 32 A schema This schema has three context elements and tworesult elementsA schema asserts that if its action is taken when its context conditions are a

llsatisfied then its result conditions will obtain The assertion is subject to someauxiliary information that the schema maintains including a reliability factor anda set of known overriding conditions as discussed below Four clarifications maycircumvent some easily gained misconceptions about schemas9 A schema makes no assertion about what happens if its action is taken whenits context conditions are not all satisfied0 A schema is not a rule that says to take its ac

tion when its context is satisfiedthe schema just says what would happen if that were done
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anism: schemas, actions, and items. Schemas express the effects of actions; items

are state elements; and actions are conditions that are (sometimes) under the sche-

ma mechanism's control. This chapter describes the representational elements

themselves, and the control of their use; the next chapter describes their construc-

tion and maintenance. There follows a chapter describing the schema mecha-

nism 's architecture—both the hypothesized architecture for a neural implementa-

tion, and the actual architecture of the computer implementation.

3.1 Schemas

A schema has three main parts: a context, an action, and a result. Contexts and re-

sults contain items, each of which designates a particular state or condition; an

item's occurrence in a context or result may be negated, to designate the opposite

or absence of a given state or condition. Figure 3.2 shows a schema with context

p~qr, action a, and result xy. By notational convention, a schema' s name is writ-

ten in the form context!actionlresult; a negated item is preceded with a ~, and

items conjoined in a context or result are separated with an & (ampersand) (or,

if the items have single-letter names, they are simply concatenated). Thus, the

schema in figure 3.2 is p~qrlalxy.

context

(S)—^®-
result

action

Figure 3.2 A schema. This schema has three context elements and two

result elements.

A schema asserts that if its action is taken when its context conditions are all

satisfied, then its result conditions will obtain. The assertion is subject to some

auxiliary information that the schema maintains, including a reliability factor and

a set ofknown overriding conditions, as discussed below . Four clarifications may
circumvent some easily gained misconceptions about schemas:

• A schema makes no assertion about what happens if its action is taken when

its context conditions are not all satisfied.

• A schema is not a rule that says to take its action when its context is satisfied;

the schema just says what would happen if that were done.



31 Schemas 530 Satisfying a schemas context is not a prerequisite for being able to take thedesignated action the context just designates a set of circumstances possibly one such set among many under which a particular result would ensuefrom the action9 The schema does not assert that the effects noted in the schemas result areexhaustive other events may occur as well whether or not they are causedby the actionAs noted in the introduction section 112 a schema serves 

as a declarativeprocedural and experimental unit of representation Declaratively a schema asserts a prediction about what would happen if a given action were taken Procedurally a schema directs activity often in order to pursue a designated goal Experimentally a schema compares what occurs with vs without a given action orwith vs without a given conditions satisfaction section 412 For an entity thatmust leam to take purposive action in its world schemas  declarative 

proceduraland experimental roles dovetail to make the schema both easy and useful to acquireA schemas context is a set of zero or more items discussed in the next sectioneach included in either positive or negative form a schema s result is another suchset An item can be in the state of being On or Off A synthetic item can also be inan Unknown state see section 422 A schemas context is satised when all thepositively included items are On and all the negatively includ

ed items OffA schema is said to be applicable when its context is satisfied and no knownoverriding conditions obtain An applicable schema is said to be valid at timeswhen its assertion is in fact truethat is at times when the result would indeedobtain if the action were takenTo activate a schema is to initiate its action when the schema is applicable Aschema asserts that its activation culminates in tuming On those items that arepositively included in the result and 

tuming Off those items that are negativelyincluded An activated schema is said to succeed if its predicted results all in factobtain and to fail otherwiseSchemas compete for activation on two bases a schema may be activated forthe sake of its own exercise giving the mechanism a chance to test its validity andto extend or revise it or it may be activated to help achieve a goal When a reliableschemas context conditions are satisfied and the schemas result items include

some that are designated as goals more on goals in section 341 the value ofthose goals contribute to the mechanisms incentive to activate the schema More
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• Satisfying a schema's context is not a prerequisite for being able to take the

designated action; the context just designates a set of circumstances (possi-

bly one such set among many) under which a particular result would ensue

from the action.

• The schema does not assert that the effects noted in the schema's result are

exhaustive; other events may occur as well, whether or not they are caused

by the action.

As noted in the introduction (section 1.1.2), a schema serves as a declarative,

procedural, and experimental unit of representation. Declaratively, a schema as-

serts a prediction about what would happen if a given action were taken. Proce-

durally, a schema directs activity, often in order to pursue a designated goal. Ex-

perimentally, a schema compares what occurs with vs. without a given action, or

with vs. without a given condition's satisfaction (section 4. 1 .2). For an entity that

must learn to take purposive action in its world, schemas' declarative, procedural,

and experimental roles dovetail to make the schema both easy and useful to ac-

quire.

A schema's context is a set ofzero or more items (discussed in the next section),

each included in either positive or negative form; a schema's result is another such

set. An item can be in the state ofbeing On or Off. (A synthetic item can also be in

an Unknown state; see section 4.2.2.) A schema's context is satisfied when all the

positively included items are On and all the negatively included items Off.

A schema is said to be applicable when its context is satisfied and no known
overriding conditions obtain. An applicable schema is said to be valid at times

when its assertion is in fact true—that is, at times when the result would indeed

obtain if the action were taken.

To activate a schema is to initiate its action when the schema is applicable. A
schema asserts that its activation culminates in turning On those items that are

positively included in the result, and turning Off those items that are negatively

included. An activated schema is said to succeed if its predicted results all in fact

obtain, and to fail otherwise.

Schemas compete for activation on two bases: a schema may be activated for

the sake of its own exercise, giving the mechanism a chance to test its validity and

to extend or revise it; or it may be activated to help achieve a goal. When a reliable

schema's context conditions are satisfied, and the schema's result items include

some that are designated as goals (more on goals in section 3.4.1), the value of

those goals contribute to the mechanism's incentive to activate the schema. More



54 Chapter 3 Representational elements structure and usegenerally as show n schematically in figure 33 there may exist a chain of schemas from a current state to a goal Such a chain has an initial schema whose context is satisfied lts result conditions are a superset ofthe context conditions of thenext schema in the chain and so on to the final schema whose results include agoal If the chained schemas are reliable activating each in succession shouldachieve the conte

xt conditions of the next one which can then be activated in tumuntil the goal is achievedCllIIIll SIOIC a goalFigure 33 Chaining These schemas chain from a current state to a goalstateThere are two kinds of activation explicit and implicit To explicitly activatean applicable schema is to select it for activation and initiate its action As asideeffect of an explicit activation other schemas whose contexts are satisedbut which are not themselves selected for activatio

n may have their actions initiated if they happen to share the same action as the schema that was explicitly activated Such schemas are said to be implicitly activated As documented in section 412 schemas maintain some statistics that depend on activation but that donot distinguish between implicit and explicit activation thus implicit activationscontribute to these statistics Keeping track of implicit activation also provides away to assess the cost ofa given schema

s activation on some occasion its cost isthe minimum ie the greatest magnitude of any negativevalued results of schemas that are implicitly activated as a sideeffect of the given schen1as activationon that occasionA schema maintains various auxiliary data documented for reference in table31 and discussed in this and subsequent sections The data include a reIiahilit_vmeasure and a mttzriurz measure 9 A schemas reliability is the probability with which the schema succe

edswhen activated Each schema keeps track of its success rate when activatedbiased toward more recent activations which is taken to measure its reliability
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generally, as shown schematically in figure 3.3, there may exist a chain of sche-

mas from a current state to a goal. Such a chain has an initial schema whose con-

text is satisfied. Its result conditions are a superset ofthe context conditions ofthe

next schema in the chain, and so on to the final schema, whose results include a

goal. If the chained schemas are reliable, activating each in succession should

achieve the context conditions ofthe next one, which can then be activated in turn,

until the goal is achieved.

current state ^— a j

Figure 3.3 Chaining. These schemas chain from a current state to a goal

state.

There are two kinds of activation: explicit and implicit. To explicitly activate

an applicable schema is to select it for activation and initiate its action. As a

side-effect of an explicit activation, other schemas whose contexts are satisfied,

but which are not themselves selected for activation, may have their actions initi-

ated (if they happen to share the same action as the schema that was explicitly acti-

vated). Such schemas are said to be implicitly activated. As documented in sec-

tion 4. 1 .2, schemas maintain some statistics that depend on activation, but that do

not distinguish between implicit and explicit activation; thus, implicit activations

contribute to these statistics. Keeping track of implicit activation also provides a

way to assess the cost of a given schema's activation on some occasion; its cost is

the minimum (i.e., the greatest magnitude) ofany negative-valued results of sche-

mas that are implicitly activated as a side-effect of the given schema's activation

on that occasion.

A schema maintains various auxiliary data, documented for reference in table

3.1, and discussed in this and subsequent sections. The data include a reliability

measure and a correlation measure.

• A schema's reliability is the probability with which the schema succeeds

when activated. Each schema keeps track of its success rate when activated

(biased toward more recent activations), which is taken to measure its reli-

ability.



31 Schemas 550 A schemas correlation is the ratio of the probability with which 1 transitionto the schemas result state obtains when the schema is activated to the frequency with which that transition obtains when the schema is applicable butnot activated here again a tabulation of actual frequency serves as a presumptive probability Thus a schemas correlation indicates the extent towhich the result depends on the action Activating a schema for the sake ofits result 

makes most sense when the schemas reliability and correlation areboth high so that the action is likely to be both sufficient and necessaryCorrelation Ratio of frequency of result transitionwith vs without activationReliability Rate of successful activationDuration Average time from activation tocompletion of actionCost Average cost ie negativevaluedsideeffects of activationTable 31 Schema dataIn addition to its three main parts each schema has two large ancillary st

ructures an extended context and an extended result figure 34 Each has a slot forevery item in the schema mechanismnot just the items appearing in that schema Each extended result also has a slot for certain contextlike sets of items asexplained below in section 414 Each such slot maintains some data about correlations between the schema and that item and also based on that data specifieswhether that items being On or being Off overrides the schema if so the schema i

s inapplicable whenever the overriding item is On or Off as specified evenif the schemas context is satisfiedA schemas auxiliary data including the content of the extendedcontext andextendedresult slots are subject to revision but a schemas context action andresult uniquely identify that schema and do not changeAlthough schemas maintain some statistical information such as the reliabilityfactor and correlations just mentioned schemas are designed to provide symbolic 

qualitative representations of the world The schema mechanism endeavors tobuild schemas that are of high reliability there is no attempt to make accurate orsophisticated models of the probabilities of less certain events In particular each

3.1. Schemas 55

• A schema's correlation is the ratio of the probability with which a transition

to the schema's result state obtains when the schema is activated to the fre-

quency with which that transition obtains when the schema is applicable, but

not activated (here again, a tabulation of actual frequency serves as a pre-

sumptive probability). Thus, a schema's correlation indicates the extent to

which the result depends on the action. Activating a schema for the sake of

its result makes most sense when the schema' s reliability and correlation are

both high, so that the action is likely to be both sufficient and necessary.

Correlation Ratio of frequency of result transition

with vs. without activation.

Reliability Rate of successful activation.

Duration Average time from activation to

completion of action.

Cost Average cost (i.e., negative-valued

side-effects) of activation.

Table 3.1 Schema data.

In addition to its three main parts, each schema has two large ancillary struc-

tures, an extended context and an extended result (figure 3.4). Each has a slot for

every item in the schema mechanism—not just the items appearing in that sche-

ma. (Each extended result also has a slot for certain context-like sets of items, as

explained below in section 4. 1 .4). Each such slot maintains some data about cor-

relations between the schema and that item, and also, based on that data, specifies

whether that item's being On (or being Off) overrides the schema; if so, the sche-

ma is inapplicable whenever the overriding item is On (or Off, as specified), even

if the schema's context is satisfied.

A schema's auxiliary data (including the content of the extended-context and

extended-result slots) are subject to revision, but a schema's context, action, and

result uniquely identify that schema, and do not change.

Although schemas maintain some statistical information, such as the reliability

factor and correlations just mentioned, schemas are designed to provide symbol-

ic, qualitative representations of the world. The schema mechanism endeavors to

build schemas that are of high reliability; there is no attempt to make accurate or

sophisticated models of the probabilities of less certain events. In particular, each



56 Chapter 3 Representational elements structure and useextended context extended result0 oo oo oo oo oo oo oO OO OO 0Figure 34 Extended context and result Each schema has an extended context and an extended resultschemas quantitative reliability measure serves mainly to exclude the schema ifit falls far short of the ideal Extendedcontext and result correlations have a different primary purpose to guide the construction of reliable schemas as explained in section 412

 The extended context also has several secondary uses todiscover or specify overriding conditions section 415 sustained context conditions section 416 and conditions for turing Off a synthetic item section 422A secondary use of extended results is to support the discovery of chains of schemas section 51232 ItemsAn item is a state element Each item represents some condition in the world andhas a state of On or Off to assert respectively that the condition does or does

 notcurrently obtain an item can also assume a third state Unknown to indicate uncertainty An item also maintains some auxiliary data documented for referencein table 32 and described in the sections to followGenerality Rate of being On rather than OffAccessibility Rate of being at the end ofsome chainof schemasPrimitive value Builtin positive or negativedesirability measureDelegated value Acquired positive or negativedesirability measureTable 32 Item dataThere are t

wo kinds of items primitive and synthetic Primitive items are builtinto the schema mechanismthey are part of its initial endowment Each primitive item corresponds to some sensory input for the currentimplementation the
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extended context

o
extended result

o

CK)
Figure 3.4 Extended context and result. Each schema has an ex-

tended context and an extended result.

schema's quantitative reliability measure serves mainly to exclude the schema if

it falls far short of the ideal. Extended-context and -result correlations have a dif-

ferent primary purpose: to guide the construction of reliable schemas, as ex-

plained in section 4.1.2. The extended context also has several secondary uses: to

discoveror specify overriding conditions (section 4. 1 .5 ), sustained context condi-

tions (section 4. 1 .6), and conditions for turing Off a synthetic item (section 4.2.2).

A secondary use ofextended results is to support the discovery of chains of sche-

mas (section 5. 1.2).

3.2 Items

An item is a state element. Each item represents some condition in the world, and

has a state of On or Off to assert respectively that the condition does or does not

currently obtain; an item can also assume a third state, Unknown, to indicate un-

certainty. An item also maintains some auxiliary data, documented for reference

in table 3.2, and described in the sections to follow.

Generality

Accessibility

Primitive value

Delegated value

Rate of being On rather than Off.

Rate ofbeing at the end of some chain

of schemas.

Built-in positive or negative

desirability measure.

Acquired positive or negative

desirability measure.

Table 3.2 Item data.

There are two kinds of items, primitive and synthetic. Primitive items are built

into the schema mechanism—they are part of its initial endowment. Each primi-

tive item corresponds to some sensory input; for the current implementation, the



32 Items 57inputs are as shown in table 62 The state of a primitive itemthat is whether theitem is On or Offis maintained by the sensory apparatusIt is plainly inadequate to represent states ofthe world directly in terms of primitive sensory elements Even if say statements about physics ballet or politicscould in principle be reduced to statements about the sensory manifestations ofthose domains the reduction would be impossibly cumbersome If a leaming systems initia

l conceptual repertoire is indeed limited to sensorimotor terms then anecessary condition for the systems eventual attainment of humanlike intelligence is the ability to synthesize much higherlevel conceptsSynthetic items are constructed by the mechanism itself Each such item designates the validity conditions of a particular unreliable schema called the itemshost schema figure 35 the synthetic item is called its host schemas rezfier because constructing the item tre

ats the attainment of those conditions as a thing orstate in its own right thus reifying the validity conditions of the host schema Bynotational convention the default name for a synthetic item is its host schemasname surrounded by square brackets thus the item in figure 35 is [pax] Thatitem designates whatever possibly yetunknown possibly yetunrepresentedconditions must hold if the result x is to follow reliably when action a is taken under condition psynthetic item

0 4\\\O a Figure 35 A synthetic item A synthetic item reifies the validity conditions of its host schemahost schemaThe schema mechanism invents concepts by building synthetic items as withprimitive items each synthetic item designates an aspect of the state of the worldThus there is no synthetic item whose meaning is physical object which is a thingrather than a state instead there are various items with meanings such as objectlis at position X The systematic coordin

ation of many such items amounts to theconcept of physical object Section 654 speculates as to the construction of abstract concepts such as number by means of synthetic itemsPrimitive items are hardwired to sensory inputs that maintain their state Foreach synthetic item however the schema mechanism itself must discover for it
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inputs are as shown in table 6.2. The state of a primitive item—that is, whether the

item is On or Off—is maintained by the sensory apparatus.

It is plainly inadequate to represent states of the world directly in terms ofprim-

itive sensory elements. Even if, say, statements about physics, ballet, or politics

could in principle be reduced to statements about the sensory manifestations of

those domains, the reduction would be impossibly cumbersome. Ifa learning sys-

tem's initial conceptual repertoire is indeed limited to sensorimotor terms, then a

necessary condition for the system's eventual attainment of humanlike intelli-

gence is the ability to synthesize much higher-level concepts.

Synthetic items are constructed by the mechanism itself. Each such item desig-

nates the validity conditions of a particular unreliable schema, called the item's

host schema (figure 3.5); the synthetic item is called its host schema's reifier, be-

cause constructing the item treats the attainment of those conditions as a thing or

state in its own right, thus reifying the validity conditions of the host schema. By
notational convention, the default name for a synthetic item is its host schema's

name, surrounded by square brackets; thus, the item in figure 3.5 is [plalx]. That

item designates whatever (possibly yet-unknown, possibly yet-unrepresented)

conditions must hold if the result* is to follow reliably when action a is taken un-

der condition p.

synthetic item

(ZH*0- host schema

Figure 3.5 A synthetic item. A synthetic item reifies the validity condi-

tions of its host schema.

The schema mechanism invents concepts by building synthetic items; as with

primitive items, each synthetic item designates an aspect of the state of the world.

Thus, there is no synthetic item whose meaning isphysical object, which is a thing

rather than a state; instead, there are various items with meanings such as objectA
is atposition X. The systematic coordination of many such items amounts to the

concept of physical object. Section 6.5.4 speculates as to the construction of ab-

stract concepts, such as number, by means of synthetic items.

Primitive items are hardwired to sensory inputs that maintain their state. For

each synthetic item, however, the schema mechanism itself must discover for it-



58 Chapter 3 Representational elements structure and useself the conditions under which the item should be On or Off expressed as a function of the past and present state of other items Section 42 describes the machinery for this discovery process33 ActionsThere are two kinds of actions primitive and composite Primitive actions likeprimitive items are part of the schema mechanisms builtin endowment Just aseach primitive item is wired to a sensory input device each pr

imitive action iswired to a device that carries out a particular motor action Table 6] documentsthe primitive actions used in the current implementation Initiating a primitiveaction by activating a schema which has that action initiates the correspondingmotor deviceEven for sensorimotorstage schemas primitive actions alone are insufficientfor two reasons the schema mechanism needs to express actions at higher levelsof abstraction and it needs to discover the results 

of external events as well as ofits own actions Composite actions facilitate the abstraction and extemalizationof actionsConsider for example the action of turning on a light switch On a given occasion that action might be accomplished by a particular lowlevel motor actionoccurring in just the right context at the end of some chain of schemas that prepares for the final ick of the switch 11 Rather than or in addition to such a representation it is valuable for the sc

hema mechanism to designate tuming on thelight switch as an action in itself Such a designation offers three advantages9 By abstracting above the actions implementation the mechanism can learnabout the results of turning on the light switch per se e g that a light goeson rather than just learning about the results of the particular motor actionused on some occasion to tum the switch on that lesson would not generalize to the next instance of turning on the light swit

ch if accomplished thenby different lowlevel actions\9 Also by abstracting above the actions implementation the mechanism isable to organize activity hierarchically A chain of schemas may incorporatethe action of turning on the light switchor much hi gherlevel actions thanthatas a single step the details of which needn t be accounted for as part ofII This hypothetical example is considerably beyond the implementations actual achievements Lowerlevel examples of the sa

me principle appear in the synopsis of the schema mechanisms pcrfomtance in chapter 6

58 Chapter 3. Representational elements: structure and use

self the conditions under which the item should be On or Off, expressed as a func-

tion of the (past and present) state of other items. Section 4.2 describes the ma-

chinery for this discovery process.

3.3 Actions

There are two kinds of actions, primitive and composite. Primitive actions, like

primitive items, are part of the schema mechanism's built-in endowment. Just as

each primitive item is wired to a sensory input device, each primitive action is

wired to a device that carries out a particular motor action. Table 6. 1 documents

the primitive actions used in the current implementation. Initiating a primitive

action (by activating a schema which has that action) initiates the corresponding

motor device.

Even for sensorimotor-stage schemas, primitive actions alone are insufficient,

for two reasons: the schema mechanism needs to express actions at higher levels

of abstraction; and it needs to discover the results of external events as well as of

its own actions. Composite actions facilitate the abstraction and externalization

of actions.

Consider, for example, the action ofturning on a light switch. On a given occa-

sion, that action might be accomplished by a particular low-level motor action,

occurring in just the right context at the end of some chain of schemas that pre-

pares for the final flick ofthe switch. '
' Rather than (or in addition to) such a repre-

sentation, it is valuable for the schema mechanism to designate turning on the

light switch as an action in itself. Such a designation offers three advantages:

• By abstracting above the action's implementation, the mechanism can learn

about the results of turning on the light switch per se (e.g., that a light goes

on), rather than just learning about the results of the particular motor action

used on some occasion to turn the switch on; that lesson would not general-

ize to the next instance of turning on the light switch, if accomplished then

by different low-level actions.

• Also, by abstracting above the action's implementation, the mechanism is

able to organize activity hierarchically. A chain ofschemas may incorporate

the action of turning on the light switch—or much higher-level actions than

that—as a single step, the details ofwhich needn' t be accounted for as part of

II. This hypothetical example is considerably beyond the implementations actual achieve-

ments. Lower-level examples of the same principle appear in the synopsis of the schema mecha-
nism's performance, in chapter 6.



33 Actions 59that chain the details may depend in part on circumstances that are yet unknown when that action is initiated0 Finally representing light switcho11 as an action enables the schema mechanism to leam about the effects of that action eg a light going on evenwhen the action occurs as an external event not under the mechanism s owncontrol as explained below in section 432 Thus the schema mechanisms compositeaction facility brings about a transition from repre

sentingthe result of some action to representing the extemal result as an action initselfand in tum finding its own results This facilitates the Piagetian progression from schemas of physical activity to schemas that are independentof personal action via intermediate schemas that involve the effects of personallycaused extemal eventsA composite action is defined with respect to some goal state it is the action ofbringing about that state Like a schemas context or res

ult a composite actionsgoal state is a set of positively or negatively included items A composite actionis essentially a subroutine it is defined to be the action of achieving the designatedgoal state by whatever means available The means are given by chains of schemas that lead to the goal state from various other states figure 36 such schemasare said to be components of the composite action A given schema may serve asa component of arbitrarily many composite action

s or of none at allcomposite actioncomposite actiongoal state Figure 36 A composite action The topmost schema has a compositeaction whose goal state is Each composite action has an associated c0ntmllcr Just as a schemas extended context and extended result have a slot for every extant item a compositeactions controller has a slot for every schema Each slot contains data aboutwhetherthe schema lies along some chain to the goal state and if so the pmxinz1t_\to the goal

 that will be achieved if the schema is activated Proximity is inversely
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that chain; the details may depend in part on circumstances that are yet un-

known when that action is initiated

• Finally, representing light switch-on as an action enables the schema mecha-

nism to learn about the effects of that action (e.g., a light going on) even

when the action occurs as an external event, not under the mechanism' s own
control (as explained below in section 4.3.2). Thus, the schema mecha-

nism's composite-action facility brings about a transition from representing

the result of some action, to representing the external result as an action in

itself—and in turn finding its own results. This facilitates the Piagetian pro-

gression from schemas of physical activity to schemas that are independent

of personal action, via intermediate schemas that involve the effects of per-

sonally-caused external events.

A composite action is defined with respect to some goal state; it is the action of

bringing about that state. Like a schema's context or result, a composite action's

goal state is a set of (positively or negatively included) items. A composite action

is essentially a subroutine: it is defined to be the action ofachieving the designated

goal state, by whatever means available. The means are given by chains of sche-

mas that lead to the goal state from various other states (figure 3.6); such schemas

are said to be components of the composite action. (A given schema may serve as

a component of arbitrarily many composite actions, or of none at all.)

OtO
composite action

composite action

goal state

Figure 3.6 A composite action. The topmost schema has a composite

action whose goal state is z.

Each composite action has an associated controller. Just as a schema's ex-

tended context and extended result have a slot for every extant item, a composite

action's controller has a slot for every schema. Each slot contains data about

whether the schema lies along some chain to the goal state, and, if so, the proximity

to the goal that will be achieved if the schema is activated. Proximity is inversely



60 Chapter 3 Representational elements structure and useproportionate to the expected time to reach the goal state derived from the expected activation time of the schemas in the relevant chain proximity is also proportionate to those schemas reliability and inversely proportionate to their costof activationInitiating a composite action due to activating a schema which has that actioncauses the controller to identify a component schema among those currentlyapplicable

 with greatest proximity to that actions goal state that schema is thenactivated This process repeats until either the goal state obtains or the compositeaction fails The composite action is considered to have failed ifeither it has greatly exceeded its expected execution duration a statistic that each action maintainsbased on prior performance without making much progress that is withoutmuch increase in proximity to the goal or if a brief interval passes during whic

hno component schema is applicable so that no progress can be madeThe repeated selection of the most proximal component permits a kind of opporrmzism eg [2] in composite action execution control may pass from onechain of schemas to another if a more proximal schema along a different chainunexpectedly becomes applicable The controller does not notice this shift assuch the shift is just a consequence of always selecting next the most proximalapplicable component 1234 C

ontrolSchemas compete for activation At top level the schema mechanism selects aschema for activation Selection occurs at each next time unit in the current discretetime implementation a continuoustime version might perform this selection at regular frequent interval sperhaps a few times per second In the presentimplementation only one schema is activated at a time However the activationof a schema that has a composite action entails the immediate activation of somec

omponent schema thus the current implementation supports nested activationsbut not parallel activationsThe toplevel selection process chooses among applicable schemasiaccordingto the activation importance they assert The importance of activating a givenschema is based on two criteria explicit goalpursuit and exploration The exploration criterion boosts the importance of a schema to promote its activation forthesake of what might be leamed by that activation The goalp

ursuit criterion conll Work on ur1iwrml plum loll] describes a planning scheme similar in this regard to compositeaction control
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proportionate to the expected time to reach the goal state, derived from the ex-

pected activation time of the schemas in the relevant chain; proximity is also pro-

portionate to those schemas' reliability, and inversely proportionate to their cost

of activation.

Initiating a composite action (due to activating a schema which has that action)

causes the controller to identify a component schema (among those currently

applicable) with greatest proximity to that action's goal state; that schema is then

activated. This process repeats until either the goal state obtains, or the composite

action fails. The composite action is considered to have failed if either it has great-

ly exceeded its expected execution duration (a statistic that each action maintains,

based on prior performance) without making much progress (that is, without

much increase in proximity to the goal), or if a brief interval passes during which

no component schema is applicable, so that no progress can be made.

The repeated selection of the most proximal component permits a kind of op-

portunism (e.g., [2]) in composite action execution: control may pass from one

chain of schemas to another, if a more proximal schema along a different chain

unexpectedly becomes applicable. The controller does not notice this shift as

such; the shift is just a consequence of always selecting next the most proximal

applicable component. 12

3.4 Control

Schemas compete for activation. At top level, the schema mechanism selects a

schema for activation. Selection occurs at each next time unit in the current, dis-

crete-time implementation; a continuous-time version might perform this selec-

tion at regular, frequent intervals—perhaps a few times per second. In the present

implementation, only one schema is activated at a time. However, the activation

of a schema that has a composite action entails the immediate activation of some

component schema; thus, the current implementation supports nested activations,

but not parallel activations.

The top-level selection process chooses among applicable schemas according

to the activation importance they assert. The importance of activating a given

schema is based on two criteria: explicit goal-pursuit, and exploration. The explo-

ration criterion boosts the importance of a schema to promote its activation for the

sake of what might be learned by that activation. The goal-pursuit criterion con-

1 2. Work on universal plans [60] describes a planning scheme similar in this regard to compos-
ite-action control.



34 Control 1tributes to a schemas importance to the extent that the schemas activation helpschain to an explicit toplevel goalEach explicit toplevel goal is a state represented by some item or conjunctionof items The schema mechanism explicitly designates an item as correspondingto a toplevel goal by assigning the item a positive value an item can also take on anegative value indicating a state to be avoided I use the qualifier toplevel to refer to goals designated b

y a value level as opposed to the goal states of compositeactions A composite action singlemindedly pursues its goal state when that action has been initiated But the decision to initiate it or any action by the activation of a schema is due to schemas  competition for activation based on an exploration criterion and a toplevel goal criterion In what follows the word goalappearing alone refers to explicit toplevel goalsOf course the exploration criterion also serves 

a kind of goal the goal of acquiring knowledge but explicit goalpursuit refers to achieving a state that is explicitly represented by some itemtrying to achieve it because of its explicitlyrepresented value Exploration value Could be made explicit there could be a positively valued primitive item that asserts that interesting leaming is taking placeSuch an item would in effect create an explicit appetite for leaming similar to anappetite for food Such a goalbased cur

iosity drive may well be present in higherorganisms and arguably should be present in the schema mechanism implementation but is not currentlyTo strike a balance between goalpursuit and exploration criteria the mechanism altemates between emphasizing goalpursuit criterion for a time then emphasizing exploration criterion currently the exploration criterion is emphasizedmost often about 90 of the time Also rather than merely selecting the schemaasserting the highest a

ctivation value the mechanism chooses at random amongthose schemas whose value is close to the maximum value then asserted Thisprocess prevents a small advantage from forever excluding schemas nearly asgood as the best available but limiting the selection to schemas close to the maximum value prevents highly valuable schemas from being passed overA new activation selection occurs at each time unit Even if a chain of schemasleading to some goal is still in progress ea

ch next link in the chain must competefor activation Thus as with the execution of a composite action control mayshift to an unexpected new better path to the same goal Toplevel selection carries this opportunism one step further here control may even shift to a chain thatleads instead to a different more important goal
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tributes to a schema's importance to the extent that the schema's activation helps

chain to an explicit top-level goal.

Each explicit top-level goal is a state represented by some item, or conjunction

of items. The schema mechanism explicitly designates an item as corresponding

to a top-level goal by assigning the item a positive value ; an item can also take on a

negative value, indicating a state to be avoided. I use the qualifier top-level to re-

fer to goals designated by a value level, as opposed to the goal states of composite

actions. A composite action single-mindedly pursues its goal state when that ac-

tion has been initiated. But the decision to initiate it, or any action, by the activa-

tion ofa schema, is due to schemas' competition for activation, based on an explo-

ration criterion and a top-level goal criterion. In what follows, the word goal,

appearing alone, refers to explicit top-level goals.

Of course, the exploration criterion also serves a kind of goal, the goal of ac-

quiring knowledge; but explicit goal-pursuit refers to achieving a state that is ex-

plicitly represented by some item—trying to achieve it because of its explicitly

represented value. Exploration value couldbe made explicit; there could be a pos-

itively valued primitive item that asserts that interesting learning is taking place.

Such an item would, in effect, create an explicit appetite for learning, similar to an

appetite for food. Such a goal-based curiosity drive may well be present in higher

organisms, and arguably should be present in the schema mechanism implemen-

tation (but is not currently).

To strike a balance between goal-pursuit and exploration criteria, the mecha-

nism alternates between emphasizing goal-pursuit criterion for a time, then em-

phasizing exploration criterion; currently, the exploration criterion is emphasized

most often (about 90% ofthe time). Also, rather than merely selecting the schema

asserting the highest activation value, the mechanism chooses at random among

those schemas whose value is close to the maximum value then asserted. This

process prevents a small advantage from forever excluding schemas nearly as

good as the best available; but limiting the selection to schemas close to the maxi-

mum value prevents highly valuable schemas from being passed over.

A new activation selection occurs at each time unit. Even if a chain of schemas

leading to some goal is still in progress, each next link in the chain must compete

for activation. Thus, as with the execution of a composite action, control may
shift to an unexpected, new, better path to the same goal. Top-level selection car-

ries this opportunism one step further: here, control may even shift to a chain that

leads instead to a different, more important goal.



62 Chapter 3 Representational elements structure and useThe mechanism also permits an executing composite action to be interruptedA schema with a composite action of course may take arbitrarily long to complete depending on the length of the chain of schemas used to reach the action sgoal state and on the duration of the activation of each schema in the chain Evenif a schema with a composite action is in progress the cycle of schema selectioncontinues at each next ti

me unit If the pending schema is reselected its composite action proceeds to select and activate the next component schema which mayrecursively invoke yet another composite action etc If on the other hand aschema otherthan the pending schema is selected the pending schema is abortedits composite action terminated prematurely The mechanism grants a pendingschema enhanced importance for selection so that the schema will likely be reselected until its completion unless 

some far more important opportunity arisesHence there is a kind of focus of attention that deters wild thrashing from one nevercompleted action to another while still allowing interruption for a goodenough reason341 Explicit goal pursuitKinds of explicit value primitive instrumental and delegatedThree kinds of value may be associated with an item primitive instrumentalor delegated value Each is a positive or negative quantity associated with an itemor set of items0 P

rimitive value is associated with certain primitive items In biological systems for example representations of events beneficial to the organism orspecies eg taste of food sexual stimulation ought to have builtin positive value and designations of deleterious events hunger pain etc shouldbe negative Correspondingly the present schema mechanism implementation assigns positive primitive value to certain tastes and negative primitivevalue to certain tactile sensations s

harpness Inputs which representstates whose achievement is likely to be informative also have positiveprimitive value these include items designating an image appearing at thefoveal region ofthe visual field where more visual detail is available than atthe periphery an item designating contact with the fingers which providetactile detail and an item designating the sensation of grasping an object0 A state is of instrumental value if its attainment is a specific prere

quisite forachieving something else ofvalue When the schema mechanism activates aschema as a link in some chain to a positively valued state then that sche
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The mechanism also permits an executing composite action to be interrupted.

A schema with a composite action, of course, may take arbitrarily long to com-

plete, depending on the length of the chain of schemas used to reach the action'

s

goal state, and on the duration of the activation of each schema in the chain. Even

if a schema with a composite action is in progress, the cycle of schema selection

continues at each next time unit. If the pending schema is re-selected, its compos-

ite action proceeds to select and activate the next component schema (which may
recursively invoke yet another composite action, etc). If, on the other hand, a

schema other than the pending schema is selected, the pending schema is aborted,

its composite action terminated prematurely. The mechanism grants a pending

schemaenhanced importance for selection, so that the schema will likely be re-se-

lected until its completion, unless some far more important opportunity arises.

Hence, there is a kind offocus ofattention that deters wild thrashing from one nev-

er-completed action to another, while still allowing interruption for a good

enough reason.

3.4.1 Explicit goal pursuit

Kinds of explicit value: primitive, instrumental, and delegated

Three kinds of value may be associated with an item: primitive, instrumental,

or delegated value. Each is a positive or negative quantity associated with an item

or set of items.

• Primitive value is associated with certain primitive items. In biological sys-

tems, for example, representations of events beneficial to the organism or

species (e.g., taste of food, sexual stimulation) ought to have built-in posi-

tive value, and designations of deleterious events (hunger, pain, etc.) should

be negative. Correspondingly, the present schema mechanism implementa-

tion assigns positive primitive value to certain tastes, and negative primitive

value to certain tactile sensations ("sharpness"). Inputs which represent

states whose achievement is likely to be informative also have positive

primitive value (these include items designating an image appearing at the

foveal region ofthe visual field, where more visual detail is available than at

the periphery; an item designating contact with the fingers, which provide

tactile detail; and an item designating the sensation of grasping an object).

• A state is of instrumental value if its attainment is a specific prerequisite for

achieving something else ofvalue. When the schema mechanism activates a

schema as a link in some chain to a positively valued state, then that sche-



34 Control  3mas result or rather the part of it that includes the next links context issaid to have instrumental valueInstrumental value unlike primitive and delegated value is transient rather than persistent As the state of the world changes a given state may liealong a chain from the current state to a goal at one moment but not the next0 Delegated value combines aspects of primitive and instrumental value Aswith instrumental value an item  delegated value derive

s from other thingsof value that that item helps achieve But delegated value like primitive value is persistent Delegated value is assigned as followsAt each time unit the schema mechanism computes the value explicitly c1Ssible from the current statethat is the maximum value of any items that can bereached by a reliable chain of schemas starting with an applicable schema Section 512 discusses the machinery for identifying such chains efficiently Themechanism also kee

ps track of the average accessible value over an extended period of timeFor each item the mechanism keeps track of the average accessible value whenthe item is On compared to when the item is Off If the accessible value when Ontends to exceed the value when Off the item receives positive delegated value ifthe accessible value when On is less than the value when Off the item receivesnegative delegated value The magnitude of the delegated value is proportionalboth to t

he size of the discrepancy of the On and Off values and to the expectedduration of the items being On For purposes of the valuedelegation comparison accessible items of zero value count as having slight positive value thus delegating more value to states that tend to offer a greater variety of accessible optionsRationale for delegated valueDelegated and instrumental value serve complementary functions delegated value accrues to states that generally tend to facilitat

e other things of value instrumental value is for states that currently facilitate other things of value by a specifically forseen chain of events Thus delegated value may be said to be strategicwhereas instrumental value is tacticalAn item does not and should not receive delegated value just by virtue of receiving frequent instrumental value The state of say being in a standing positionis often of instrumental value as a prerequisite for walking somewhere for instan

ce but it would be foolish under most circumstances to make a point of remaining standing just in case a contingency arose that required walking some
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ma's result (or rather, the part of it that includes the next link's context) is

said to have instrumental value.

Instrumental value, unlike primitive (and delegated) value, is transient rath-

er than persistent. As the state of the world changes, a given state may lie

along a chain from the current state to a goal at one moment but not the next.

• Delegated value combines aspects of primitive and instrumental value. As

with instrumental value, an item's delegated value derives from other things

ofvalue that that item helps achieve. But delegated value, like primitive val-

ue, is persistent. Delegated value is assigned as follows.

At each time unit, the schema mechanism computes the value explicitly acces-

sible from the current state—that is, the maximum value of any items that can be

reached by a reliable chain of schemas starting with an applicable schema. (Sec-

tion 5.1.2 discusses the machinery for identifying such chains efficiently.) The

mechanism also keeps track ofthe average accessible value over an extended peri-

od of time.

For each item, the mechanism keeps track ofthe average accessible value when

the item is On, compared to when the item is Off. If the accessible value when On
tends to exceed the value when Off, the item receives positive delegated value; if

the accessible value when On is less than the value when Off, the item receives

negative delegated value. The magnitude of the delegated value is proportional

both to the size of the discrepancy of the On and Off values, and to the expected

duration of the item's being On. For purposes of the value-delegation compari-

son, accessible items ofzero value count as having slight positive value, thus dele-

gating more value to states that tend to offer a greater variety ofaccessible options.

Rationale for delegated value

Delegated and instrumental value serve complementary functions: delegated val-

ue accrues to states that generally tend to facilitate other things of value; instru-

mental value is for states that currently facilitate other things of value, by a specif-

ically forseen chain of events. Thus, delegated value may be said to be strategic

whereas instrumental value is tactical.

An item does not (and should not) receive delegated value just by virtue of re-

ceiving frequent instrumental value. The state of, say, being in a standing position

is often of instrumental value (as a prerequisite for walking somewhere, for in-

stance); but it would be foolish (under most circumstances) to make a point of re-

maining standing just in case a contingency arose that required walking some-



64 Chapter 3 Representational elements structure and usewhere The effort of standing all the time would be wasted since it is enough towait to stand up when the need to walk arisesTo generalize if a frequently instrumental state eg being on ones feet is itself readily accessible then the things it facilitates are thereby accessible even before the instrumental state itself has actually been achieved Consequently thevalue accessible when the state obtains does not exc

eed the value accessible whenit does not therefore no value is delegated to that stateDelegated value arises and is useful when a state is that is not readily accessible facilitates other things of value under circumstances that are likely to occurwhile the state still obtains see figure 37 To an infant for example the presenceof a parent may receive delegated value even when there is no specific goal forwhich the infant needs the parent at the moment because such a 

need arises oftenenough that it is good to have the parent nearby just in case When a given statedoes not facilitate a specific goal at the moment there is no chain of schemas toimpart instrumental value to that state consequently delegated value is needed topromote the strategic pursuit of that state The criteria mentioned abovedelegating value to an item based on average value accessible when the item is On orOff and the duration of its being Onare intended to prom

ote delegation of valuein a situation such as that of figure 37persistent butusually inaccessible statevalued stateoccasionally arising stateFigure 37 Delegated value Here a persistent but usually inaccessible state and some occasionally arising state together make a valuedstate accessible The usually inaccessible state thereby receives delegated value from the valued stateDelegating rzcgar1ve value to a state is appropriate ifthat state is in effect dangerousifthere

 is no probable negative value caused by its attainment but thereis a small possibility of large negative value arising Here too there will be nochain of schemas that can reliably predict the unusual negative event insteaddelegating negative value to the state in question makes it something that is defi
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where. The effort of standing all the time would be wasted, since it is enough to

wait to stand up when the need to walk arises.

To generalize, if a frequently instrumental state (e.g., being on one's feet) is it-

self readily accessible, then the things it facilitates are thereby accessible even be-

fore the instrumental state itself has actually been achieved. Consequently, the

value accessible when the state obtains does not exceed the value accessible when

it does not; therefore, no value is delegated to that state.

Delegated value arises, and is useful, when a state is that is not readily accessi-

ble facilitates other things of value under circumstances that are likely to occur

while the state still obtains (see figure 3.7). To an infant, for example, the presence

of a parent may receive delegated value, even when there is no specific goal for

which the infant needs the parent at the moment, because such a need arises often

enough that it is good to have the parent nearby just in case. When a given state

does not facilitate a specific goal at the moment, there is no chain of schemas to

impart instrumental value to that state; consequently, delegated value is needed to

promote the strategic pursuit of that state. The criteria mentioned above—dele-

gating value to an item based on average value accessible when the item is On or

Off, and the duration of its being On—are intended to promote delegation ofvalue

in a situation such as that of figure 3.7.

persistent but

usually inaccessible state

valued state

K^-K^KZ)
occasionally arising state

Figure 3.7 Delegated value. Here, a persistent but usually inaccessi-

ble state and some occasionally arising state together make a valued

state accessible. The usually inaccessible state thereby receives dele-

gated value from the valued state.

Delegating negative value to a state is appropriate if that state is, in effect, dan-

gerous—if there is no probable negative value caused by its attainment, but there

is a small possibility of large negative value arising. Here, too, there will be no

chain of schemas that can reliably predict the unusual negative event; instead,

delegating negative value to the state in question makes it something that is defi-



34 Control 5nitely somewhat bad rather than something that is possibly very bad The dangeris thus avoided strategically rather than tacticallyTo designate goals only in terms of the mechanisms primitive lexicon wouldbe as burdensome as having to represent all predictions and plans at that bottommost level of abstraction The delegation machinery allows higherlevel constructed concepts to acquire lasting value as well At the same time this machinery must ensure consist

ency between original and delegated value so thatpursuing the delegated value will continue to promote the toplevel goals that thepreassigned primitive values are designed to coincide with Arbitrary unconstrained revision of the systems goals would be disastrousIn particular the mechanism must avert the danger of positive feedback in value delegation when two or more states are of mutual strategic value Dependingon how much value is delegated each states increase in 

delegated value couldcause a similar increase in the others and so on without bound To dampen suchfeedback the value delegated to an item is only half of the difference between theunconditional average attainable value and the value attainable when the item isonOf course despite such safeguards the delegation of value not only facilitatesprior goals but also changes the goal structure for the future Thus changeswhich locally do a better job of pursuing what is alread

y sought may eventuallyculminate in additional goals which are far removed from what was originallypursued This is not unlike biological evolution in which the implicit goal of perpetuating an extant kind of organism is often most effectively achieved by makingslight changes thereby perpetuating inexact copies that are more robust than theoriginal design eventually what is being perpetuated may bear little resemblanceto its ancestors Indeed biological cognitive syste

ms builtin values for certainprimitive sensations may be regarded as having been delegatednot by the cognitive system but by evolutionto various explicitly represented statesorgasm tasting food etcwhose attainment strategically facilitates the implicitgoal of perpetuating the genomeRationale for numeric valuesNumeric values are used to adjudicate the selection of a schema for activationYet this selection makes a qualitative decision which of several eligible schemast

o prefer Basing this qualitative choice on a quantitative measure may seem inappropriate particularly in light of the schema mechanisms presumption in favorof symbolic nonnumeric representations But I maintain that numeric values are
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nitely somewhat bad, rather than something that is possibly very bad. The danger

is thus avoided strategically, rather than tactically.

To designate goals only in terms of the mechanism's primitive lexicon would

be as burdensome as having to represent all predictions and plans at that bottom-

most level of abstraction. The delegation machinery allows higher-level, con-

structed concepts to acquire lasting value as well. At the same time, this machin-

ery must ensure consistency between original and delegated value, so that

pursuing the delegated value will continue to promote the top-level goals that the

preassigned, primitive values are designed to coincide with. Arbitrary, uncon-

strained revision of the system's goals would be disastrous.

In particular, the mechanism must avert the danger of positive feedback in val-

ue delegation when two or more states are of mutual strategic value. Depending

on how much value is delegated, each state's increase in delegated value could

cause a similar increase in the other's, and so on without bound. To dampen such

feedback, the value delegated to an item is only half of the difference between the

unconditional average attainable value, and the value attainable when the item is

on.

Of course, despite such safeguards, the delegation of value not only facilitates

prior goals, but also changes the goal structure for the future. Thus, changes

which locally do a better job of pursuing what is already sought may eventually

culminate in additional goals which are far removed from what was originally

pursued. This is not unlike biological evolution, in which the implicit goal ofper-

petuating an extant kind oforganism is often most effectively achieved by making

slight changes, thereby perpetuating inexact copies that are more robust than the

original design; eventually, what is being perpetuated may bear little resemblance

to its ancestors. (Indeed, biological cognitive systems' built-in values for certain

primitive sensations may be regarded as having been delegated—not by the cog-

nitive system, but by evolution—to various explicitly represented states—or-

gasm, tasting food, etc.—whose attainment strategically facilitates the implicit

goal of perpetuating the genome.)

Rationale for numeric values

Numeric values are used to adjudicate the selection of a schema for activation.

Yet this selection makes a qualitative decision: which of several eligible schemas

to prefer. Basing this qualitative choice on a quantitative measure may seem inap-

propriate, particularly in light of the schema mechanism's presumption in favor

of symbolic, nonnumeric representations. But I maintain that numeric values are



66 Chapter 3 Representational elements structure and useappropriate to the selection task given rt explicit goals It numeric values allowthe derivation of n2 preferences that might arise in pairwise choices betweengoals they also permit the derivation of exponentially many 2  possible choicesbetween sets of multiple goals 13 Just as monetary exchange as opposed to bartering prevents having to trade one commodity directly for a preferred one usingquantitative values p

revents having to make a direct qualitative comparison ofeach pair of results that the system can choose between Still delegated valuederives from a particular qualitative relation namely the facilitation of the accessibility of other things of valueAlthough the current schema mechanism implementation includes primitiveinstrumental and delegated value the mechanisms acquired skills to date are sounsophisticated that primitive and delegated value have little effect on

 the mechanisms activity there simply are not any interesting things of value that the mechanism knows how to achieve The mechanisms activity is influenced instead byinstrumental value in that the initiation of a composite action involves chainingto its goal state and by exploration value described below Thus in particularthe utility of delegated value remains to be demonstrated342 Exploration valueThe schema mechanism maintains a cyclic balance between emphasizing g

oaldirected value and exploration value The emphasis is achieved by changing theweights of the relative contributions of these components to the importance asserted by each schema Goaldirected value is emphasized most of the time buta significant part of the time goaldirected value is diluted so that only very important goals take precedence over exploration criteriaA schemas exploratory value is calculated to promote useful leaming by theschema mechanism rather than

 to pursue explicitly represented goals Two chiefcomponents of exploration value are hysteresis and habituation a recently activated schema is favored for activation hysteresis providing a kind of focus ofattention that promotes repetition of a small number ofschemas but a schema thathas recently been activated many times becomes partly suppressed habituationpreventing a small number of schemas from persistently dominating the mechanisms activity13 The constraints of

 nonrellexivity asymmetry and transitivity imposed by numeric valuesought to be respected by a rational preference system it makes no sense to prefer A to itself reflexivity ur to prefer A to B and B to A symmetry or to prefer A to B and B to C but not A to C nontransitivity given those pairwise ehoiees all in the same situation

66 Chapter 3. Representational elements: structure and use

appropriate to the selection task: given n explicit goals, n numeric values allow

the derivation of a?
2 preferences that might arise in pairwise choices between

goals; they also permit the derivation ofexponentially many (2 ") possible choices

between sets ofmultiple goals. 1 3 Just as monetary exchange, as opposed to barter-

ing, prevents having to trade one commodity directly for a preferred one, using

quantitative values prevents having to make a direct qualitative comparison of

each pair of results that the system can choose between. Still, delegated value

derives from a particular qualitative relation, namely the facilitation of the acces-

sibility of other things of value.

Although the current schema mechanism implementation includes primitive,

instrumental, and delegated value, the mechanism's acquired skills to date are so

unsophisticated that primitive and delegated value have little effect on the mecha-

nism's activity; there simply are not any interesting things of value that the mech-

anism knows how to achieve. The mechanism's activity is influenced instead by

instrumental value (in that the initiation of a composite action involves chaining

to its goal state), and by exploration value, described below. Thus, in particular,

the utility of delegated value remains to be demonstrated.

3.4.2 Exploration value

The schema mechanism maintains a cyclic balance between emphasizing goal-di-

rected value and exploration value. The emphasis is achieved by changing the

weights of the relative contributions of these components to the importance as-

serted by each schema. Goal-directed value is emphasized most of the time; but

a significant part of the time, goal-directed value is diluted so that only very im-

portant goals take precedence over exploration criteria.

A schema's exploratory value is calculated to promote useful learning by the

schema mechanism, rather than to pursue explicitly represented goals. Two chief

components of exploration value are hysteresis and habituation: a recently acti-

vated schema is favored for activation (hysteresis), providing a kind of focus of

attention that promotes repetition ofa small number of schemas; but a schema that

has recently been activated many times becomes partly suppressed (habituation),

preventing a small number of schemas from persistently dominating the mecha-

nism's activity.

13. The constraints of nonreflexivity, asymmetry, and transitivity imposed by numeric values

ought to be respected by a rational preference system: it makes no sense to prefer A to itself (reflex-

ivity), or to prefer A to B and B to A (symmetry), or to prefer A to B and B to C but not A to C (non-

transitivity), given those pairwise choices all in the same situation.



34 Control 7A schema records its usage rateits frequency of being selected for activationOther factors being equal a more frequently used schema is favored for selectionover a less used schema This factor mitigates possible redundancy among structures Suppose there is some set of nearlyidentical schemasschemas which differ say by including different infrequently arising context conditions that onlyslightly affect reliability or schemas that use different effectively 

synonymousitems to designate the same condition  see secti on 645  If one of these schemasby chance is used slightly more than the others it accumulates greaterusagewhich in tum promotes its further usage relative to those others further increasing its value relative to those others This deliberate instability carvesout a situational niche in which only a few schemas among all the similar oneswill dominate 14 The instability is controlled by subordinatin g the usage 

factor toother components of a schemas valueAnother component of exploration value is designed to share activation amongdifferent actions Without such a component actions that appear in relativelymany schemas tend to be initiated more often than others which in tum promotesthe construction of more schemas for those actions leading to instability To circumvent this problem schemas with underrepresented actions receive enhancedexploration value Similarly a component of

exploration value promotes underrepresented levels of actions where a structures level is defined as follows primitive items and actions are of level zero any structure defined in terms of otherstructures is of one greater level than the maximum of those structures levelsInverse actionsThe schema mechanism includes a facility to identify pairs of inverse actions andto promote their successive activation this promotion is part of the mechanismsexploration value A pair

 of inverse actions is such that some schema with the firstaction reliably tums Off some item that some other schema with the second action reliably tums back On For example moving the hand backward then forward again reliably tums Off then On an item designating the original positionof the hand moving the hand forward is thus a inverse action of moving the handbackwardThe mechanism promotes the successive activation of inverse actionsespecially if there is some othe

r item which in the same situation the first action reliably tums Off and the second action mzreliably tums back On The hope is thatthis normally unreliable effect may be reliable when it immediately follows the14 This trick also appears in [35]
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A schema records its usage rate—its frequency ofbeing selected for activation.

Other factors being equal, a more frequently used schema is favored for selection

over a less used schema. This factor mitigates possible redundancy among struc-

tures. Suppose there is some set ofnearly-identical schemas—schemas which dif-

fer, say, by including different infrequently arising context conditions that only

slightly affect reliability; or schemas that use different, effectively synonymous

items to designate the same condition (see section 6.4.5 ). If one of these schemas,

by chance, is used slightly more than the others, it accumulates greater

usage—which, in turn, promotes its further usage (relative to those others), fur-

ther increasing its value relative to those others. This deliberate instability carves

out a situational niche in which only a few schemas, among all the similar ones,

will dominate.

.

14 The instability is controlled by subordinating the usage factor to

other components of a schema's value.

Anothercomponent ofexploration value is designed to share activation among
different actions. Without such a component, actions that appear in relatively

many schemas tend to be initiated more often than others, which in turn promotes

the construction of more schemas for those actions, leading to instability. To cir-

cumvent this problem, schemas with underrepresented actions receive enhanced

exploration value. Similarly, a component of exploration value promotes under-

represented levels of actions, where a structure's level is defined as follows: prim-

itive items and actions are of level zero; any structure defined in terms of other

structures is of one greater level than the maximum of those structures' levels.

Inverse actions

The schema mechanism includes a facility to identify pairs of inverse actions, and

to promote their successive activation; this promotion is part of the mechanism's

exploration value. A pair of inverse actions is such that some schema with the first

action reliably turns Off some item that some other schema, with the second ac-

tion, reliably turns back On. For example, moving the hand backward, then for-

ward again, reliably turns Off, then On, an item designating the original position

of the hand; moving the hand forward is thus a inverse action of moving the hand

backward.

The mechanism promotes the successive activation of inverse actions—espe-

cially if there is some other item which, in the same situation, the first action reli-

ably turns Off and the second action unreliably turns back On. The hope is that

this normally unreliable effect may be reliable when it immediately follows the

14. This trick also appears in [35].



68 Chapter 3 Representational elements structure and usefirst action For instance in the example just cited an item designating tactileContact at the front of the hand is reliably tumed Off by moving the hand backward and unreliably tumed On by the inverse action of moving the hand forwardagainbut moving the hand forward reliably tums the tactile item back On whenthe item had just been tumed Off by moving the hand backward Section 642shows how the successive activati

on of inverse actions can catalyze conservationdiscoveries such as objectpersistence and section 715 speculates about anunimplemented extension of the inverseaction facility which might promoteconservation discoveries via thought experiments as well as by real activity
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first action. For instance, in the example just cited, an item designating tactile

contact at the front of the hand is reliably turned Off by moving the hand back-

ward, and unreliably turned On by the inverse action of moving the hand forward

again—but moving the hand forward reliably turns the tactile item back On when

the item had just been turned Off by moving the hand backward. Section 6.4.2

shows how the successive activation of inverse actions can catalyze conservation

discoveries, such as object-persistence; and section 7.1.5 speculates about an

unimplemented extension of the inverse-action facility which might promote

conservation discoveries via thought experiments as well as by real activity.



4 Construction and revisionAbove all the design of the schema mechanism reflects the need for the mechanism to leam to build its own structures for its own use to come to represent theworld in a way that is both practical and informative The processes of constructing new schemas actions and items correspond roughly and respectively to empirical leaming abstraction and conceptual invention Schemas express discoveries about the relations among existing actions and item

s composite actionsdesignate the achievement of particular goals abstracting above the details ofhow those goals are reached permitting the goal itself to be seen as a cause of further results and especially synthetic items represent aspects of the state of theworld of which some previously represented states were mere manifestations41 Marginal attribution spinning off new schemasPiagetian development is rife with examples of generalizations and specializations of sc

hemas These examples involve the discovery of consequences of actions and the discovery of the conditions that these consequences depend on Theschema mechanism tries to capture this sort of discovery with the process of marginal attribution which constructs new schemas411 The problem partially described regularities dont look regularAs noted in section 111  the task of constructing reliable schemas poses a chickenandegg problem Even though the schema mechanism is des

igned to identifyreliable results of actionsas opposed to making accurate probabilistic modelsof random eventsa result that follows reliably under the right circumstancesmay follow only rarely in general In addition even when such a result does follow it may be accompanied by dozens perhaps thousands of entirely coincidental state transitions at various levels of description Therefore identifying an actions result as such before knowing the corresponding context cond

itions is nota mere matter of noting that the result typically or even occasionally follows theactionThus the chickenandegg problem a result does not look like one except withrespect to the appropriate context Until the context is known finding the result isdifficult but finding the context is impossible without knowing what result it isthe context forAnother related chickenandegg problem arises even after a result has somehow been identified if a con junction of sev

eral conditions is required for the result to follow the action so that the result does not follow if only some of the conditions are satisfied Then the relevance of any one of those conditions is difficult

Construction and revision

Above all, the design of the schema mechanism reflects the need for the mecha-

nism to learn, to build its own structures for its own use, to come to represent the

world in a way that is both practical and informative. The processes of construct-

ing new schemas, actions, and items correspond roughly and respectively to em-

pirical learning, abstraction, and conceptual invention. Schemas express discov-

eries about the relations among existing actions and items; composite actions

designate the achievement of particular goals, abstracting above the details of

how those goals are reached, permitting the goal itself to be seen as a cause of fur-

ther results; and, especially, synthetic items represent aspects of the state of the

world of which (some) previously represented states were mere manifestations.

4.1 Marginal attribution: spinning off new schemas

Piagetian development is rife with examples of generalizations and specializa-

tions of schemas. These examples involve the discovery of consequences of ac-

tions, and the discovery of the conditions that these consequences depend on. The

schema mechanism tries to capture this sort of discovery with the process of mar-

ginal attribution, which constructs new schemas.

4.1.1 The problem: partially described regularities don't look regular

As noted in section 1 . 1 . 1 , the task of constructing reliable schemas poses a chick-

en-and-egg problem. Even though the schema mechanism is designed to identify

reliable results of actions—as opposed to making accurate probabilistic models

of random events—a result that follows reliably under the right circumstances

may follow only rarely in general. In addition, even when such a result does fol-

low, it may be accompanied by dozens, perhaps thousands, of entirely coinciden-

tal state transitions at various levels of description. Therefore, identifying an ac-

tion's result as such, before knowing the corresponding context conditions, is not

a mere matter of noting that the result typically, or even occasionally, follows the

action.

Thus, the chicken-and-egg problem: a result does not look like one except with

respect to the appropriate context. Until the context is known, finding the result is

difficult; but finding the context is impossible without knowing what result it is

the context for.

Another, related chicken-and-egg problem arises even after a result has some-

how been identified, if a conjunction of several conditions is required for the re-

sult to follow the action, so that the result does not follow if only some of the con-

ditions are satisfied. Then, the relevance ofany one ofthose conditions is difficult



7 Chapter 4 Construction and revisionto discern until the others have been identifiedonly when the last conjunct isadded does the schema become reliable More generally if the required context isa disjunction of many conjunctions the same problem arises for each of the conjunctionsThere is an obvious but unworkable bruteforce approach to the conjunctivecontext problem express all possible conjunctions of items and for eachone tabulate the probability of the result fol

lowing the action when that conjunction is satisfied In fact this approach would solve the contextresult problem tooif all contextresult pairs are similarly tabulated for each action However theseapproaches are clearly intractable the number of expressible context conjunctions or of contextresult pairs is exponential in the number of items If the conjunctions are limited in size to c conjuncts only polynomially many 11 k where nis the number of items need be monitore

d as Littlestone [40] points out still if nis on the order of a million or more even a limit of say five conjuncts puts nvastly beyond the number of synapses in the human brainThe combinatorial problem would be eased if there were a priori constraints onwhich items might be relevant to which schemas or actions But it is impossiblein a constructivist learning mechanism to supply such constraints To begin withthere are no natural partitions among the primitive sensory 

items and motor actions Hand motions for example can have tactile visual and auditory effectsfurther the effects might be contingent on conditions in any of those domainsSimilarly vocal actions can have diverse effectsespecially via people as intermediary agents The discovery of such effects neednt entail awareness of thatagency a neonate might discover that crying produces food long before understanding the existence of people As for constructed items and actions as

 opposed to primitive ones it is even harder to impose a priori constraints on relations among elements when the elements themselves are not present apriori andwhen those elements derive from primitive underpinnings which as just arguedare also without such constraints The need to be able leam without a priori relevance constraints does not however preclude the possibility of leamed relevanceconstraints assisting further leaming lFortunately both chickenande g g prob

lemsthe contextresult problem andconjunctive context problemhave a solution that does not presuppose a prioriconstraints on relevance The solution as mentioned in section 112 is to identify relevant items by a subtle statistical comparison of their states correlationswith schemas activations the specific comparisons and correlations are givenjust below These comparisons are implemented by the schema mechanismsk
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to discern until the others have been identified—only when the last conjunct is

added does the schema become reliable. More generally, if the required context is

a disjunction of many conjunctions, the same problem arises for each of the con-

junctions.

There is an obvious, but unworkable, brute-force approach to the conjunc-

tive-context problem: express all possible conjunctions of items, and for each

one, tabulate the probability of the result following the action when that conjunc-

tion is satisfied. In fact, this approach would solve the context-result problem too,

if all context-result pairs are similarly tabulated for each action. However, these

approaches are clearly intractable; the number of expressible context conjunc-

tions, or of context-result pairs, is exponential in the number of items. If the con-

junctions are limited in size to k conjuncts, only polynomially many (n k
, where n

is the number of items) need be monitored, as Littlestone [40] points out; still, if n

is on the order of a million or more, even a limit of, say, five conjuncts puts n k

vastly beyond the number of synapses in the human brain.

The combinatorial problem would be eased if there were apriori constraints on

which items might be relevant to which schemas or actions. But it is impossible,

in a constructivist learning mechanism, to supply such constraints. To begin with,

there are no natural partitions among the primitive sensory items and motor ac-

tions. Hand motions, for example, can have tactile, visual, and auditory effects;

further, the effects might be contingent on conditions in any of those domains.

Similarly, vocal actions can have diverse effects—especially via people as inter-

mediary agents. (The discovery of such effects needn't entail awareness of that

agency; a neonate might discover that crying produces food long before under-

standing the existence of people.) As for constructed items and actions, as op-

posed to primitive ones, it is even harder to impose a priori constraints on rela-

tions among elements when the elements themselves are not present apriori, and

when those elements derive from primitive underpinnings which, as just argued,

are also without such constraints. (The need to be able learn without a priori rele-

vance constraints does not, however, preclude the possibility of learned relevance

constraints assisting further learning.)

Fortunately, both chicken-and-egg problems—the context-result problem, and

conjunctive context problem—have a solution that does not presuppose a priori

constraints on relevance. The solution, as mentioned in section 1 . 1 .2 , is to identi-

fy relevant items by a subtle statistical comparison of their states' correlations

with schemas' activations (the specific comparisons and correlations are given

just below.) These comparisons are implemented by the schema mechanism's



41 Marginal attribution 7 1marginal attribution machinery which to find the necessary correlations requires the brute force of an exhaustive crossbar between schemas and items For nschemas and items only on the order of 712 computational units are needed for anexhaustive crossbar rather than an exponential number or even just a largerorder polynomial number as argued in section 514 a crossbar of that size isneurophysiologically plausible412 Marginal attribution nding

 relevant partial descriptionsMarginal attribution initially identifies relevant but unreliable effects of a schemas activation then searches for context conditions with respect to which thoseeffects obtain more reliably A series of intermediate unreliable schemas servesas a scaffold for the construction of an eventual reliable schema when the process succeeds Each schema keeps track of its own reliability so the intermediateconstructs are not mistaken for reliable a

ssertionsInitially for each primitive action the schema mechanism has a bare schema aschema with empty context and result e g  at left in gure 41 Similarly when anew composite action is defined the mechanism constructs a bare schema thatuses that action A bare schema makes no assertion in its own right but serves as apoint of departure for the discovery of the effects of its action0 [1wIluthF elelsT0u]ch M out1 F T Sstizjeereitrzuch HandBacIcward FeelsTww13 W   C 1ir

tF eelsH 617161306 kwai 61 HandBackward T01457 ShoulderHandBackward FlST0MhFigure 41 Result spinoffs A bare schema discovers some results of itsaction and spins off other schemasResult spinoffsA bare schemas extended result discovers effects of the schemas action The discovery proceeds by way of two statistics maintained by each extended result slot0 One statistic the positivetransition correlation is the ratio of the probability of the slots item turning On when the

 schemas action has just been takento the probability of its tuming On when the schemas action is not being taken
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marginal attribution machinery, which, to find the necessary correlations, re-

quires the brute force ofan exhaustive crossbar between schemas and items. For n

schemas and items, only on the order of n 2 computational units are needed for an

exhaustive crossbar, rather than an exponential number (or even just a larger-or-

der polynomial number); as argued in section 5.1.4, a crossbar of that size is

neurophysiologically plausible.

4.1.2 Marginal attribution: finding relevant partial descriptions

Marginal attribution initially identifies relevant but unreliable effects of a sche-

ma's activation, then searches for context conditions with respect to which those

effects obtain more reliably. A series of intermediate, unreliable schemas serves

as a scaffold for the construction of an eventual, reliable schema (when the pro-

cess succeeds). Each schema keeps track of its own reliability, so the intermediate

constructs are not mistaken for reliable assertions.

Initially, for each primitive action, the schema mechanism has a bare schema: a

schema with empty context and result (e.g., at left in figure 4. 1 ). Similarly, when a

new composite action is defined, the mechanism constructs a bare schema that

uses that action. A bare schema makes no assertion in its own right, but serves as a

point of departure for the discovery of the effects of its action.

"o MouthFeelsTouch \£ J """^V Sc^ ^x Mouth-

% 3£££g££L* HandBacM FeelsTouch

£h+0
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ChinFeels
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Figure 4.1 Result spinoffs. A bare schema discovers some results of its

action and spins off other schemas.

Result spinoffs

A bare schema's extended result discovers effects ofthe schema's action. The dis-

covery proceeds by way of two statistics maintained by each extended result slot.

• One statistic, the positive-transition correlation, is the ratio of the probabili-

ty of the slot's item turning On when the schema's action has just been taken

to the probability of its turning On when the schema's action is not being tak-

en.



72 Chapter 4 Construction and revision0 The other statistic the negativetransition correlation is a similar ratio butwith respect to tuming Off instead of OnThese statistics are tabulated over a number of trials in which the action is taken and a number of trials in which it is not the more trials there have been and themore discrepancy there is between the two probabilities the sooner the machinerywill detect the difference see section 522 The sampling is weighted t

oward themost recent trialsSince the machinery seeks transitions to the result state a trial for which theresult was already satisfied before the action was taken does not count as a positivetransition trial and one for which the result was already unsatisfied does notcount as a negativetransition trial Arguably the mechanism should also look fora result that is kept constant by an action when that item would otherwise havechanged state The present implementation doe

s not do thislooking for transitions is more important and memory and time are limitedbut it could triviallybe extended to maintain such statistics as wellIf some extendedresult slot for a given schema shows that an item is significantly more likely to tum On or Off when the schemas action is taken that itemis deemed relevant to the action A relevant item is a candidate for positive inclusion if it tums On or negative inclusion if Off in a schema that is said to spin

 ofrom the given schema A spinoff schema copies the given schemas context action and result but with the designated item included in the copys result or context as discussed below For example in figure 41 the extended result of theschema HandBackward discovers the relevance of items M0uthFeelsT0uchC hinF eelsTouch and Sh0ulderFeelsTouh Correspondingly the schemasHandBackMardM0utl2FeelsT0uc2 HandBackMardClzinFeelsT0uc1 andH andBaclcwardS mulderF eelsT0ucl1 spin off fr

om the bare schema HandBackward These examples are not from the implementation whose simulated bodylacks a chin or shoulder but these schemas are similar to ones built by the implementation which are described at length in chapter 6A relevant result need not follow an action reliably In fact its occurrence following the action may be arbitrarily unlikely provided that its occurrence is evenless likely in the actions absence The relevance criterion uses the schema tos

pecify a controlled experiment comparing what happens with activation to whathappens without the control Subtle but significant statistical differences thenserve to identify a relevant but arbitrarily unreliable result solving the contextresult chickenandegg problem
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• The other statistic, the negative-transition correlation, is a similar ratio, but

with respect to turning Off instead of On.

These statistics are tabulated over a number of trials in which the action is tak-

en, and a number oftrials in which it is not; the more trials there have been, and the

more discrepancy there is between the two probabilities, the sooner the machinery

will detect the difference (see section 5.2.2). The sampling is weighted toward the

most recent trials.

Since the machinery seeks transitions to the result state, a trial for which the

result was already satisfied before the action was taken does not count as a posi-

tive-transition trial; and one for which the result was already unsatisfied does not

count as a negative-transition trial. Arguably, the mechanism should also look for

a result that is kept constant by an action, when that item would otherwise have

changed state. The present implementation does not do this—looking for transi-

tions is more important, and memory and time are limited—but it could trivially

be extended to maintain such statistics as well.

If some extended-result slot for a given schema shows that an item is signifi-

cantly more likely to turn On (or Off) when the schema's action is taken, that item

is deemed relevant to the action. A relevant item is a candidate for positive inclu-

sion (if it turns On) or negative inclusion (if Off) in a schema that is said to spin off

from the given schema. A spinoff schema copies the given schema's context, ac-

tion, and result, but with the designated item included in the copy's result (or con-

text, as discussed below). For example, in figure 4. 1 , the extended result of the

schema IHandBackwardl discovers the relevance of items MouthFeelsTouch,

ChinFeelsTouch, and ShoulderFeelsTouch. Correspondingly, the schemas

IHandBackwardlMouthFeelsTouch, IHandBackwardlChinFeelsTouch, and

IHandBackwardlShoulderFeelsTouch spin offfrom the bare schema IHandBack-

wardl. (These examples are not from the implementation, whose simulated body

lacks a chin or shoulder; but these schemas are similar to ones built by the imple-

mentation, which are described at length in chapter 6.)

A relevant result need not follow an action reliably. In fact, its occurrence fol-

lowing the action may be arbitrarily unlikely, provided that its occurrence is even

less likely in the action's absence. The relevance criterion uses the schema to

specify a controlled experiment, comparing what happens with activation to what

happens without (the control). Subtle but significant statistical differences then

serve to identify a relevant but arbitrarily unreliable result, solving the context-re-

sult chicken-and-egg problem.



41 Marginal attribution 73The machinerys sensitivity to relevant results is amplified by an embellishment of marginal attribution when a given schema is idle ie it has not just completed an activation the updating of its extended result data is suppressed for anystate transition which is explairzedmeaning that the transition is predicted as theresult of a reliable schema whose activation has just completed Consequently agiven schema whose activation is a less frequen

t cause of some result needntcompete with other more frequent causes once those causes have been identifiedin order for the result to be deemed relevant to the given schema that schema needonly bring about the result more often than the results other unexplained occurrencesContext spinoffsOnce a relevant result has been so designated and a corresponding schema spunoff the induction machinery of the spinoff schema looks for context conditionswith respect to which the 

result follows more reliably than it occurs in generalthe spinoff schemas extendedcontext slots maintain statistics that identify suchconditions In particular each extendedcontext slot records the ratio of the probability that the schema will succeed ie that its result will obtain if the schemais activated when the slots item is On to the probability of success if that itemis Off when the schema is activated As with extendedresult statistics these areweighted toward 

more recent trials and the more trials there have been and thegreater the difference between the two probabilities the sooner the machinery candetect the differenceIf the first or second of the extendedcontext probabilities is significantlyhigher than the other the item is deemed a relevant condition for the schemas success and is a candidate for positive inclusion if the schema is more reliable with itOn or negative inclusion more reliable when Off in the context of

 a spinoffschema In figure 42 the extended context of HandBacwardMouthF eelsTouch discovers that HandInFront0\Iouth boosts the schemas reliability spinning off H and] nF r0nt0fM outhHandBackwardM 0uthF eelsT0uch similarly thediscovery of the relevance of HcmdII1Fr0nt0fC him to HandBackward C hinF eelsT0uch spins off the schema HarzdInFr0rzt0fChinHandBackwamChinF eelsT0uchA context spinoff schema like a result spinoff need not be reliable For an itemto be a relevant c

ondition for a given schema the schema need only be significantly more reliable for one state of the item than for the other but even the greater ofthese reliability levels can be arbitrarily small A context spinoffs own extended
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The machinery's sensitivity to relevant results is amplified by an embellish-

ment ofmarginal attribution: when a given schema is idle (i.e., it has notjust com-

pleted an activation), the updating of its extended result data is suppressed for any

state transition which is explained—meaning that the transition is predicted as the

result of a reliable schema whose activation has just completed. Consequently, a

given schema whose activation is a less frequent cause of some result needn't

compete with other, more frequent causes, once those causes have been identified;

in order for the result to be deemed relevant to the given schema, that schema need

only bring about the result more often than the result's other unexplained occur-

rences.

Context spinoffs

Once a relevant result has been so designated and a corresponding schema spun

off, the induction machinery of the spinoff schema looks for context conditions

with respect to which the result follows more reliably than it occurs in general;

the spinoff schema's extended-context slots maintain statistics that identify such

conditions. In particular, each extended-context slot records the ratio of the prob-

ability that the schema will succeed (i.e., that its result will obtain) if the schema

is activated when the slot's item is On, to the probability of success if that item

is Off when the schema is activated. As with extended-result statistics, these are

weighted toward more recent trials; and the more trials there have been, and the

greater the difference between the two probabilities, the sooner the machinery can

detect the difference.

If the first (or second) of the extended-context probabilities is significantly

higher than the other, the item is deemed a relevant condition for the schema ' s suc-

cess, and is a candidate for positive inclusion (if the schema is more reliable with it

On) or negative inclusion (more reliable when Off) in the context of a spinoff

schema. In figure 4.2, the extended context of IHandBackwardlMouthFeels-

Touch discovers that HandlnFrontOfMouth boosts the schema's reliability, spin-

ning offHandlnFrontOfMouthlHandBackwardlMouthFeelsTouch; similarly, the

discovery of the relevance of HandlnFrontOfChin to IHandBackwardlChin-

FeelsTouch spins off the schema HandlnFrontOfChinlHandBackwardlChin-

FeelsTouch.

A context spinoffschema, like a result spinoff, need not be reliable. For an item

to be a relevant condition for a given schema, the schema need only be significant-

ly more reliable for one state of the item than for the other, but even the greater of

these reliability levels can be arbitrarily small. A context spinoff's own extended



74 Chapter 4 Construction and revisionHandInFront0f 9Mouth 8 M outhF eelsT0uchH andBackwardMouthH and] nF r0nt0 ST0uChM 0 I h H cmdB ackwardHandInFr0nt0f c_TChin  C hinF eeIsT0uchH andBactward M mcmF eelsT0uchH and] HF r0rzt0 fChm HandBaCkwardFigure 42 Context spinoffs Each of two emptycontext schemasdiscovers a relevant context item spawning a spinoff schemacontext seeks conditions that further improve reliability the discovery of suchconditions spawns additional co

ntext spinoffs as in figure 43 In this fashionmarginal attribution can build up to some conjunction of conditions that doesmake the schema reliable 0 0] 9Figure 43 Context conjunctions Successive spinoffs build up to aconjunction of context conditionsHere again distinguishing relevance from reliability solves a chickenandeggproblem If say items p q and r must all be On for resultx to follow from actiona then the probability that the result follows if say [9 was On wh

en the action initiatedcall that P win p ie the probability of a win given pis just the probability that q and r were On then too If p q and r are statistically independent of
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Figure 4.2 Context spinoffs. Each of two empty-context schemas

discovers a relevant context item, spawning a spinoff schema.

context seeks conditions that further improve reliability; the discovery of such

conditions spawns additional context spinoffs, as in figure 4.3. In this fashion,

marginal attribution can build up to some conjunction of conditions that does

make the schema reliable.

Figure 4.3 Context conjunctions. Successive spinoffs build up to a

conjunction of context conditions.

Here again, distinguishing relevance from reliability solves a chicken-and-egg

problem. If, say, items p, q, and r must all be On for result x to follow from action

a, then the probability that the result follows if, say,/? was On when the action ini-

tiated—call thatP(win/p), i.e., the probability of a win given/?—is just the proba-

bility that q and r were On then too. If/7, q, and r are statistically independent of



41 Marginal attribution 75one another then Pwinp is the product of the individual probabilities ofq and rbeing On if p q and r are positively correlated then Pwinp is even larger thanthat product However small this probability may be it is significantly larger thanthe likelihood that the result follows the action if p is Offthat likelihood is zerogiven the above assumption that p q and r are all required Hence the relevanceof p to the schemas context is detectable an

d similarly for the other conjunctsthe one that makes the biggest difference will be detected firstCritically discovering the contextrelevance of p does not depend on there being any nonzero chance that the schema succeeds when only 19 but not q and r ison Even if p contributes nothing to the schemas reliability unless q and r are alsoon ps relevance is noticeable without yet paying attention to q and r it is noticeable because some of the trials for which ps statist

ics are collected do happen tohave q and r satisfied as wellAs mentioned previously for purposes of the statistics maintained by marginalattribution a schema is considered to have been activated irnplicirl_y activatedany time its action is taken when its context is satisfied even if that schema wasnot selected for activation to so select a schema explicitly actives it Thus manyschemas extendedcontext data may be updated at once In fact all activationdependent schema 

data equates implicit and explicit activation and the explainedness of a state transition invoked just above is also with respect to eitherkind of activationMost generally there may be a disjunction of conj unctions of conditions underwhich the resultx follows the action a The schema mechanism does not representdisjunctive contexts as such however it may construct several reliable schemasthat all have the same action and the same result but with different contexts Th

iseffectively expresses a disjunctive condition for the result to follow the actionIn that case however ps relevance is detected only if Pwinp exceeds theprobability that some disjunct of the necessary condition is satisfied when p is notIf on the other hand some disjunct of the necessary conditionsay  the conjunction of items d efis more likely to be satisfied when p is Off than is the conjunction of q and r when p is On then the relevance of p will be obscured One 

way forthe mechanism to circumvent this problem is to instead solve a differently formulated version of it see section 633 for an example413 Suppressing redundant attributionThere is an embellishment of the marginal attribution algorithmdeferring to amore specific applicable schemathat often enables the discovery of an item
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one another, then P(win/p) is the product of the individual probabilities of q and r

being On; if/?, q, and r are positively correlated, then P(win/p) is even larger than

that product. However small this probability may be, it is significantly larger than

the likelihood that the result follows the action ifp is Off—that likelihood is zero,

given the above assumption that/?, q, and r are all required. Hence, the relevance

ofp to the schema's context is detectable (and similarly for the other conjuncts;

the one that makes the biggest difference will be detected first).

Critically, discovering the context-relevance of/? does not depend on there be-

ing any nonzero chance that the schema succeeds when only/? (but not q and r) is

on. Even if/? contributes nothing to the schema's reliability unless q and r are also

on,/?'s relevance is noticeable without yet paying attention to q and r; it is notice-

able because some of the trials for which /?'s statistics are collected do happen to

have q and r satisfied as well.

As mentioned previously, for purposes of the statistics maintained by marginal

attribution, a schema is considered to have been activated {implicitly activated)

any time its action is taken when its context is satisfied, even if that schema was

not selected for activation (to so select a schema explicitly actives it). Thus, many

schemas' extended-context data may be updated at once. In fact, all activa-

tion-dependent schema data equates implicit and explicit activation; and the ex-

plainedness of a state transition, invoked just above, is also with respect to either

kind of activation.

Most generally, there may be a disjunction ofconjunctions of conditions under

which the result x follows the action a. The schema mechanism does not represent

disjunctive contexts as such; however, it may construct several reliable schemas

that all have the same action and the same result, but with different contexts. This

effectively expresses a disjunctive condition for the result to follow the action.

In that case, however, /?'s relevance is detected only if P(win/p) exceeds the

probability that some disjunct ofthe necessary condition is satisfied when/? is not.

If, on the other hand, some disjunct ofthe necessary condition—say , the conjunc-

tion of items d, e,f—is more likely to be satisfied when/? is Offthan is the conjunc-

tion ofq and r when/? is On, then the relevance of/? will be obscured. (One way for

the mechanism to circumvent this problem is to instead solve a differently formu-

lated version of it; see section 6.3.3 for an example.)

4.1.3 Suppressing redundant attribution

There is an embellishment of the marginal attribution algorithm—deferring to a

more specific applicable schema—that often enables the discovery of an item



76 Chapter 4 Construction and revisionwhose relevance has been obscured Suppose in the example just discussed thatthe contextrelevance of d to schema ax is not obscured the schemas extendedcontext discovers this relevance leading to the construction of the schema daxThe extendedcontext slot for d in ax records that a schema has been spun offfrom that schema for that positively included item The following embellishment then occurs9 A11 correlation data in all extended

 context slots of the schema ax are reset[0 ZCFO9 Subsequently whenever ar is activated and dis On the updating of all extended context data for that trial of ax is suppressed The effect of this embellishment is that the extended context of ax now maintains correlationdata only for trials for which d is not On resetting the data erases correlations that had been tabulated without this condition Thus when d is onattribution is deferred from ax to the more specific app

licable schema da\ That schema of course can update its own extended context data for thetrial leading to the eventual construction of defarOnce the relevance of d has been thus recorded the probability of ax succeeding when a is On no longer has to compete with the probability of its success whend is On The embellishment of deferring to a more specific applicable schema ensures that as some conjuncts of disjuncts of a disjunctive condition are identified it becomes 

easier to detect the relevance of conjuncts of other disjunctsthe other disjuncts need only compete against the  backgroundprobability of the schemas success due to yetunidentified conditions Not allconditions are thus discoverable but many common and useful ones areDeferring to a more specific applicable schema also performs a second vitalfunction Consider again the sequence of constructions shown in figure 43  inwhich a\ spins off par which spins off pqax which spi

ns off pqraA If notfor the provision for deferring to more specific applicable schemas ax wouldalso spin off qux and rax schema par would also spin off pra\ and so onfigure 44With just three items in the eventual reliable context such a proliferation of intermediate constructs is no crisis In general though the number of such intermediate constructs is exponential in the size of the eventual context the set of intermediate constructs corresponds to the powersetthe se

t of all subsetsof theeventual context Fortunately deferring to more specific applicable schemasprevents this exponential proliferation If ax has already spun off say paxi
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whose relevance has been obscured. Suppose, in the example just discussed, that

the context-relevance of d to schema lalx is not obscured; the schema' s extended

context discovers this relevance, leading to the construction of the schema dlalx.

The extended-context slot for d in lalx records that a schema has been spun off

from that schema for that (positively included) item. The following embellish-

ment then occurs:

• All correlation data in all extended context slots of the schema lalx are reset

to zero.

• Subsequently, whenever lalx is activated and d is On, the updating of all ex-

tended context data for that trial oflalx is suppressed. The effect of this em-

bellishment is that the extended context of lalx now maintains correlation

data only for trials for which d is not On (resetting the data erases correla-

tions that had been tabulated without this condition). Thus, when d is on,

attribution is deferred from lalx to the more specific applicable schema dial

x. That schema, of course, can update its own extended context data for the

trial, leading to the eventual construction of deflalx.

Once the relevance ofdhas been thus recorded, the probability oflalx succeed-

ing when a is On no longer has to compete with the probability of its success when

d is On. The embellishment of deferring to a more specific applicable schema en-

sures that as some (conjuncts of) disjuncts of a disjunctive condition are identi-

fied, it becomes easier to detect the relevance of (conjuncts of) other dis-

juncts—the other disjuncts need only compete against the "background"

probability of the schema's success due to yet-unidentified conditions. Not all

conditions are thus discoverable, but many common and useful ones are.

Deferring to a more specific applicable schema also performs a second vital

function. Consider again the sequence of constructions shown in figure 4.3 , in

which lalx spins offplalx, which spins offpqlalx, which spins offpqrlalx. If not

for the provision for deferring to more specific applicable schemas, lalx would

also spin off qlalx and rla/x; schema pla/x would also spin off prla/x; and so on

(figure 4.4).

With just three items in the eventual reliable context, such a proliferation of in-

termediate constructs is no crisis. In general, though, the number of such interme-

diate constructs is exponential in the size of the eventual context (the set of inter-

mediate constructs corresponds to the powerset—the set of all subsets—of the

eventual context). Fortunately, deferring to more specific applicable schemas

prevents this exponential proliferation. If lalx has already spun off, say, plalx,



41 Marginal attribution 779QQ93Figure 44 Powerset proliferation Unembellished marginal attribution tries to build all subsets of an eventual contextthen axs extended context slot for 1 will no longer be updated on trials when p isOn hence ax will not redundantly discover the relevance of qA second embellishment also reduces redundancy when a schemas extendedcontext simultaneously detects the relevance of several itemsthat is their statistics pass the significance thr

eshold on the same trialthe most specific is chosen as the one for inclusion in a spinoff from that schema Thus if 1 is a specialcase of j that is i is On only when j is On and the extended context of  bz discovers the relevance of both simultaneously ibz will spin off Both conditionsrelevance will be discovered simultaneously if all encountered trials of bz when jis On also have i On If the more general condition j actually suffices then b2will eventually spawn jbz 

as well due to trials when j is On and i is Off If on theother hand the more specific condition is necessary jb2 will not be built Seesection 624 for an example from the implementations performanceWithout this specificpriority embellishment b2 might first spawn jbzThen if the more specific condition 1 were actually necessary bz would deferattribution to j b 2 which would spawn zbz The unnecessary conjunction i j appearing as the context of a reliable schema would the

n be eligible for inclusion inthe results of other schemas The specificfirst embellishment avoids this unnecessary proliferationAn item is considered more specific if it is On less frequently Although thespecificfirst embellishment is intended for situations in which the more specificitem is a special case of the more general as opposed to occurring disjointly theembellishment is applied without checking whether the more specific item is infact a special case When it

 is not the specicfirst criterion amounts to an arbitrary choice among relevant items
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Figure 4.4 Powerset proliferation. Unembellished marginal at-

tribution tries to build all subsets of an eventual context.

then la/x's extended context slot for q will no longer be updated on trials when/? is

On; hence, lalx will not redundantly discover the relevance of q.

A second embellishment also reduces redundancy: when a schema's extended

context simultaneously detects the relevance of several items—that is, their sta-

tistics pass the significance threshold on the same trial—the most specific is cho-

sen as the one for inclusion in a spinoff from that schema. Thus, if i is a special

case of/ (that is, i is On only wheny is On), and the extended context ofIblz discov-

ers the relevance of both simultaneously, ilblz will spin off. (Both conditions'

relevance will be discovered simultaneously if all encountered trials ofIbiz wheny

is On also have i On.) If the more general condition y actually suffices, then Iblz

will eventually spawny//?/z as well, due to trials wheny is On and i is Off. If, on the

other hand, the more specific condition is necessary, jlblz will not be built. (See

section 6.2.4 for an example from the implementation's performance.)

Without this specific-priority embellishment, Iblz might first spawn jlblz.

Then, if the more specific condition i were actually necessary, Iblz would defer

attribution tojlblz, which would spawn ijlblz. The unnecessary conjunction ij, ap-

pearing as the context of a reliable schema, would then be eligible for inclusion in

the results of other schemas. The specific-first embellishment avoids this unnec-

essary proliferation.

An item is considered more specific if it is On less frequently. Although the

specific-first embellishment is intended for situations in which the more specific

item is a special case of the more general (as opposed to occurring disjointly), the

embellishment is applied without checking whether the more specific item is in

fact a special case. When it is not, the specific-first criterion amounts to an arbi-

trary choice among relevant items.
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It may be of interest that, although the need for these redundancy-mitigating

embellishments might have been anticipated a priori, it was not until I ran the un-

embellished implementation, and observed the proliferation, that I became aware

of the problem.

4.1.4 Result conjunctions

In order for one schema to chain to another, its result items must include all the

context items of the other (and with the same signs). Thus, for purposes of chain-

ing, the schemas in figure 4.5a are not equivalent to those in figure 4.5b; the sche-

ma mechanism's chaining broadcast (described in section 5. 1 .2) identifies a chain

to x in the second case, but not the first. Consequently, the marginal attribution

machinery must be able to build schemas with conjunctive results, as well as con-

junctive contexts.

(a) No chain to xy. (b) These schemas chain together.

Figure 4.5 Conjunctive chaining. Predicting two items separately

does not chain to a context that requires their conjunction.

The mechanism might be designed to build conjunctive results incrementally,

as with contexts. However, this approach would create a powerset proliferation

problem, as above. And the above solution to that problem for conjunctive con-

texts—deferring to more-specific applicable schemas—does not suffice for con-

junctive results; it fails to block a different exponential proliferation, as illustrated

in figure 4.6. Suppose there exist reliable schemas plalx and qlaly. Ifplalx some-

times activates when q is On, then ifplalx could have its own result spinoffs, it

would discover the relevance of v as a further result, and would spin off the sche-

ma plalxy; similarly, qlaly could spawn qlalxy. Either of these schemas, in turn,

could spawn the reliable schema pq/a/xy, which combines the assertions ofplalx

and qlaly.

A combination of two such schemas is acceptable. But, here again, if n sche-

mas thus combine, the number of such combinations is exponential in //. To pre-

vent the explosive proliferation of such combinations, the schema mechanism

does not build conjunctive results incrementally; only a schema with an empty re-



41  Marginal attribution 79 9 gig 0 Q Q Figure 46 Combinational proliferation incrementally extending results would proliferate combinations of schemassult can spin off a schema with a new result item Such a schema will be baresince an empty result implies an empty context Chaining to contexts that havemore than one items is made possible by permitting a schema to spawn a multipleitem result spinoff all at once as followsA schemas extended result includes a slot for 

set of items whose appears as acontext of a reliable schema as well as a slot for every individual item Marginalattribution treats each such conjunction just like an individual item with respect tomaintaining extendedresult statistics about the correlation between its transitionand the schemas activation and with respect to including a relevant conjunctionin the result of a spinoff schema Thus when a conjunctive result is actually neededto chain to a reliable schemas

 contextthe marginal attribution machinerywill permit that resultThus a conjunctive result can form only if a conjunctive context has first beenformed by some other schema except in that case a schemas result can includeonly one item415 Overriding conditionsExtended contexts like extended results identify relevant items for inclusion inspinoffschemas Extended contexts serve a second function identifying overriding conditions that is conditions under which an ordinari

ly reliable schema is invalid A schema whose context is satised is nevertheless excluded from selection for activation when its extended context reports that a known overridingcondition obtainsThe example in figure 47 illustrates the need to recognize overriding conditions The schema par is very reliable but fails when the unusual condition 14obtains The extended context of pax duly discovers the relevance of W beingOffthe schema has a much higher probability of succ

eeding if activated thenthan if w is On Consequently the schema wpax is spun off
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Figure 4.6 Combinational proliferation. Incrementally extend-

ing results would proliferate combinations of schemas.

suit can spin off a schema with a new result item. (Such a schema will be bare,

since an empty result implies an empty context.) Chaining to contexts that have

more than one items is made possible by permitting a schema to spawn a multi-

ple-item result spinoff all at once, as follows.

A schema's extended result includes a slot for set of items whose appears as a

context of a reliable schema (as well as a slot for every individual item). Marginal

attribution treats each such conjunctionjust like an individual item with respect to

maintaining extended-result statistics about the correlation between its transition

and the schema's activation, and with respect to including a relevant conjunction

in the result of a spinoff schema. Thus, when a conjunctive result is actually need-

ed—to chain to a reliable schema's context—the marginal attribution machinery

will permit that result.

Thus, a conjunctive result can form only if a conjunctive context has first been

formed by some other schema; except in that case, a schema's result can include

only one item.

4.1.5 Overriding conditions

Extended contexts, like extended results, identify relevant items for inclusion in

spinoff schemas. Extended contexts serve a second function: identifying overrid-

ing conditions, that is, conditions under which an ordinarily reliable schema is in-

valid. A schema whose context is satisfied is nevertheless excluded from selec-

tion for activation when its extended context reports that a known overriding

condition obtains.

The example in figure 4.7 illustrates the need to recognize overriding condi-

tions. The schema plalx is very reliable, but fails when the (unusual) condition w
obtains. The extended context of plalx duly discovers the relevance of w being

Off—the schema has a much higher probability of succeeding if activated then

than if w is On. Consequently, the schema -wplalx is spun off.



80 Chapter 4 Construction and revisionW] QFigure 47 Override conditions Here condition w overridesschema paxBut merely creating the more specific schema wpax does nothing to suppress plalx when w is On the mechanism needs to be able to leam not to trust theschema in that case Permanently suppressing pax and relying instead on wpax would solve that problem but at an unacceptable cost schemas chaining toxvia a would now have to include w in their resultsand similarly f

or all otheroverriding conditions that may be discovered But if these conditions arise rarely the overhead of having to build new chains of schemas that explicitly include thenegations of the overriding conditions is unacceptable if the schema pax showsitself to be highly reliable the mechanism should be able to depend on itInstead of permanently suppressing the schema the mechanism suppresses itwhenever w is On This temporary suppression is accomplished by the exten

dedcontexts override machinery which notes that item w is not in the state whichmakes the schema more reliable than otherwise by a significant factor hence themechanism deems the schema unreliable at the moment and avoids selecting itfor activation At other times however the schema pax may still be useful416 Sustained context conditionsActions have variable execution times In the present implementation each primitive action takes one time unit to execute though nothi

ng depends on this Thetime between a composite actions initiation and completion can vary considerably even for different invocations of the same action depending on the numberof steps in the shortest chain to the actions goal stateSome context conditions need only be satised when an action is initiatedOthers need to be satisfied throughout the actions execution The primary extendedcontext slot correlation described above compares two probabilities of aschemas succes

s that are conditional on an items state at the time that the schemas action is initiated A second correlation also maintained by each extendedcontext slot compares similar probabilities defined with respect to an items stateat the conclusion of the action If both the initiationtime and completiontime
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Figure 4.7 Override conditions. Here, condition w overrides

schema plalx.

But merely creating the more specific schema -wplalx does nothing to sup-

press plalx when w is On; the mechanism needs to be able to learn not to trust the

schema in that case. Permanently suppressing plalx, and relying instead on ~wpl

alx, would solve that problem, but at an unacceptable cost: schemas chaining to*

via a would now have to include ~w in their results—and similarly for all other

overriding conditions that may be discovered. But if these conditions arise rarely,

the overhead of having to build new chains of schemas that explicitly include the

negations of the overriding conditions is unacceptable; if the schema/?/*?/.* shows

itself to be highly reliable, the mechanism should be able to depend on it.

Instead of permanently suppressing the schema, the mechanism suppresses it

whenever w is On. This temporary suppression is accomplished by the extended

context's override machinery, which notes that item w is not in the state which

makes the schema more reliable than otherwise by a significant factor; hence the

mechanism deems the schema unreliable at the moment, and avoids selecting it

for activation. At other times, however, the schema plalx may still be useful.

4.1.6 Sustained context conditions

Actions have variable execution times. In the present implementation, each prim-

itive action takes one time unit to execute (though nothing depends on this). The

time between a composite action's initiation and completion can vary consider-

ably, even for different invocations of the same action, depending on the number

of steps in the shortest chain to the action's goal state.

Some context conditions need only be satisfied when an action is initiated.

Others need to be satisfied throughout the action's execution. The primary ex-

tended-context slot correlation, described above, compares two probabilities of a

schema's success that are conditional on an item's state at the time that the sche-

ma's action is initiated. A second correlation, also maintained by each extended

context slot, compares similar probabilities defined with respect to an item's state

at the conclusion of the action. If both the initiation-time and completion-time



42 Synthetic items 3 1correlations are significant the mechanism presumes that the corresponding condition needs to be sustained throughout the actions executionIf a context condition needs to be sustained until completion of a compositeaction the mechanism obliges this requirement in two ways9 When components of the composite action are selected for execution actions whose results assert the negation of that condition are thereby suppressed First the activated schem

a informs its sustained context items ofthat status Then the mechanism identies every schema whose resultwould negate a sustained item Any such schema that is applicable of nonnegligible reliability and is not superseded by a more specific applicableschema informs its action of its status The action then suppresses the activation of all schemas that have that action0 If such a condition becomes negated anyway due to external events or tounanticipated sideeffects of t

he mechanisms actions the pending schemais aborted In that case some chain of schemas that reestablishes the violated context condition and proceeds to the same goal may well be the basisfor the next activation effectively repairing the problemExcept for conditions that need only be satisfied initially the mechanism doesnot seek context conditions that need to be satisfied for only part of the actionexecution interval This is in keeping with the use of schemas to cha

in to agoaleach prior link establishes the conditions needed for the next link to beapplicable A Condition which is only necessary at say the completion of an action can be designated as a condition to be sustained throughout the action42 Synthetic itemsCreating new state elements involves a more radical sense of novelty than building new schemas and actions Schemas and composite actions are merely reor ganizations of existing structures But a synthetic item is a new

 element of the systems ontologyan element fundamentally different from the prior contents ofthe systems conceptual vocabulary This section explains the schema mechanisms construction of synthetic items and the subsequent elaboration of theirmeaning421 Constructing synthetic itemsThe mechanisms facility for building and maintaining synthetic items is designed to promote Piagetian conservation phenomena conceiving of an underly
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correlations are significant, the mechanism presumes that the corresponding con-

dition needs to be sustained throughout the action's execution.

If a context condition needs to be sustained until completion of a (composite)

action, the mechanism obliges this requirement in two ways:

• When components of the composite action are selected for execution, ac-

tions whose results assert the negation of that condition are thereby sup-

pressed. First, the activated schema informs its sustained context items of

that status. Then, the mechanism identifies every schema whose result

would negate a sustained item. Any such schema that is applicable, of non-

negligible reliability, and is not superseded by a more specific applicable

schema informs its action ofits status. The action then suppresses the activa-

tion of all schemas that have that action

• If such a condition becomes negated anyway (due to external events or to

unanticipated side-effects of the mechanism's actions), the pending schema

is aborted. (In that case, some chain of schemas that reestablishes the vio-

lated context condition and proceeds to the same goal may well be the basis

for the next activation, effectively repairing the problem.)

Except for conditions that need only be satisfied initially, the mechanism does

not seek context conditions that need to be satisfied for only part of the action-ex-

ecution interval. This is in keeping with the use of schemas to chain to a

goal—each prior link establishes the conditions needed for the next link to be

applicable. A condition which is only necessary at, say, the completion of an ac-

tion can be designated as a condition to be sustained throughout the action.

4.2 Synthetic items

Creating new state elements involves a more radical sense of novelty than build-

ing new schemas and actions. Schemas and composite actions are merely re-orga-

nizations of existing structures. But a synthetic item is a new element of the sys-

tem's ontology—an element fundamentally different from the prior contents of

the system's conceptual vocabulary. This section explains the schema mecha-

nism's construction of synthetic items, and the subsequent elaboration of their

meaning.

4.2.1 Constructing synthetic items

The mechanism's facility for building and maintaining synthetic items is de-

signed to promote Piagetian conservation phenomena: conceiving of an underly-



82 Chapter 4 Construction and revisioning invariant when all apparent manifestations change or cease Sometimes aswith conservation of object or of mass whats required is the conception of someunderlying physical reality In contrast conservation of number for example involves the conception of an underlying nonphysical abstraction The syntheticitem machinery is designed to promote conservation discoveries of either kindalthough the implementation has demonstrated only

 the first by creating newitems to represent newlyconceived aspects of realityThe schema mechanism constructs a synthetic item to reify the validity conditions of an unreliable schema That is a new synthetic item is defined to representwhatever unknown aspect of the world governs the schema s validity This is bestexplained by the example in section 112 whose illustration is repeated in gure48synthetic item synthetic item Palpable0bjectAt] 1  V1sible0bjectAt11\\ \\ \ 

 \handt0ucl1 imageatcenter  left   regionhcmd glanceatl 2 azI 1Figure 48 Synthetic items These synthetic items designate palpable or visible objects respectively at a certain bodyrelative positionThe first schema in figure 48 asserts that moving the hand to the bodyrelativeposition 1 2 results in a tactile sensation at the hand This schema is unreliable itonly succeeds when there happens to be an object at that position waiting to betouchedSignificantly however the s

chema is locally mrzsistent meaning that if it happens to succeed when activated on some occasion it is likely to succeed again ifactivated again within say the next several seconds This consistency followsfrom the tendency of objects in our environment to stay put for a while The schema mechanism of course has no appreciation of this explanation butit does keeptrack empirically of each schcmas local consistency the probability of its success when its last activation

 was successful and for a schema with high local consistency the mechanism also tabulates the expected duration of the schema s consistency the average interval during which the schema is observed to remainvalidWhen a schema is found to be unreliable but locally consistent the mechanismconstructs a new synthetic item called that schema s ll the schema is the new
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ing invariant when all apparent manifestations change or cease. Sometimes, as

with conservation of object or of mass, what's required is the conception of some

underlying physical reality. In contrast, conservation ofnumber, for example, in-

volves the conception of an underlying nonphysical abstraction. The synthet-

ic-item machinery is designed to promote conservation discoveries of either kind

(although the implementation has demonstrated only the first) by creating new
items to represent newly-conceived aspects of reality.

The schema mechanism constructs a synthetic item to reify the validity condi-

tions ofan unreliable schema. That is, anew synthetic item is defined to represent

whatever unknown aspect ofthe world governs the schema' s validity. This is best

explained by the example in section 1 . 1 .2, whose illustration is repeated in figure

4.8.

synthetic item: synthetic item:

• PalpableObjectAtl ,1 • VisibleObjectAtl ,1

y^-^ hand-^-^ X^X glance-^-^
at-1,2 at-1,1

Figure 4.8 Synthetic items. These synthetic items designate palpable or vis-

ible objects (respectively) at a certain body-relative position.

The first schema in figure 4.8 asserts that moving the hand to the body-relative

position ( 1 ,2) results in a tactile sensation at the hand. This schema is unreliable; it

only succeeds when there happens to be an object at that position, waiting to be

touched.

Significantly, however, the schema is locally consistent, meaning that if it hap-

pens to succeed when activated on some occasion, it is likely to succeed again if

activated again within, say, the next several seconds. This consistency follows

from the tendency of objects in our environment to stay put for a while. The sche-

ma mechanism, ofcourse has no appreciation of this explanation; but it does keep

track, empirically, of each schema's local consistency, the probability of its suc-

cess when its last activation was successful; and, for a schema with high local con-

sistency, the mechanism also tabulates the expected duration ofthe schema' s con-

sistency, the average interval during which the schema is observed to remain

valid.

When a schema is found to be unreliable but locally consistent, the mechanism

constructs a new synthetic item, called that schema' s reifier; the schema is the new



42 Synthetic items 3 3items host schema The host schemas reifier designates whatever conditionmakes the schema validin this case roughly the condition that a palpable objectis present at bodyrelative position 12In effect the host schema associates its reifier with a probing actimthe hostschemas actionand a manifestationthe host schemas result A syntheticitem thus works backward from a things manifestation to define the very thingmanifested In the present example an o

bject at a given position is manifested bya tactile sensation when probed by putting the hand there The reifying syntheticitem represents the state of the world right now such that the probing action if taken now would yield the manifestationThe concept of a palpable object being there says more than that the probe infact yielded the manifestationthe concept further entails that even when theprobing action is not now carried out it would yield the manifestation if it

 werenow carried out a socalled colmterfactual assertion [39 29] based on a hypothetical premisethat the probe is now carried outwhich is contrary to factThe synthetic item of this example when it is On asserts that whether the hand isin fact moved there or not the world right now is in such a state that moving thehand to the designated position now would result in a touch sensation the itemthus reifies that disposition of the world regarding that disposition as a th

ing initselfand that thinginitself tums out to be a palpable objects presence at thedesignated positionWhat persists between probing actions and between manifestations is the factthat the probe would now yield the manifestation This persistence is not merelythe recency or recurrence of the manifestation many states eg televisionimages or thunder recur without there having to be an underlying entity whichpersists between recurrences and which the recurrent state repea

tedly manifestsThus in the present example asserting the persistence of a physical object goesbeyond say having the memory that a particular sensation was felt a moment agoTo repeat the condition the condition that persists in this examplethe condition that tends to be present after and between manifestationsis the presence ofa palpable object at a particular position From the mechanisms point of viewthis concept is not composed from already distinguished concepts of

 object andposition as noted in section 112 rather the synthetic item designating this condition is a rudimentary precursor of the concept of physical object and of the concept of position As section 645 illustrates the development and intercoordination of many such fragments implements progressively better approximations tothe concept of physical object
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item's host schema. The host schema's reifier designates whatever condition

makes the schema valid—in this case, roughly the condition that a palpable object

is present at body-relative position (1,2).

In effect, the host schema associates its reifier with &probing action—the host

schema's action—and a manifestation—the host schema's result. A synthetic

item thus works backward from a thing's manifestation to define the very thing

manifested. In the present example, an object at a given position is manifested by

a tactile sensation when probed by putting the hand there. The reifying synthetic

item represents the state ofthe world right now such that the probing action, if tak-

en now, would yield the manifestation.

The concept of a palpable object being there says more than that the probe in

fact yielded the manifestation—the concept further entails that, even when the

probing action is not now carried out, it would yield the manifestation if it were

now carried out (a so-called counter/actual assertion [39, 29], based on a hypo-

thetical premise—that the probe is now carried out—which is contrary to fact).

The synthetic item of this example, when it is On, asserts that, whether the hand is

in fact moved there or not, the world right now is in such a state that moving the

hand to the designated position now would result in a touch sensation; the item

thus reifies that disposition of the world, regarding that disposition as a thing in

itself—and that thing-in-itself turns out to be a palpable object's presence at the

designated position.

What persists between probing actions and between manifestations is the fact

that the probe would now yield the manifestation. This persistence is not merely

the recency or recurrence of the manifestation; many states (e.g., television

images or thunder) recur without there having to be an underlying entity which

persists between recurrences and which the recurrent state repeatedly manifests.

Thus, in the present example, asserting the persistence of a physical object goes

beyond, say, having the memory that a particular sensation was felt a moment ago.

To repeat, the condition the condition that persists in this example—the condi-

tion that tends to be present after and between manifestations—is the presence of

a palpable object at a particular position. From the mechanism's point of view,

this concept is not composed from already distinguished concepts of object and

position (as noted in section 1.1.2); rather, the synthetic item designating this con-

dition is a rudimentary precursor of the concept ofphysical object (and ofthe con-

cept ofposition). As section 6.4.5 illustrates, the development and intercoordina-

tion of many such fragments implements progressively better approximations to

the concept of physical object.



84 Chapter 4 Construction and revisionLooking for persistence is built into the schema mechanisms synthetic itemfacility thus the significance of persistence it is innate to the mechanism ratherthan being acquired When the mechanism constructs a synthetic item what isnovel and leamed is not persistence per se but rather the very thing whose persistence is noticednot the manifestation which may recur but does not persist between or after recurrences but rather the sta

te of the world such that the probingaction would yield the manifestation422 Maintaining verication conditionsThe state of a primitive item is set directly by some input module In contrast thestate of a synthetic item must be maintained according to leamed criteria for distinguishing whether the represented state currently obtains or notthat is according to leamed verification conditionsThe schema mechanism recognizes four kinds of verification conditions0 Host schem

a trial Each time the host schema completes its activation ittums its reier On or Off according to whether the schema succeeded orfailed9 Local consistency When any of the conditions listed here tums a syntheticitem On or Off the item stays in that state for a period of time equal to theempirically determined expected duration of the host schema s local consistency actually two separate durations are used one for staying On the other for staying Off If that period of

 time elapses without any further suchcondition the item times out reverting to the Unknown state An item alsoassumes the Unknown state if there is contradictory evidence as to itsstateexcept that hosttrial evidence simply overrides any conicting evidence since hostschema validity is the very definition of a synthetic itemsreferent Thus localconsistency evidence is the memory of the most recent evidence for the state of an itemprovided that there is some recenteviden

ce 0 Augmented context conditions A host schemas extended context may discover conditions that make that schema more reliable leading to the construction of spinoff schemas this is just the usual process of marginal attribution For example as illustrated in figure 49 the palpableobjectschema shown above may be copied with the addition of a context elementthat designates a visible object at the same position
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Looking for persistence is built into the schema mechanism's synthetic item

facility; thus, the significance of persistence it is innate to the mechanism, rather

than being acquired. When the mechanism constructs a synthetic item, what is

novel and learned is not persistence per se, but rather the very thing whose persist-

ence is noticed—not the manifestation (which may recur, but does not persist be-

tween or after recurrences), but rather the state of the world such that the probing

action would yield the manifestation.

4.2.2 Maintaining verification conditions

The state of a primitive item is set directly by some input module. In contrast, the

state of a synthetic item must be maintained according to learned criteria for dis-

tinguishing whether the represented state currently obtains or not—that is, ac-

cording to learned verification conditions.

The schema mechanism recognizes four kinds of verification conditions:

• Host schema trial Each time the host schema completes its activation, it

turns its reifier On or Off according to whether the schema succeeded or

failed.

• Local consistency. When any of the conditions listed here turns a synthetic

item On or Off, the item stays in that state for a period of time equal to the

empirically determined expected duration ofthe host schema's local consis-

tency (actually, two separate durations are used: one for staying On, the oth-

er for staying Off). If that period of time elapses without any further such

condition, the item times out, reverting to the Unknown state. (An item also

assumes the Unknown state if there is contradictory evidence as to its

state—except that host-trial evidence simply overrides any conflicting evi-

dence, since host-schema validity is the very definition of a synthetic item's

referent.) Thus, local-consistency evidence is the memory of the most re-

cent evidence for the state of an item—provided that there is some recent

evidence.

• Augmented context conditions. A host schema's extended context may dis-

cover conditions that make that schema more reliable, leading to the con-

struction of spinoff schemas (this is just the usual process of marginal attri-

bution). For example, as illustrated in figure 4.9, the palpable-object

schema shown above may be copied, with the addition of a context element

that designates a visible object at the same position.



42 Synthetic items 8 5A reliable schema reports its applicability to its parent schema the schemafrom which it spun off in this example when the visualevidence schema isapplicable it reports that fact to the palpableobject schema The applicablity of this reliable schema implies that its action if taken now would yield itsresult but that action and result are both shared by the parent schema Thatschemathe palpableobject schemathereby knows without actuallyhaving to tr

y that its activation would succeed at the moment Accordinglythe palpableobject synthetic item is tumed On If however some overridecondition currently obtains for the evidence schema section 415 its report to its parent schema is suppressed If an override condition obtains forthe host schema itself the host schemas reier tums Off0 Predictions A synthetic item like a primitive item may come to be included in the results and contexts of many schemas If a synthetic item

 appears in the result of a reliable schema and that schema is activated then inthe absence of any evidence to the contrary the mechanism presumes thatthat schema succeeded thus the item is tumed On if positively included inthe result or Off if negatively included Palpable0bjectAt1 1\ \ \ Visible0bjectAt] 1handt0uc1 harzdt0uch  left Q lefthand handatI 2 atI 2Figure 49 Context verication conditions Context spinoffs specifyevidence that helps maintain a synthetic items

 stateA synthetic items verication conditions bootstrap from one another the better an approximation they provide to the concept defined by the item the betterable the mechanism is to discover further correlates of that state accordingly revising the verification conditions The crucial step in this process is the initialone defining the synthetic item in the first place As noted in section 112  verification conditions operationalize a synthetic itemthey make the item

 usableby asserting when the state represented by the item does or does not obtainBut this assertion may be imperfect and the statemaintaining function of verification conditions is always subject to revision upon the discovery of a discrepancy between what the function says and the actual success or failure of the hostschema The latter is what actually defines the synthetic item the statemaintain
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A reliable schema reports its applicability to its parent schema (the schema

from which it spun off); in this example, when the visual-evidence schema is

applicable, it reports that fact to the palpable-object schema. The applicabli-

ty of this reliable schema implies that its action, if taken now, would yield its

result; but that action and result are both shared by the parent schema. That

schema—the palpable-object schema—thereby knows, without actually

having to try, that its activation would succeed at the moment. Accordingly,

the palpable-object synthetic item is turned On. If, however, some override

condition currently obtains for the evidence schema (section 4.1.5), its re-

port to its parent schema is suppressed. If an override condition obtains for

the host schema itself, the host schema's reifier turns Off.

• Predictions. A synthetic item, like a primitive item, may come to be in-

cluded in the results and contexts of many schemas. If a synthetic item ap-

pears in the result of a reliable schema, and that schema is activated, then in

the absence of any evidence to the contrary, the mechanism presumes that

that schema succeeded; thus the item is turned On (if positively included in

the result, or Off if negatively included).

• PalpableObjectAtl ,1

VisibleObjectAtl ,1

hand-touch- j^K V S~\ /^*\ hand-touch-
left

hand- ^S v^-^ hand-
at-1,2 at-1,2

Figure 4.9 Context verification conditions. Context spinoffs specify

evidence that helps maintain a synthetic item's state.

A synthetic item's verification conditions bootstrap from one another; the bet-

ter an approximation they provide to the concept defined by the item, the better

able the mechanism is to discover further correlates of that state, accordingly re-

vising the verification conditions. The crucial step in this process is the initial

one: defining the synthetic item in the first place. As noted in section 1.1.2, verifi-

cation conditions operationalize a synthetic item—they make the item us-

able—by asserting when the state represented by the item does or does not obtain.

But this assertion may be imperfect, and the state-maintaining function of verifi-

cation conditions is always subject to revision upon the discovery of a discrepan-

cy between what the function says, and the actual success or failure of the host

schema. The latter is what actually defines the synthetic item; the state-maintain-



86 Chapter 4 Construction and revisioning function does not for if a definition can change but still correspond to thesame concept then it was not really definitive of that concept In fact it is typically impossible to fully define a synthetic items meaning as a function of the mechanisms prior concepts as the next section argues423 Irreducibility to any function of prior conceptsVerification conditions can be expressed in terms of nonprimitive items and actions as w

ell as primitive ones Nonetheless the state of every synthetic itemmaintained on the basis of a function of the items verification conditions computes some boolean function of the past and present states of the schema mechanisms primitive items functions of nonprimitive elements are ultimately expressible as functions of primitive ones since the nonprimitive elements arethemselves so expressible Indeed the state of any component of any deterministic machine must be s

ome function of the cumulative ie past and present inputsto the machine moreover if the inputs are binary the components state must begiven by a boolean function of those inputsParadoxically however any given function of the systems cumulative inputsis inadequate to define many of the concepts that an intelligent mechanism thatstarts with only sensorimotor primitives needs to develop as argued for exampleby Fodor [25] Fodor pessimistically concludes that leaming conc

epts is impossible since he sees no altemative to defining a concept as some function of cumulative inputs Even the most rudimentary conceptions of the physical object cannot be defined by the schema mechanism as any function of the sensoryprimitives Consider say the concept that an object is present at bodyrelativeposition X Two considerations make it impossible define this concept as anyfunction of the cumulative inputs to the mechanism0 No manifestation Often an o

b jects presence at X has never had any sensory manifestation directly or indirectly on such occasions the mechanismsimply does not have the information needed to determine that the object ispresent Moreover even such manifestations as are available are often justprobabilistic indicators of the objects presence any function that relies onsuch indicators will sometimes be wrong9 Unrecognized manifestation Even when manifestations are available themechanism cannot nece

ssarily recognize them as such The very questionof what counts as a manifestation depends on physical regularities and statesabout which the mechanism may have incomplete information
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ing function does not, for if a "definition" can change, but still correspond to the

same concept, then it was not really definitive ofthat concept. In fact, it is typical-

ly impossible to fully define a synthetic item's meaning as a function of the mech-

anism's prior concepts, as the next section argues.

4.2.3 Irreducibility to any function of prior concepts

Verification conditions can be expressed in terms of nonprimitive items and ac-

tions, as well as primitive ones. Nonetheless, the state of every synthetic item,

maintained on the basis of a function of the item's verification conditions, com-

putes some boolean function of the past and present states of the schema mecha-

nism's primitive items; functions of nonprimitive elements are ultimately ex-

pressible as functions of primitive ones, since the nonprimitive elements are

themselves so expressible. Indeed, the state of any component of any determinis-

tic machine must be some function ofthe cumulative (i.e., past and present) inputs

to the machine; moreover, if the inputs are binary, the component's state must be

given by a boolean function of those inputs.

Paradoxically, however, any given function of the system's cumulative inputs

is inadequate to define many of the concepts that an intelligent mechanism that

starts with only sensorimotor primitives needs to develop (as argued, for example,

by Fodor [25]); Fodor pessimistically concludes that learning concepts is impos-

sible, since he sees no alternative to defining a concept as some function ofcumu-

lative inputs). Even the most rudimentary conceptions of the physical object can-

not be defined by the schema mechanism as any function of the sensory

primitives. Consider, say, the concept that an object is present at body-relative

position X. Two considerations make it impossible define this concept as any

function of the cumulative inputs to the mechanism:

• No manifestation. Often, an object's presence at X has never had any senso-

ry manifestation, directly or indirectly; on such occasions, the mechanism

simply does not have the information needed to determine that the object is

present. Moreover, even such manifestations as are available are often just

probabilistic indicators of the object's presence; any function that relies on

such indicators will sometimes be wrong

• Unrecognized manifestation. Even when manifestations are available, the

mechanism cannot necessarily recognize them as such. The very question

of what counts as a manifestation depends on physical regularities and states

about which the mechanism may have incomplete information.



42 Synthetic items 37The nomanifestation problem has the consequence that no possible tunctvorof the cumulative inputs is coextensive with there being an object at X Hencethere is no such function that defines what it means for an object to be there afunction that did define that could could never be incomplete or wrongit wouldalways by definition be correct The unrecognizedmanifestation problem implies that even if there were some function of cumulative inputs that 

says precisely which manifestations are relevant the mechanism may be in no position to findthat exact function the mechanism may forge an approximation but that approximation is subject to change and thus once again does not define the conceptFurthermore if we consider the need to represent more abstract concepts anadditional difficulty becomes apparent0 Logical ine_rpressibilir_\ Some concepts are uncomputableeg the concept that the Turing machine in front of me wi

ll halt This concepts uncomputability assures that the concept cannot be expressed as any function of mycumulative sensory inputsThis problem is related to Fodors argument that it is impossible to increaselogical expressiveness via learning section 28  If a new concept could be defined only as a function of the state of prior representational elements such learning would indeed be impossible Altemative means of definition hovt ever evadethat objection 15The schema me

chanism starting with only sensorimotor primitives definesconcepts that cannot be computed as any function of the cumulative state of thoseprimitives This apparent paradox is resolved by the observation that the mechanism does not in fact compute the meaning of these concepts It does compute foreach item a function of verification conditions and this function maintains theitems state but as noted that function does not actually dene the conceptitonly presents a chang

ing approximation to the conceptWhat then justifies construing a synthetic item as designating a concept otherthan what its state in fact computes It is not merely that I as the designer intendsynthetic items to designate the validity conditions of their respective host schemas Rather it is that the mechanism itself treats each item as having that mean15 For example consider a schema whose context designates a Turing machine whose actionis running the machine forever

 or until it halts or repeats and whose result is seeing it halt sometime The synthetic item reifying the validity conditions for this schema defines the concept of theTuring machine halting predicate Of course the function computed by this items vericationconditions is computable  since it is in fact computed but since that function does not define theconcept there is no contradiction of the concepts uncomputability
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The no-manifestation problem has the consequence that no possible function

of the cumulative inputs is coextensive with there being an object at X. Hence,

there is no such function that defines what it means for an object to be there; a

function that did define that could could never be incomplete or wrong—it would

always, by definition, be correct. The unrecognized-manifestation problem im-

plies that, even if there were some function of cumulative inputs that says precise-

ly which manifestations are relevant, the mechanism may be in no position to find

that exact function; the mechanism may forge an approximation, but that approxi-

mation is subject to change, and thus, once again, does not define the concept.

Furthermore, if we consider the need to represent more abstract concepts, an

additional difficulty becomes apparent:

• Logical inexpressibility. Some concepts are uncomputable—e.g., the con-

cept that the Turing machine in front ofme will halt. This concept's uncom-

putability assures that the concept cannot be expressed as any function ofmy
cumulative sensory inputs.

This problem is related to Fodor's argument that it is impossible to increase

logical expressiveness via learning (section 2.8). If a new concept could be de-

fined only as a function of the state of prior representational elements, such learn-

ing would indeed be impossible. Alternative means of definition, however, evade

that objection. 15

The schema mechanism, starting with only sensorimotor primitives, defines

concepts that cannot be computed as any function of the cumulative state of those

primitives. This apparent paradox is resolved by the observation that the mecha-

nism does not in fact compute the meaning of these concepts. It does compute, for

each item, a function of verification conditions, and this function maintains the

item's state; but, as noted, that function does not actually define the concept—it

only presents a changing approximation to the concept.

What, then, justifies construing a synthetic item as designating a concept other

than what its state in fact computes? It is not merely that I, as the designer, intend

synthetic items to designate the validity conditions of their respective host sche-

mas. Rather, it is that the mechanism itself treats each item as having that mean-

15. For example, consider a schema whose context designates a Turing machine, whose action

is running the machine forever or until it halts or repeats, and whose result is seeing it halt some-
time. The synthetic item reifying the validity conditions for this schema defines the concept of the

Turing machine halting predicate. Of course, the function computed by this item's verification

conditions is computable (since it is, in fact computed); but since that function does not define the

concept, there is no contradiction of the concepts uncomputability.



88 Chapter 4 Construction and revisioning by systematically adjusting the items statemaintaining function to betterconform to that meaning to better predict when the items host schema is valid424 Intension extension and verication conditionsThe analysis of a synthetic items meaning is aided by the traditional distinctionbetween two aspects of a concepts meaning a concepts intension and extensionA concepts extension is the set of possible circumstances under which the

 concept holds This definition presumes that the concept is propositional as is thecase with concepts represented by primitive and synthetic items in the schemamechanism The intension of a concept is a particular designation or representation of that concept in the schema mechanism the intension of the concept represented by a given synthetic item is the items host schemaThe statemaintaining function of an items verication conditions changesand as noted above it chan

ges systematically in the direction of the extensiongiven by the items intension16 Thus an items statemaintaining function tendsto converge to the items extension But the statemaintaining function needs notever fully match the extension they meet only at an imaginary limitThe relation among an item s intension extension and verification conditionshelps solve the puzzle of how a concepts extension can have psychological reality It is well known that two concepts can h

ave the same extension but differentintensions eg [26] For example section 645 discusses the formation of asynthetic item that designates a palpableobjectatpositionX and another designating a visibleobjectatpositionX In a world without invisible or intangibleobjects the two concepts are coextensive there is a palpable object at X if andonly if a visible object is there 17 But they have different intensions one is defined with respect to a host schema for reaching and

 touching something the otherfor looking and seeing At first the schema mechanism does not represent the twoconcepts mutual equivalence indeed it sometimes recognizes the applicabilityof one but not the other In what sense then is their coextension psychologicallyreal at that time That is in what sense is their coextension at that time a propertyof the schema mechanism rather than just of the world extemal to the mechanism16 More accurately as Putnams twinearth parab

le demonstrates [55] extension is given bothby intension and by the physical circumstances of the agent entertaining the concept But this subtlety is beside the present point17 This example recasts philosophers traditional momingstar example The first star to risein the evening may happen to be the same astronomical object as the last to set in the moming yetone might separately define the last moming star and the first evening star and fail to realize theirsynonymit

y
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ing, by systematically adjusting the item's state-maintaining function to better

conform to that meaning, to better predict when the item's host schema is valid.

4.2.4 Intension, extension, and verification conditions

The analysis of a synthetic item's meaning is aided by the traditional distinction

between two aspects of a concept's meaning: a concept's intension and extension.

A concept's extension is the set of possible circumstances under which the con-

cept holds. (This definition presumes that the concept is propositional, as is the

case with concepts represented by primitive and synthetic items in the schema

mechanism.) The intension of a concept is a particular designation or representa-

tion of that concept; in the schema mechanism, the intension of the concept repre-

sented by a given synthetic item is the item's host schema.

The state-maintaining function of an item's verification conditions changes;

and, as noted above, it changes systematically in the direction of the extension

given by the item's intension. 16 Thus, an item's state-maintaining function tends

to converge to the item's extension. But the state-maintaining function needs not

ever fully match the extension; they meet only at an imaginary limit.

The relation among an item's intension, extension, and verification conditions

helps solve the puzzle of how a concept's extension can have psychological real-

ity. It is well known that two concepts can have the same extension but different

intensions (e.g., [26]). For example, section 6.4.5 discusses the formation of a

synthetic item that designates a palpable-object-at-position-X, and another desig-

nating a visible-object-at-position-X. In a world without invisible or intangible

objects, the two concepts are coextensive: there is a palpable object at X if, and

only if, a visible object is there. 17 But they have different intensions: one is de-

fined with respect to a host schema for reaching and touching something, the other

for looking and seeing. At first, the schema mechanism does not represent the two

concepts' mutual equivalence; indeed, it sometimes recognizes the applicability

of one, but not the other. In what sense, then, is their coextension psychologically

real at that time? That is, in what sense is their coextension, at that time, a property

ofthe schema mechanism rather thanjust ofthe world external to the mechanism?

16. More accurately, as Putnam's twin-earth parable demonstrates [55], extension is given both

by intension, and by the physical circumstances of the agent entertaining the concept. But this sub-

tlety is beside the present point.

17. This example recasts philosophers' traditional morning-star example. The first star to rise

in the evening may happen to be the same astronomical object as the last to set in the morning; yet

one might separately define the last morning star and the first evening star, and fail to realize their

synonymity.
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disposition to break easilyit depends as well on extemal conditions425 The symbol grounding problemThe schema mechanism is one of many AI systems that build and use symbolicrepresentations When such systems organize their primitive structures into compound ones it is relatively straightforward to express the meaning of the compound structures as a function of the meaning of the primitives and of the compositional syntax Often however there is no obvious basisapart fr

om theintentions of the systems programmerfor ascribing meaning to the primitivesthemselves This is known as the symbol grounding problem e g Hamad [32]by virtue of what does a primitive ie unstructured symbol represent some conceptFor an embodied system whose primitives are wired to perceptions and actions an obvious approach is to regard the primitives as representing those perceptions and actions But then the problem becomes how does the system acquirenew concepts

 other than boolean combinations of the primitives As just arguedin section 423 building new logical combinations of sensorimotor primitives isan inadequate basis for dening the sort of new concepts an intelligent entity musthaveA common proposal is to allow a symbols meaning to be adaptive in somesense or other Hamad [32] and Edelman [2456] see section 994 exemplifythis proposal Hamads adaptation is connectionist Edelmans quasiDarwinianIn both cases a nonsymbolic eg

 connectionist computational assembly receives inputs from the system s inputs and from other such assemblies the assembly computes some function of its inputs and that function can change over timeadapting to new contingencies The assemblys output is a symbol a primitiveinput to the symbolic part of the system the symbol is grounded in part in the assemblys process of adaptationThe adaptation of such an assembly is reminiscent of the updating of verification conditi

ons for a synthetic item But synthetic items I believe add a crucialfurther step Whatever sort of adaptation an assembly performs must somehow be
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Again, the answer concerns the state-maintaining functions of the two con-

cepts, which soon become the same as one another. Even before the two functions

come to coincide, it can be said that the mechanism is disposed to make them coin-

cide, given suitable exposure of the mechanism to the world; and this disposition-

al property is reasonably regarded as a property of the mechanism, even

though—like other dispositional properties, such as physical brittleness (a dispo-

sition to break easily)—it depends as well on external conditions.

4.2.5 The symbol grounding problem

The schema mechanism is one of many AI systems that build and use symbolic

representations. When such systems organize their primitive structures into com-

pound ones, it is relatively straightforward to express the meaning of the com-

pound structures as a function of the meaning of the primitives, and of the compo-

sitional syntax. Often, however, there is no obvious basis—apart from the

intentions of the system's programmer—for ascribing meaning to the primitives

themselves. This is known as the symbol groundingproblem (e.g., Harnad [32]):

by virtue of what does a primitive (i.e., unstructured) symbol represent some con-

cept?

For an embodied system whose primitives are wired to perceptions and ac-

tions, an obvious approach is to regard the primitives as representing those per-

ceptions and actions. But then the problem becomes: how does the system acquire

new concepts, other than boolean combinations of the primitives? As just argued

in section 4.2.3, building new logical combinations of sensorimotor primitives is

an inadequate basis for defining the sort ofnew concepts an intelligent entity must

have.

A common proposal is to allow a symbol's meaning to be adaptive, in some

sense or other; Harnad [32] and Edelman [24,56] (see section 9.9.4) exemplify

this proposal. Hamad's adaptation is connectionist, Edelman's quasi-Darwinian.

In both cases, a non-symbolic (e.g., connectionist) computational assembly re-

ceives inputs from the system 's inputs and from other such assemblies; the assem-

bly computes some function of its inputs, and that function can change over time,

adapting to new contingencies. The assembly's output is a symbol, a primitive

input to the symbolic part of the system; the symbol is grounded in part in the as-

sembly's process of adaptation.

The adaptation of such an assembly is reminiscent of the updating of verifica-

tion conditions for a synthetic item. But synthetic items, I believe, add a crucial

further step. Whatever sort ofadaptation an assembly performs must somehow be



90 Chapter 4 Construction and revisiontrained by an indicator of positive and negative instances of the concept beingleamed the assembly adapts by changing itself to better conform to the indicatorHamads and Edelmans indicators however correspond only to sensorimotorinputs Hamads indicators include ironic representations which are analog andor picturelike encodings of sensory data Thus their assemblies can only betrained to categorize such inputs ie to build logical 

combinations of the inputsand hence still fall prey to a Fodorlike antileaming argument The schemamechanism in contrast grounds its synthetic items in the reification of counterfactual assertions the subsequent adaptation of its verification conditions is driven by that grounding43 Composite actionsAs noted in section 33 a composite action is essentially a subroutine defined bya goal state and implemented by component schemas coordinated by a controllerThis section d

escribes how the mechanism builds maintains and uses compositeactions431 Constructing and maintaining composite actionsWhenever a bare schema spawns a spinoff schema the mechanism determineswhether the new schemas result is novel as opposed to its already appearing asthe result component of some other schema If the result is novel the schemamechanism defines a new composite action with that result as its goal state it isthe action of achieving that result The schema 

mechanism also constructs a bareschema which has that action that schemas extended result then can discover effects of achieving the actions goal stateA composite action is enabled when one of its components is applicable If aschema is applicable but its action is not enabled its selection for activation is inhibited having a nonenabled action is in this respect similar to having an override condition obtain Usually a newly formed composite action is seldom enabled b

ecause few if any extant reliable schemas chain to it But such an actionmay occur implicitly see the next section even before the mechanism can reliably bring it about implicit activation suffices for the mechanism to learn aboutthe effects of the actionWhen a new composite action forms the mechanism also allocates and initializes the new actions controller which as discussed in section 33 connects to allschemas with a slot for each schema that records the schcmas pr

oximity to theactions goal state To initialize the controller the mechanism broadcasts a mes
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trained by an indicator of positive and negative instances of the concept being

learned; the assembly adapts by changing itself to better conform to the indicator.

Hamad's and Edelman's indicators, however, correspond only to sensorimotor

inputs (Hamad's indicators include iconic representations, which are analog and/

or picture-like encodings of sensory data). Thus, their assemblies can only be

trained to categorize such inputs, i.e., to build logical combinations of the inputs,

and hence still fall prey to a Fodor-like anti-leaming argument. The schema

mechanism, in contrast, grounds its synthetic items in the reification of counter-

factual assertions; the subsequent adaptation of its verification conditions is driv-

en by that grounding.

4.3 Composite actions

As noted in section 3.3, a composite action is essentially a subroutine, defined by

a goal state and implemented by component schemas coordinated by a controller.

This section describes how the mechanism builds, maintains, and uses composite

actions.

4.3.1 Constructing and maintaining composite actions

Whenever a bare schema spawns a spinoff schema, the mechanism determines

whether the new schema's result is novel, as opposed to its already appearing as

the result component of some other schema. If the result is novel, the schema

mechanism defines a new composite action with that result as its goal state; it is

the action of achieving that result. The schema mechanism also constructs a bare

schema which has that action; that schema's extended result then can discover ef-

fects of achieving the action's goal state.

A composite action is enabled when one of its components is applicable. If a

schema is applicable but its action is not enabled, its selection for activation is in-

hibited; having a non-enabled action is, in this respect, similar to having an over-

ride condition obtain. Usually, a newly formed composite action is seldom en-

abled, because few (if any) extant reliable schemas chain to it. But such an action

may occur implicitly (see the next section) even before the mechanism can reli-

ably bring it about; implicit activation suffices for the mechanism to learn about

the effects of the action.

When a new composite action forms, the mechanism also allocates and initial-

izes the new action's controller, which, as discussed in section 3.3, connects to all

schemas, with a slot for each schema that records the schema's proximity to the

action's goal state. To initialize the controller, the mechanism broadcasts a mes-



43 Composite actions 9]Sage backwards in parallel through chains of schemas that lead to the goal statesection 512 Occasionally thereafter when the composite action is taken themechanism performs another such broadcast to update the controller informationUsually though the action executes on the basis of the already recorded controller data Section 433 discusses some advantages of having a controllerRecording proximity information in an actions controller is similar 

to him2ing in SOAR [37] both involve searching through a statespace recording thepoints of departure so that the path from those points to the goal is subsequentlyknown without having to recapitulate the search But the nature of the search thatis thus abbreviated is different here see sections 93 and 94 for elaboration432 Implicit activation and the representation of external actionsAs noted in section 412 the marginal attribution facility considers a schema tohave b

een implicitly activated if the schemas action is initiated when the schemais applicable even if that schema was not selected for activation and thus was notresponsible for the action s initiation Composite actions carry implicit activationone step further A composite action is considered to have been implicitly takenwhenever its goal state becomes satisfiedthat is makes a transition from Offto Oneven if that composite action was never initiated by an activated schem

ain fact even if the goal states achievement is due to extemal events entirelyuninuenced by the mechanism Consequently a schema whose action is composite is implicitly activated each time its actions goal state becomes satisfiedwhen the schema is applicable Marginal attribution can thereby detect resultscaused by the goal state even if the goal state obtains due to extemal eventsDesignating external events as actions combines with activation hysteresissection 342 to 

promote imitation by the schema mechanism of external eventsthat correspond to extant schemas Hysteresis promotes the activation of a schema that has been activated recently Hysteresis applies even to implicitly activated schemas so if a schema is implicitly activated because an external eventachieved its actions goal state the schemas chances for selection for explicit activation are thereby boosted its explicit activation would then repeat the achievement of that g

oal state433 Advantages of the compositeaction controllerUsing controller data has several advantages over performing a broadcast Themost straightforward advantage is that it is faster a broadcast takes time proportionate to the maximum chain length searched for whereas finding the closest
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sage backwards in parallel through chains of schemas that lead to the goal state

(section 5. 1.2). Occasionally thereafter, when the composite action is taken, the

mechanism performs another such broadcast to update the controller information.

Usually, though, the action executes on the basis of the already recorded control-

ler data. Section 4.3.3 discusses some advantages of having a controller.

Recording proximity information in an action's controller is similar to chunk-

ing in SOAR [37]; both involve searching through a state-space, recording the

points of departure, so that the path from those points to the goal is subsequently

known without having to recapitulate the search. But the nature of the search that

is thus abbreviated is different here; see sections 9.3 and 9.4 for elaboration.

4.3.2 Implicit activation and the representation of external actions

As noted in section 4. 1 .2, the marginal attribution facility considers a schema to

have been implicitly activated if the schema's action is initiated when the schema

is applicable, even if that schema was not selected for activation, and thus was not

responsible for the action 's initiation. Composite actions carry implicit activation

one step further. A composite action is considered to have been implicitly taken

whenever its goal state becomes satisfied—that is, makes a transition from Off

to On—even if that composite action was never initiated by an activated sche-

ma—in fact, even if the goal state's achievement is due to external events entirely

uninfluenced by the mechanism. Consequently, a schema whose action is com-

posite is implicitly activated each time its action's goal state becomes satisfied

when the schema is applicable. Marginal attribution can thereby detect results

caused by the goal state, even if the goal state obtains due to external events.

Designating external events as actions combines with activation hysteresis

(section 3.4.2) to promote imitation by the schema mechanism of external events

that correspond to extant schemas. Hysteresis promotes the activation of a sche-

ma that has been activated recently. Hysteresis applies even to implicitly acti-

vated schemas, so if a schema is implicitly activated because an external event

achieved its action's goal state, the schema's chances for selection for explicit ac-

tivation are thereby boosted; its explicit activation would then repeat the achieve-

ment of that goal state.

4.3.3 Advantages of the composite-action controller

Using controller data has several advantages over performing a broadcast. The

most straightforward advantage is that it is faster: a broadcast takes time propor-

tionate to the maximum chain length searched for, whereas finding the closest



92 Chapter 4 Construction and revisionapplicable schema based via the controller only takes time logarithmic in thenumber of schemasAction controllers also facilitates the concurrent activity of several compositeactions The current implementation only activates one toplevel schema at atime but many nested composite actions may run simultaneously furthermorethe mechanism could be extended to permit several toplevel activations Asnoted in section 512 concurrent broadca

sts would interfere with one anotherUsing prerecorded controller data circumvents such interferenceUsing controller data also extends the length of chains that can be found by abroadcast by means of an embellishment to the broadcast process When a broadcast updates the information in a previously initialized composite action the existing data serves as a point of departure That is rather than beginning the broadcast only from schemas whose results include the goal st

ate the broadcast alsostarts with schemas of alreadyknown proximity to the goal Schemas that hadbeen at the fringe of prior broadcasts can now discover predecessor links in chainsto the goalA second embellishment creates still other advantages A composite actioncontroller does not only record proximity information from broadcasts It also averages in data from actual executions of the action That is each time a compositeaction is explicitly initiated the controller ke

eps track of which component schemas are actually activated and when The present implementation only keepstrack of the initial such component for each time an action is initiated this lets thedata be kept globally instead of commanding space in each controller slot If theaction successfully culminates in its goal state the actual cost and duration of execution from each entry point are compared with the proximity information storedin the slot of each component actual

ly activated in case of discrepancy the storedinformation is adjusted in the direction of the actual data If the action fails toreach its goal state the proximity measures for the utilized components are degradedMost straightforwardly this empirical revision of controller data serves to correct false predictions based on proximity broadcasts More subtly the revisionmight foster the discovery of certain kinds of reliable paths that a proximitybroadcast cannot identify

 as such although such discovery is thus far undemonstrated by the implementation In particular it might be expected to foster thediscovery of diverging and reconverging paths of paths that require the repetitionof a particular component and of paths that involve onthey repair of brokenlinks in a chain
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applicable schema based via the controller only takes time logarithmic in the

number of schemas.

Action controllers also facilitates the concurrent activity of several composite

actions. (The current implementation only activates one top-level schema at a

time, but many nested composite actions may run simultaneously; furthermore,

the mechanism could be extended to permit several toplevel activations.) As

noted in section 5.1.2, concurrent broadcasts would interfere with one another.

Using prerecorded controller data circumvents such interference.

Using controller data also extends the length of chains that can be found by a

broadcast, by means ofan embellishment to the broadcast process. When a broad-

cast updates the information in a previously initialized composite action, the ex-

isting data serves as a point ofdeparture. That is, rather than beginning the broad-

cast only from schemas whose results include the goal state, the broadcast also

starts with schemas of already-known proximity to the goal. Schemas that had

been at the fringe ofprior broadcasts can now discover predecessor links in chains

to the goal.

A second embellishment creates still other advantages. A composite action

controller does not only record proximity information from broadcasts. It also av-

erages in data from actual executions of the action. That is, each time a composite

action is explicitly initiated, the controller keeps track of which component sche-

mas are actually activated and when. (The present implementation only keeps

track of the initial such component for each time an action is initiated; this lets the

data be kept globally, instead ofcommanding space in each controller slot.) If the

action successfully culminates in its goal state, the actual cost and duration of ex-

ecution from each entry point are compared with the proximity information stored

in the slot of each component actually activated; in case of discrepancy, the stored

information is adjusted in the direction of the actual data. If the action fails to

reach its goal state, the proximity measures for the utilized components are de-

graded.

Most straightforwardly, this empirical revision of controller data serves to cor-

rect false predictions based on proximity broadcasts. More subtly, the revision

might foster the discovery of certain kinds of reliable paths that a proximity

broadcast cannot identify as such (although such discovery is thus far undemon-

strated by the implementation). In particular, it might be expected to foster the

discovery of diverging andreconverging paths, of paths that require the repetition

of a particular component, and of paths that involve on-the-fly repair of broken

links in a chain.



43 Composite actions 9 30 Divergence and reconvergence Consider a set of three chains of schemas toa common goal as shown in figure 4 10a The three paths diverge via threeschemas with the same context and action as one another but different results Suppose it is reliably the case that one of these three results followsbut no particular one follows reliably for example each may have a 13chance of occurring Since each of the three results lies on a path that reliably r

econverges to the goal a chain that passes through the area of divergence and reconvergence is reliablea bFigure 4 10 Controller tricks Compositeaction controllers makepossible the discovery of paths that diverge and reconverge or thatinvolve repetitionHowever the broadcast process misses this reliability The cumulativeproximity measure broadcast along each of the three chains is attenuated bythe low reliability of each of the three diverging schemas Thus the broadca

st proximity at and before those links in the chain underestimates the actual proximity of those linksAn underestimated component might nonetheless be selected by the controller if no component schema with greater proximity is applicable Eachtime such a selection culminates in reaching the goal state the proximitymeasure for that component increases until the estimate becomes accurate0 Repetition There may be a component schema that needs to be repeated several times

 until its result obtains successfully enabling further progressalong a chain figure 410b As in the previous example the schema that isunreliable at each repetition but which is by assumption reliable withinseveral repetitions attenuates the proximity measure that broadcasts backward through that link in the chain But also as in the previous example theempirical success of paths to the goal that pass through the underestimatedlink tends eventually to correct the unde

restimate
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• Divergence andreconvergence. Consider a set ofthree chains ofschemas to

a common goal, as shown in figure 4. 10a. The three paths diverge, via three

schemas with the same context and action as one another, but different re-

sults. Suppose it is reliably the case that one of these three results follows,

but no particular one follows reliably; for example, each may have a 1/3

chance of occurring. Since each of the three results lies on a path that reli-

ably reconverges to the goal, a chain that passes through the area of diver-

gence and reconvergence is reliable.

•

(b)

Figure 4.10 Controller tricks. Composite-action controllers make

possible the discovery of paths that diverge and reconverge, or that

involve repetition.

However, the broadcast process misses this reliability. The cumulative

proximity measure broadcast along each of the three chains is attenuated by

the low reliability of each of the three diverging schemas. Thus, the broad-

cast proximity at and before those links in the chain underestimates the ac-

tual proximity of those links.

An underestimated component might nonetheless be selected by the con-

troller, if no component schema with greater proximity is applicable. Each

time such a selection culminates in reaching the goal state, the proximity

measure for that component increases, until the estimate becomes accurate.

Repetition. There may be a component schema that needs to be repeated sev-

eral times until its result obtains successfully, enabling further progress

along a chain (figure 4. 10b). As in the previous example, the schema that is

unreliable at each repetition (but which is, by assumption, reliable within

several repetitions) attenuates the proximity measure that broadcasts back-

ward through that link in the chain. But also as in the previous example, the

empirical success of paths to the goal that pass through the underestimated

link tends eventually to correct the underestimate.



94 Chapter 4 Construction and revision0 Onthe y repair Suppose a particular component schema is unreliable andoften fails when there is no other applicable component available thus interrupting the composite action It may so happen that certain schemas thattend to be applicable and to get activated at that point have the sideeffect ofmaking applicable some component of the interrupted action It may evenbe the case that those schemas tend to create some new component 

schemaand create circumstances that make it applicable The break in the originalchain is thus repaired If such repair follows reliably the controller againcomes to recognize empirically that the unreliable component and its predecessor links reliably lead to the goal stateBy counting on this repair taking place the machinery effectively invokesthe systems overall intelligence as a subroutine to perform the repair Butthis invocation is not explicit it is just a conseq

uence of the empiricallyderived high proximity value for an unreliable component which nonetheless leads to situations in which repair is typically possible434 Deterring redundant attribution of cooccurrencesAn item may designate a state which is a special case of the state designated bysome other item for example SometnngSm00thT0mhingHand is a special caseof S omethingToucIzirzgHand Both items may come to be goal states of compositeactions Then a result of the speci

alcase action will be redundantly attributedto the generalcase action as well and vice versa since the two actions cooccurwhenever the more specific occursThe schema mechanism tries to deter such redundant attribution by keepingtrack of actions that are special cases of others Every schema with an empty context keeps track of the likelihood of its action occurring if its result obtains if thatlikelihood is near unity the schemas result is taken to be a special case o

f the actions goal state unless the action has already been construed via some otherschema as a special case of the resultWhen one schemas action is a special case of anothers the specialcase schemas extended result data do not update unless the generalcase action has justcompleted Recall that the extended result data compare samples taken both withand without the schemas action by ignoring withoutaction samples unless thegeneral action has occurred the comparison fi

nds the effect of the special actionif any above and beyond the effect of the general action If some result followsthe special action only as often as it follows the general action it will therefore notbe seen as relevant to the special action
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• On-the-fly repair. Suppose a particular component schema is unreliable, and

often fails when there is no other applicable component available, thus inter-

rupting the composite action. It may so happen that certain schemas that

tend to be applicable and to get activated at that point have the side-effect of

making applicable some component of the interrupted action. It may even

be the case that those schemas tend to create some new component schema,

and create circumstances that make it applicable. The break in the original

chain is thus repaired. If such repair follows reliably, the controller again

comes to recognize empirically that the unreliable component, and its pre-

decessor links, reliably lead to the goal state.

By counting on this repair taking place, the machinery effectively invokes

the system's overall intelligence as a subroutine to perform the repair. But

this invocation is not explicit; it is just a consequence of the empirically

derived high proximity value for an unreliable component which nonethe-

less leads to situations in which repair is typically possible.

4.3.4 Deterring redundant attribution of co-occurrences

An item may designate a state which is a special case of the state designated by

some other item; for example, SomethingSmoothTouchingHand'xs a special case

ofSomethingTouchingHand. Both items may come to be goal states of composite

actions. Then, a result of the special-case action will be redundantly attributed

to the general-case action as well, and vice versa, since the two actions co-occur

whenever the more specific occurs.

The schema mechanism tries to deter such redundant attribution by keeping

track of actions that are special cases of others. Every schema with an empty con-

text keeps track of the likelihood of its action occurring if its result obtains; if that

likelihood is near unity, the schema's result is taken to be a special case of the ac-

tion's goal state (unless the action has already been construed, via some other

schema, as a special case of the result).

When one schema's action is a special case of another's, the special-case sche-

ma's extended result data do not update unless the general-case action has just

completed. Recall that the extended result data compare samples taken both with,

and without, the schema's action; by ignoring without-action samples unless the

general action has occurred, the comparison finds the effect of the special action

(if any) above and beyond the effect of the general action. If some result follows

the special action only as often as it follows the general action, it will therefore not

be seen as relevant to the special action.



43 Composite actions 95There is a final minor feature to mitigate redundant proliferation by special dispensation a bare schema with a composite action may not spin off a schemawhose result includes an item in the composite action goal for example xy cannot spin off xyzz
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There is a final, minor feature to mitigate redundant proliferation: by special dis-

pensation, a bare schema with a composite action may not spin off a schema

whose result includes an item in the composite action goal; for example Ixyzl can-

not spin off Ixyzlz.



5 ArchitectureTo be a viable partial theory of theory of human intelligence or a viable modelfor artificial intelligence the schema mechanism must not be intractably inefficient A mechanisms efficiency depends in part on its presumed architecture theschema mechanisms dual citizenship in psychology and AI requires two suchsubstrates which this section presents a loosely envisioned neural architectureand the actual architecture of the existing computer implementation o

f the schemamechanism51 Neural architectureThe schema mechanism is intended to explain aspects of human leaming Themechanisms design must therefore respect the constraints of neurophysiologicalplausibility there ought to be a conceivable neural implementation of the schemamechanism one that does not violate what is known about the human brainThis section outlines a neurally plausible architecture for the schema mechanism The outline is coarseit is nothing more than a

 characterization of thesheer number of computational units involved the required connectivity amongthem and the time complexity of the required computations I argue that these areplausibly within humanbrainlike bounds In contrast with connectionist [43] orneuralnet models [4] the proposed architecture makes no attempt to indicatehow specific functions performed by the schema mechanism might be implemented by vaguely neuronlike computational elements such as linearth

resholdunits [47]The presumed architecture supports one million computational units that areexhaustively crossconnected that is a separate physical pathway exists betweeneach pair of units Some units corresponding to sensorimotor primitives alsoconnect to peripheral modules The connections transmit data both numeric andsymbolic the latter consisting only of a small number of discrete tokens perhapsa few dozen unlike say the letters of the alphabet these tokens do not

 combineproductively to form long composite structures such as words or sentences Theconnection points between units and the units themselves can each store somedata again consisting of numeric quantities and a small number of tokens see figure 51 The connections between units and the units themselves operate in parallelEach unit and each connection point performs some simple constanttimecomputations perhaps a few times per second the results of the computation canaf

fect the stored values and can be output along the connection lines The computation at each connection point is a function of the stored values there and of data
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To be a viable partial theory of theory of human intelligence, or a viable model

for artificial intelligence, the schema mechanism must not be intractably ineffi-

cient. A mechanism's efficiency depends in part on its presumed architecture; the

schema mechanism's dual citizenship, in psychology and AI, requires two such

substrates, which this section presents: a loosely envisioned neural architecture,

and the actual architecture ofthe existing computer implementation ofthe schema

mechanism.

5.1 Neural architecture

The schema mechanism is intended to explain aspects of human learning. The

mechanism's design must therefore respect the constraints of neurophysiological

plausibility; there ought to be a conceivable neural implementation of the schema

mechanism, one that does not violate what is known about the human brain.

This section outlines a neurally plausible architecture for the schema mecha-

nism. The outline is coarse—it is nothing more than a characterization of the

sheer number of computational units involved, the required connectivity among

them, and the time complexity ofthe required computations. I argue that these are

plausibly within human-brainlike bounds. In contrast with connectionist [43] or

neural-net models [4], the proposed architecture makes no attempt to indicate

how specific functions performed by the schema mechanism might be implem-

ented by vaguely neuron-like computational elements, such as linear-threshold

units [47].

The presumed architecture supports one million computational units that are

exhaustively cross-connected; that is, a separate physical pathway exists between

each pair of units. (Some units, corresponding to sensorimotor primitives, also

connect to peripheral modules.) The connections transmit data, both numeric and

symbolic, the latter consisting only of a small number of discrete tokens (perhaps

a few dozen); unlike, say, the letters of the alphabet, these tokens do not combine

productively to form long composite structures (such as words or sentences). The

connection points between units, and the units themselves, can each store some

data, again consisting ofnumeric quantities and a small number oftokens (see fig-

ure 5. 1 ). The connections between units, and the units themselves, operate in par-

allel.

Each unit and each connection point performs some simple, constant-time

computations perhaps a few times per second; the results of the computation can

affect the stored values, and can be output along the connection lines. The compu-

tation at each connection point is a function of the stored values there, and of data



98 Chapter 5 Architectureinput from the two units that connect there The computation at each unit is a symmetric function of the connectionline inputs to the unit and of the stored values atthe unit and at its connection points the function might be the conjunction or disjunction of a binary value from each input or to compute the sum average ormaximum of a numeric value from each input or from those inputs agged by aparticular token stored at or input to the corresp

onding connection point suchcomputations can be performed in time logarithmic to the number of inputs Aunit can output numbers and tokens along its connection lines as well as receivingsuch data There is also centrally coordinated global communication such asbroadcasting a message to every schema every action or every itemconnectionoints       a computational unitFsymmetric functionssum maximum logical or etcother computationalunitsFigure 51 Crossconnection Each comp

utational unit connects to allothersThe above assumptions are similar to those of standard connectionist architectures except for the presumption here of exhaustive crossconnectivity and forthe absence here of any attempt to reduce the computation performed by each unitto the behavior of linearthreshold elementsLet us presume for the sake of this analysis that on the order of a few millionschemas items and actions might suffice to implement adultlevel intelligenceAt 

least on the order of a million cognitive units of some sort must be needed forhuman intelligence that is the smallest round number that isnt clearly wrong Forcomparison the average vocabulary of an Englishspeaking adult is a few tens ofthousands of words and presumably there are many nonlinguistic concepts foreach one named by a word Assuming that each schema action and item is implemented by one of the computational units just discussed I argue that something like 

the schema mechanism with at least one million representational unitscould fit in the neocortex of the human brain
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input from the two units that connect there. The computation at each unit is a sym-

metric function ofthe connection-line inputs to the unit, and ofthe stored values at

the unit and at its connection points; the function might be the conjunction or dis-

junction of a binary value from each input, or to compute the sum, average, or

maximum of a numeric value from each input, or from those inputs flagged by a

particular token stored at or input to the corresponding connection point (such

computations can be performed in time logarithmic to the number of inputs). A
unit can output numbers and tokens along its connection lines, as well as receiving

such data. There is also centrally coordinated global communication, such as

broadcasting a message to every schema, every action, or every item.

connection

oints

a computational unit

symmetric functions:

sum, maximum, logical or, etc.

other computational

units

Figure 5.1 Cross-connection. Each computational unit connects to all

others.

The above assumptions are similar to those of standard connectionist architec-

tures, except for the presumption here of exhaustive cross-connectivity, and for

the absence here ofany attempt to reduce the computation performed by each unit

to the behavior of linear-threshold elements.

Let us presume, for the sake of this analysis, that on the order of a few million

schemas, items, and actions might suffice to implement adult-level intelligence.

(At least on the order of a million cognitive units of some sort must be needed for

human intelligence; that is the smallest round number that isn ' t clearly wrong. For

comparison, the average vocabulary of an English-speaking adult is a few tens of

thousands of words; and presumably there are many non-linguistic concepts for

each one named by a word.) Assuming that each schema, action, and item is im-

plemented by one of the computational units just discussed, I argue that some-

thing like the schema mechanism, with at least one million representational units,

could fit in the neocortex of the human brain.



51 Neural architecture 99I have little to say about the computational units themselves except that the10000 or so neurons available per unit are intuitively more than enough for theassigned computations The more difficult matter is to account for the crossconnectivity that supports extended contexts and results and action controllers theidentification of chains of schemas from current states to goals noting the accessibility of goals from current states and the defin

ition new schemas in terms ofactions and itemsThe postulated crossbar connecting every unit to every other supports all fourof these capabilities In fact a slightly smaller crossbar connecting all schemasto all items and all actions to all schemas would suffice but the order of size ofthe required structures would not be much less The remainder of this sectionfirst describes how the crossbar supports these capabilities and then argues for theneurophysiological plausi

bility of the crossbar itself511 Extended contexts extended results and action controllersThe exhaustive crossbar straightforwardly supports extended contexts extendedresults and action controllers Each slot in an extended context or result for example is a connection point between a schema and an item the slot computes andstores correlations between a schemas activation and the state of some item asdetailed in section 412 Each action controller slot connects a compo

site actionand a schema The connection point stores proximity information described below and receives data from the connecting schema as to whether that schema iscurrently applicable The lines connecting to a given composite action collectively compute the maximum stored proximity among slots for schemas that are currently applicable512 ChainingIdentifying chains of schemas serves two functions it propagates instrumentalvalue to intermediate states between a current

 state and a goal and it is part of theassessment of schemas proximity to a composite actions goal stateFinding a chain that leads to a particular item works by a parallel broadcastThe item sends a message to each schema asserting that that item is a goal theitems value is also transmitted A schema ignores this message unless the schemaincludes the item in its result each connection point between a schema and itemincludes that information stored when the schema is cr

eated see below If theschema does include the item that sent the message and if the schema is reliablethen the schema broadcasts a message in turn to its context making its context agoal the value information is broadcast as well Also broadcast is a proximity
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I have little to say about the computational units themselves, except that the

10,000 or so neurons available per unit are, intuitively, more than enough for the

assigned computations. The more difficult matter is to account for the cross-con-

nectivity that supports extended contexts and results, and action controllers; the

identification of chains of schemas from current states to goals, noting the acces-

sibility of goals from current states; and the definition new schemas in terms of

actions and items.

The postulated crossbar connecting every unit to every other supports all four

of these capabilities. (In fact, a slightly smaller crossbar, connecting all schemas

to all items, and all actions to all schemas, would suffice; but the order of size of

the required structures would not be much less.) The remainder of this section

first describes how the crossbar supports these capabilities, and then argues for the

neurophysiological plausibility of the crossbar itself.

5.1.1 Extended contexts, extended results, and action controllers

The exhaustive crossbar straightforwardly supports extended contexts, extended

results, and action controllers. Each slot in an extended context or result, for ex-

ample, is a connection point between a schema and an item; the slot computes and

stores correlations between a schema's activation and the state of some item (as

detailed in section 4. 1 .2). Each action controller slot connects a composite action

and a schema. The connection point stores proximity information (described be-

low), and receives data from the connecting schema as to whether that schema is

currently applicable. The lines connecting to a given composite action collective-

ly compute the maximum stored proximity among slots for schemas that are cur-

rently applicable.

5.1.2 Chaining

Identifying chains of schemas serves two functions: it propagates instrumental

value to intermediate states between a current state and a goal; and it is part of the

assessment of schemas' proximity to a composite action's goal state.

Finding a chain that leads to a particular item works by a parallel broadcast.

The item sends a message to each schema asserting that that item is a goal; the

item's value is also transmitted. A schema ignores this message unless the schema

includes the item in its result; each connection point between a schema and item

includes that information, stored when the schema is created (see below). If the

schema does include the item that sent the message, and if the schema is reliable,

then the schema broadcasts a message in turn to its context, making its context a

goal; the value information is broadcast as well. Also broadcast is a proximity



100 Chapter 5 Architecturemeasure that takes account of the schemas reliability expected duration of activation and costThis process iterates tracing backward along various chains in parallel eachschema along the way storing its proximity to the original goal and the goal s value The proximity measures computed by each link of the chain combine as thebroadcast proceeds diminishing the proximity at each step When two or moreitems send converging messages to the same s

chema the largest proximity measure is stored and propagated further the others are ignored The backwards iteration proceeds to some maximum depth of search the time required is proportionalto this depthA schemas context designates a conjunction of items rather than just one itemBroadcasting a message to each item individually would not work since arbitrarily many schemas might do so simultaneously It is necessary to distinguish saybetween broadcasting to the items a

 and b from a schema whose context includesboth and broadcasting to those items from two distinct schemas one with just a inits context the other with just I A chaining schemas result must include the entire context of the next schema in the chain hence in the first case a schemawhose result included only a or only b would not be a link in the chain but it wouldbe in the second caseThis problem is solved by broadcasting to the context set as a whole As mentioned abov

e in section 412 certain context conjunctionsspecifically thosethat are contexts of schemas of nonnegligible reliabilityhave extended resultslots just as individual items have As with the slots for individual items eachsuch slot is set up when a schema is created to store a bit that says whether theschemas result items include all of that slots conjunct items a second bit indicates whether the result negates an included itemWhen chaining is used to propagate instrume

ntal value to help find the nextschema to activate the process proceeds not just from one goal item but simultaneously from all items that have positive primitive or delegated value When twoor more goals broadcasts converge to the same schema the one with greatest value is stored and propagated among convergin g broadcasts that have the same value the one with greatest proximity is used as above A schema whose context issatisfied does not broadcast further but rather

 competes for activation based inpart of the instrumental value received from the broadcast There is no need forthe mechanism to keep track of which goal a particular broadcast is in aid of keeping track of value and proximity provides the information needed by the selectionfor activation
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measure that takes account of the schema's reliability, expected duration of acti-

vation, and cost.

This process iterates, tracing backward along various chains in parallel, each

schema along the way storing its proximity to the original goal, and the goal ' s val-

ue. The proximity measures computed by each link of the chain combine as the

broadcast proceeds, diminishing the proximity at each step. When two or more

items send converging messages to the same schema, the largest proximity mea-

sure is stored and propagated further; the others are ignored. The backwards itera-

tion proceeds to some maximum depth of search; the time required is proportional

to this depth.

A schema's context designates a conjunction ofitems, rather thanjust one item.

Broadcasting a message to each item individually would not work, since arbitrari-

ly many schemas might do so simultaneously. It is necessary to distinguish, say,

between broadcasting to the items a and b from a schema whose context includes

both, and broadcasting to those items from two distinct schemas, one withjust a in

its context, the other with just b. A chaining schema's result must include the en-

tire context of the next schema in the chain; hence, in the first case, a schema

whose result included only a or only b would not be a link in the chain, but it would

be in the second case.

This problem is solved by broadcasting to the context set as a whole. As men-

tioned above in section 4.1.2, certain context conjunctions—specifically, those

that are contexts of schemas of nonnegligible reliability—have extended result

slots, just as individual items have. As with the slots for individual items, each

such slot is set up, when a schema is created, to store a bit that says whether the

schema's result items include all of that slot's conjunct items; a second bit indi-

cates whether the result negates an included item.

When chaining is used to propagate instrumental value to help find the next

schema to activate, the process proceeds not just from one goal item, but simulta-

neously from all items that have positive primitive or delegated value. When two

or more goals' broadcasts converge to the same schema, the one with greatest val-

ue is stored and propagated; among converging broadcasts that have the same val-

ue, the one with greatest proximity is used, as above. A schema whose context is

satisfied does not broadcast further, but rather competes for activation based in

part of the instrumental value received from the broadcast. There is no need for

the mechanism to keep track ofwhich goal a particular broadcast is in aid of; keep-

ing track of value and proximity provides the information needed by the selection

for activation.



51 Neural architecture 101Chaining also serves a distinct but related purpose determining each schema sproximity to a given composite actions goal so that that information can be recorded in the slots of the actions controller section 433 The broadcast processfor this purpose proceeds as above but for just one composite actions goal at atime since in this case it is necessary to know what goal each schema is helping tochain to broadcasts converging to a given schema 

from multiple actions goalstates would not all be able to propagate further back in the chain Of course themechanism could be extended to support simultaneous broadcasts for some fixednumber of composite actions but not for arbitrarily many given the assumptionthat each computational unit can receive and store just a small number of distincttokensFinally chaining is used to determine what states are accessible from the current state Accessibility is discussed above i

n connection with delegated value insection 341 To determine accessibility the mechanism broadcasts messagesforward along chains of reliable schemas in contrast with propagating instrumental value and finding goal proximity for which the broadcast goes backwards To begin each schema that is currently applicable broadcasts a messagevia its extended result to the items and conjunctions that are included in the schemas result Any schema that has such an item or conjunct

ion as its context broadcasts in tum via its own extended result and so on to some maximum depth ofsearch Any item or conjunction of items that receives a message by this process iscurrently accessible513 CompositionBy the above architectural assumptions the computational units that implementthe schema mechanism do not support productive composition of symbolic tokens as letters compose to form arbitrarily many words or sentences Yet theschema mechanism presumes the 

ability to compose schemas from actions anditems in just such a fashion The exhaustive crossbar between schemas and itemsand between schemas and actions reconciles these two assumptionsA schema designates its context and result simply by storing at each connection point to an included item the data that that item is included whether it is included in the context result or both and whether each such inclusion is positiveor negative Similarly the schema designates its 

action at the connection point between the schema and the actionCreating a schema with a specified context action and result has two stepschecking whether such a schema already exists in which case it is not duplicated
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Chaining also serves a distinct but related purpose: determining each schema'

s

proximity to a given composite action's goal, so that that information can be re-

corded in the slots ofthe action's controller (section 4.3.3). The broadcast process

for this purpose proceeds as above, but for just one composite action's goal at a

time, since in this case it is necessary to know what goal each schema is helping to

chain to; broadcasts converging to a given schema from multiple actions' goal

states would not all be able to propagate further back in the chain. (Of course, the

mechanism could be extended to support simultaneous broadcasts for some fixed

number of composite actions, but not for arbitrarily many, given the assumption

that each computational unit can receive and store just a small number of distinct

tokens.)

Finally, chaining is used to determine what states are accessible from the cur-

rent state. (Accessibility is discussed above in connection with delegated value in

section 3.4.1) To determine accessibility, the mechanism broadcasts messages

forward along chains of reliable schemas (in contrast with propagating instru-

mental value and finding goal proximity, for which the broadcast goes back-

wards). To begin, each schema that is currently applicable broadcasts a message

via its extended result to the items and conjunctions that are included in the sche-

ma's result. Any schema that has such an item or conjunction as its context broad-

casts in turn via its own extended result, and so on, to some maximum depth of

search. Any item or conjunction ofitems that receives a message by this process is

currently accessible.

5.1.3 Composition

By the above architectural assumptions, the computational units that implement

the schema mechanism do not support productive composition of symbolic to-

kens, as letters compose to form arbitrarily many words or sentences. Yet the

schema mechanism presumes the ability to compose schemas from actions and

items in just such a fashion. The exhaustive crossbar between schemas and items,

and between schemas and actions, reconciles these two assumptions.

A schema designates its context and result simply by storing, at each connec-

tion point to an included item, the data that that item is included; whether it is in-

cluded in the context, result, or both; and whether each such inclusion is positive

or negative. Similarly, the schema designates its action at the connection point be-

tween the schema and the action.

Creating a schema with a specified context, action, and result has two steps:

checking whether such a schema already exists (in which case it is not duplicated);



l02 Chapter 5 Architectureand allocating an unused computational unit setting up the connectionpoint designations of the context action and result and also the extendedresult data designating items and some sets of items that are included in the result proper0 To check if a specified schema already exists the mechanism broadcasts tothe action and to each included item its designation in the specified schemaThe items and actions transmit this data along their connecti

on lines to allschemas If any schema finds a match at all its item and action connectionpoints between the status of those items and actions for that schema andtheir status according to the broadcast then the specified schema already exlsts0 Each reliable schemas context if it is a set of more than one item is allocated a computational unit that connects globally to every item in the mechanism an items membership in the set is flagged at the sets connection pointto t

hat item along with a designation of positive or negative inclusionThus wiring together a set of items does not require actually laying down anew wiring path rather bits on exhaustively connected prewired units areset The unit is also connected to globally by every schema as part of eachschemas extended result9 When a unit is allocated for a new such set each schemas extendedresult must record at the connection point to the new set whether thenew set is included in t

he schemas result To this end every schema isinformed of the number of items in the new set For each schema eachconnection point between the schema and an item stores whether theitem belongs to the schemas result and if so its sign and is told bythe item whether the item is included in the new set and if so its signOn this basis the schema counts how many of its result items also belong to the new set with the appropriate sign If that number is greaterthan or equal t

o the size of the new set the schemas result includes thenew set and this fact is recorded at the connection point between theschema and the new set0 When a new schema is built its extended result must record at eachconnection point whether the item or set of items at that connectionpoint is included in the schemas result For individual items that information provides the very specification of the schemas result asnoted above For sets of items each unit designating s

uch a set deter
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and allocating an unused computational unit, setting up the connection-point des-

ignations of the context, action, and result, and also the extended-result data des-

ignating items and some sets of items that are included in the result proper.

• To check if a specified schema already exists, the mechanism broadcasts to

the action, and to each included item, its designation in the specified schema.

The items and actions transmit this data along their connection lines to all

schemas. If any schema finds a match, at all its item and action connection

points, between the status of those items and actions for that schema, and

their status according to the broadcast, then the specified schema already ex-

ists.

• Each reliable schema's context, if it is a set of more than one item, is allo-

cated a computational unit that connects globally to every item in the mecha-

nism; an item 's membership in the set is flagged at the set's connection point

to that item, along with a designation of positive or negative inclusion.

Thus, wiring together a set of items does not require actually laying down a

new wiring path; rather, bits on exhaustively connected, prewired units are

set. The unit is also connected to globally by every schema, as part of each

schema's extended result.

• When a unit is allocated for a new such set, each schema's extended

result must record, at the connection point to the new set, whether the

new set is included in the schema's result. To this end, every schema is

informed ofthe number of items in the new set. For each schema, each

connection point between the schema and an item stores whether the

item belongs to the schema's result (and, if so, its sign), and is told by

the item whether the item is included in the new set (and, if so, its sign).

On this basis, the schema counts how many of its result items also be-

long to the new set, with the appropriate sign. If that number is greater

than or equal to the size of the new set, the schema's result includes the

new set, and this fact is recorded at the connection point between the

schema and the new set

• When a new schema is built, its extended result must record, at each

connection point, whether the item or set of items at that connection

point is included in the schema's result. For individual items, that in-

formation provides the very specification of the schema's result, as

noted above. For sets of items, each unit designating such a set deter-



5 1 Neural architecture 103mines by a process similar to the one just described whether it includes all the items in the new schemas result If so the unit thus informs the new schema viathe extendedresultconnection line betweenthat set and the schema that connection point then records the information514 Neural CrossbarsAn exhaustive crossbar between units of one type and units of another can be builtfrom a large number of fanout elements and fanin elements Each unit 

of the firsttype connects to the input side of a fanout element the output side of the fanoutelement has a separate connection for every unit of the second type If there areone million units being crossconnected then the branching factor for a fanoutelement far exceeds the l000 10000 factor for neurons see e g [17] for this andother neurophysiological data cited just below However each element can beconstructed as a twostage device comprised of elements that have a n

eurallyplausible branching factor as shown in Figure 52 the first stage consists of asingle neuron with 1000fold fanout connecting to 1000 secondstage neuronseach with 1000fold fanoutInput unit Output unitsFigure 52 A fanout element Each twostage fanout elementconnects one input unit to all output unitsA row of adjacent fanout elements shown in figure 53 forms a sheet that extends from all elements of the first type to all elements of the second The connection is acc

omplished by taking a similar sheet of fanin elements rotated ninety degrees from the fanout sheet and facing in the opposite direction and placing thetwo sheets together A similar pair of sheets implements exhaustive crosscommunication in the other direction Perhaps several such pairs of sheets would beneeded to implement various different crossbar computationsThe total number of neurons required for a millionbymillion exhaustivecrossbar is about 2x10 9 which lies w

ithin the bounds set by the size of the humanneocortex Furthermore almost all the neurons comprising the crossbar are secondstage neurons each of which needs to reach only a small fraction  11000 ofthe target volume Consequently although the crossbar crossbar implements ex
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mines (by a process similar to the one just described) whether it in-

cludes all the items in the new schema's result. If so, the unit thus in-

forms the new schema via the extended-result connection line between

that set and the schema; that connection point then records the infor-

mation.

5.1.4 Neural crossbars

An exhaustive crossbar between units ofone type and units of another can be built

from a large number of fanout elements and fanin elements. Each unit of the first

type connects to the input side of a fanout element; the output side of the fanout

element has a separate connection for every unit of the second type. If there are

one million units being cross-connected, then the branching factor for a fanout

element far exceeds the 1 ,000- 1 0,000 factor for neurons (see e.g. , [ 1 7 ] for this and

other neurophysiological data cited just below). However, each element can be

constructed as a two-stage device comprised of elements that have a neurally

plausible branching factor, as shown in Figure 5.2; the first stage consists of a

single neuron, with 1 ,000-fold fanout, connecting to 1 ,000 second-stage neurons,

each with 1 ,000-fold fanout.

Input unit
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...Output units...

Figure 5.2 A fanout element. Each two-stage fanout element

connects one input unit to all output units.

A row of adjacent fanout elements, shown in figure 5.3, forms a sheet that ex-

tends from all elements of the first type to all elements ofthe second. The connec-

tion is accomplished by taking a similar sheet of fanin elements rotated ninety de-

grees from the fanout sheet and facing in the opposite direction, and placing the

two sheets together. A similar pair of sheets implements exhaustive cross-com-

munication in the other direction. Perhaps several such pairs of sheets would be

needed to implement various different crossbar computations.

The total number of neurons required for a million-by-million exhaustive

crossbar is about 2x 1
9

, which lies within the bounds set by the size of the human

neocortex. Furthermore, almost all the neurons comprising the crossbar are sec-

ond-stage neurons, each of which needs to reach only a small fraction ( 1/1 ,000) of

the target volume. Consequently, although the crossbar crossbar implements ex-



104 Chapter 5 Architecture1 fanout sheet fanin sheet Figure 53 A neural crossbar A sheet of fanout elements atop asheet of fanins forms a full crossbarhaustive crossconnectivity with regard to the million computational units it exhibits almost exclusively local connectivity with respect to individual neuronsOnly the first stage neuronsone crossbar neuron in a thou sandmakes a distantconnection This locality accords with observations of the wiring of the humancortexI 

do not claim that there is positive evidence from neurophysiology that the human neocortex implements a millionbymillion exhaustive crossbar The foregoing merely argues that there is no neurophysiological basis to dismiss the hypothesis that such a crossbar exists In the absence of such a basis it is asreasonable to postulate the crossbar if required by a plausible theory of intelligence as there is to postulate any other structure or algorithm of intelligencewithout

 positive neurophysiological evidenceStill the crossbar may seem counterintuitively exorbitantbne may envisionways to be more efficient eg using a priori relevance constraints although section 411 argues against that approach and even without a specific altemative inmind the crossbar may just seem hopelessly large But this intuition I suspectresults only from thinking on the scale of presentday digital technology A theoryof human intelligence I maintain should not be

 constrained to be implementableon twentieth century computers for there is no good reason to suspect that such animplementation is possible Indeed our only reason to believe that intelligencecan be implemented on a device with the computational power of the brain is thatwe see that it already has been and it is eminently plausible that the brain is aslarge as it is because it has to beor at least because that is the simplest courseeven if there are more sophisticate

d and more efficient altemativesOne final consideration arises in defense of the crossbar I originally postulatedthe crossbar to support marginal attribution but subsequently found it importantfor other parts of the schema mechanism as well composite action controllers
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Figure 5.3 A neural crossbar. A sheet of fanout elements atop a

sheet of fanins forms a full crossbar.

haustive cross-connectivity with regard to the million computational units, it ex-

hibits almost exclusively local connectivity with respect to individual neurons.

Only the first stage neurons—one crossbar neuron in a thousand—makes a distant

connection. This locality accords with observations of the wiring of the human

cortex.

I do not claim that there is positive evidence from neurophysiology that the hu-

man neocortex implements a million-by-million exhaustive crossbar. The fore-

going merely argues that there is no neurophysiological basis to dismiss the hy-

pothesis that such a crossbar exists. In the absence of such a basis, it is as

reasonable to postulate the crossbar, if required by a plausible theory of intelli-

gence, as there is to postulate any other structure or algorithm of intelligence,

without positive neurophysiological evidence.

Still, the crossbar may seem counterintuitively exorbitant—one may envision

ways to be more efficient (e.g., using a priori relevance constraints, although sec-

tion 4.1.1 argues against that approach); and, even without a specific alternative in

mind, the crossbar may just seem hopelessly large. But this intuition, I suspect,

results only from thinking on the scale ofpresent-day digital technology. A theory

ofhuman intelligence, I maintain, should not be constrained to be implementable

on twentieth century computers, for there is no good reason to suspect that such an

implementation is possible. Indeed, our only reason to believe that intelligence

can be implemented on a device with the computational power of the brain is that

we see that it already has been; and it is eminently plausible that the brain is as

large as it is because it has to be—or, at least, because that is the simplest course,

even if there are more sophisticated and more efficient alternatives.

One final consideration arises in defense ofthe crossbar. I originally postulated

the crossbar to support marginal attribution, but subsequently found it important

for other parts of the schema mechanism as well: composite action controllers,



52 Computer implementation architecture 105chaining and broadcasting and implementing composite structures The last ofthese is especially noteworthy for it shows that an exhaustive crossbar effectivelyerases the distinction between connectionist and symbolic systems that is acrossbar permits a connectionist architecture to implement arbitrary nested syntactic entities which are the hallmark of symbolic systems If a device so powerful can fit within the brain we may w

ell expect to find it there52 Computer implementation architectureThe computer program implementing the schema mechanism runs on a ThinkingMachines CM2 computer [33] using a dedicated Symbolics Lisp machine asfront end The CM2s salient architectural features are as follows0 There are up to 65536 physical processors that operate in parallel The machine portion available for this research had 16384 processors Each processor has 262144 bits of memory0 The CM2 is a SIMD 

machine Single Instruction Multiple Data streamswhich means that all processors execute the same instruction at once eachon its own data0 Some instructions operate locally to each processor affected by or affectingthat processors data alone Other instructions act globally computing forexample the sum or maximum of some specified processors values for agiven numeric datum or the logical conjunction or disjunction of some specified processors values for some logical da

tum Some global instructionsact in the other direction sending a value to all processors0 Finally there is a class of communications instructions which send messages from one or more source processors to one or more target processorsper source processor A source processor may designate its target by address or by coordinates in an ndimensional grid into which virtual processors can be organized A message may be sent to an entire row or even hyperplane of such a grid 

at once Most of the program is written in LISP[67] a parallel extension of LISP [63] Some innerloop code is written inPARIS [68] an assemblylanguagelike instruction set for the CM2521 General program structureThe program allocates virtual processors for each schema action and item andfor the connection points in the schemasitems crossbar and the actionsschemas
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chaining and broadcasting, and implementing composite structures. The last of

these is especially noteworthy, for it shows that an exhaustive crossbar effectively

erases the distinction between connectionist and symbolic systems; that is, a

crossbar permits a connectionist architecture to implement arbitrary, nested syn-

tactic entities, which are the hallmark of symbolic systems. If a device so power-

ful can fit within the brain, we may well expect to find it there.

5.2 Computer implementation architecture

The computer program implementing the schema mechanism runs on a Thinking

Machines CM2® computer [33], using a dedicated Symbolics® Lisp machine as

front end. The CM2's salient architectural features are as follows:

• There are up to 65,536 physical processors that operate in parallel. The ma-

chine portion available for this research had 16,384 processors. Each pro-

cessor has 262, 144 bits of memory.

• The CM2 is a SIMD machine (Single Instruction, Multiple Data streams),

which means that all processors execute the same instruction at once, each

on its own data.

• Some instructions operate locally to each processor, affected by or affecting

that processor's data alone. Other instructions act globally, computing, for

example, the sum or maximum of some specified processors' values for a

given numeric datum, or the logical conjunction or disjunction of some spe-

cified processors' values for some logical datum. Some global instructions

act in the other direction, sending a value to all processors

• Finally, there is a class of communications instructions, which send mes-

sages from one or more source processors to one or more target processors

per source processor. A source processor may designate its target by ad-

dress, or by coordinates in an ^-dimensional grid into which virtual proces-

sors can be organized. A message may be sent to an entire row (or even hy-

perplane) of such a grid at once. Most of the program is written in *LISP

[67], a parallel extension of LISP [63]. Some inner-loop code is written in

PARIS [68], an assembly-language-like instruction set for the CM2.

5.2.1 General program structure

The program allocates virtual processors for each schema, action, and item, and

for the connection points in the schemas-items crossbar and the actions-schemas



106 Chapter 5 Architecturecrossbar the connectionpoint virtual processors are organized into twodimensional grids for purposes of the communications instructions Due to memorylimits there are 64 connection points per virtual processor the program iteratesserially through updating each of those 64 The basic computations performedat each time unit by each schema action item and by each crossbar connectionpoint are cycled through in sequence all instances of the same ki

nd of structureperforming their computation together The crossbar connectivity is simulatedby using CM2 communications instructions to transmit data from one kind ofstructure to anotherEach of the 16384 CM2 processors can designate about half of a schema orcomposite action these are large structures because of the extended contexts andresults and controllers Ninety percent of the processors are reserved for schemas the remainder for composite actions Available memory

 for schemas is thelimiting factor in the implementations performance522 Compactly storing correlation dataEach schema has an extendedcontext and extendedresult slot for every itemand in the case of the extended context for certain conjunctions of items Almost all of the memory required by the schema mechanisms data structures is devoted to the correlation statistics in schemas extended contexts and extended results a naive representation of these statistics would be

 so bulky that the schemamechanism could not be implemented on presentday hardware Hence this section descends well below the level of abstraction at which the rest of the mechanism is described here to explain a lowlevel scheme for compactly representingcorrelation statisticsEvery extendedcontext or extendedresult slot maintains two correlation statistics each of which is the ratio of two probabilities a withpr0bability and awithoutprobability For extendedresult slo

ts these are respectively the probabilities of particular state transition with or without activation of the schema forextendedcontext slots these are the probabilities of successful activation with orwithout a particular item being on Positive trials are the events whose probabilityis tabulated For extended results positive trials are ones for which the state transition does occur for extended contexts positive trials are ones for which the activation is successfulN

 aively each correlation statistic could be represented by a pair of probabilities figure 54 each represented as a rational number with fixedlength numerator corresponding to the number of positive trials and denominator the total
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crossbar; the connection-point virtual processors are organized into two-dimen-

sional grids for purposes of the communications instructions. (Due to memory
limits, there are 64 connection points per virtual processor; the program iterates

serially through updating each of those 64.) The basic computations performed

at each time unit by each schema, action, item, and by each crossbar connection

point, are cycled through in sequence, all instances of the same kind of structure

performing their computation together. The crossbar connectivity is simulated

by using CM2 communications instructions to transmit data from one kind of

structure to another.

Each of the 16,384 CM2 processors can designate about half of a schema or

composite action; these are large structures because of the extended contexts and

results, and controllers. Ninety percent of the processors are reserved for sche-

mas, the remainder for composite actions. Available memory for schemas is the

limiting factor in the implementation's performance.

5.2.2 Compactly storing correlation data

Each schema has an extended-context and extended-result slot for every item

(and, in the case of the extended context, for certain conjunctions of items). Al-

most all of the memory required by the schema mechanism ' s data structures is de-

voted to the correlation statistics in schemas' extended contexts and extended re-

sults; a naive representation of these statistics would be so bulky that the schema

mechanism could not be implemented on present-day hardware. Hence, this sec-

tion descends well below the level of abstraction at which the rest of the mecha-

nism is described here, to explain a low-level scheme for compactly representing

correlation statistics.

Every extended-context or extended-result slot maintains two correlation sta-

tistics, each of which is the ratio of two probabilities, a with-probability and a

without-probability. For extended-result slots, these are respectively the proba-

bilities of particular state transition with or without activation of the schema; for

extended-context slots, these are the probabilities of successful activation with or

without a particular item being on. Positive trials are the events whose probability

is tabulated. For extended results, positive trials are ones for which the state tran-

sition does occur; for extended contexts, positive trials are ones for which the acti-

vation is successful.

Naively, each correlation statistic could be represented by a pair of probabili-

ties (figure 5.4), each represented as a rational number, with fixed-length numera-

tor (corresponding to the number of positive trials) and denominator (the total



52 Computer implementation architecture [07number of trials 18 The size of the smallest detectable probability then dependson the number of bits used for each probability for example sensitivity to aboutone event in a million requires a numerator and denominator of twenty bits eachfor each of the two probabilities per correlation statisticwithprobabilityI I I I II I I I IIIIlI Illnumeratorllllllllll I llllldenominatorwithoutprobabilityIIIIIIIIIIIIIIIIIIIIInumeratorll

llllllllllllllllllldenominatorFigure 54 Full correlation representation Representing acorrelation as a pair of probabilities each with a 20bit numerator and denominator has a resolution of 11000000The representation can be made more compact by altemating between onewithsample and one withoutsample figure 55 an alternation bit is added to therepresentation to indicate which of the two kinds of samples should be countednext If the next trial is not of the indicated typ

e it is ignored Altemating betweenthe two types of samples assures that the two probabilities have the same denominator Then since only the ratio of the two is of interest the denominators needntbe storedwithprobabilityIllllllllllllllllllllcountwithoutprobabilityIIIIIIIIIIIIIIIIIIIIIcountCI nextsamplebitFigure 55 Correlations without denominators Altemating between the two samples eliminates the need for the denominators18 A oatingpoint representation might be used i

nstead However incrementing the numberof trials by one then becomes impossible when the exponent is larger than zero so that the leastsignificant bit of the mantissa is greater than one

5.2. Computer implementation architecture 107

number of trials).
18 The size of the smallest detectable probability then depends

on the number of bits used for each probability; for example, sensitivity to about

one event in a million requires a numerator and denominator of twenty bits each,

for each of the two probabilities per correlation statistic.

with-probability

I I I I I I I I
I l l l l l numerator

l l l l l l l l I I I I denominator

without-probability

I I I I I 1 I I I I
I I I I I I I I I D numerator

I n denominator

Figure 5.4 Full correlation representation. Representing a

correlation as a pair of probabilities, each with a 20-bit numera-

tor and denominator, has a resolution of 1/1,000,000.

The representation can be made more compact by alternating between one

with-sampleandone without-sample (figure 5.5); an alternation bit is added to the

representation to indicate which of the two kinds of samples should be counted

next. If the next trial is not of the indicated type, it is ignored. Alternating between

the two types of samples assures that the two probabilities have the same denomi-

nator. Then, since only the ratio of the two is of interest, the denominators needn't

be stored.

with-probability

1 I I I I I I I I I I I I count

without-probability

I I I I I I I 1 I I I I count

D next-sample-bit

Figure 5.5 Correlations without denominators. Alternating be-

tween the two samples eliminates the need for the denominators.

18. A floating-point representation might be used instead. However, incrementing the number
of trials by one then becomes impossible when the exponent is lager than zero, so that the least

significant bit of the mantissa is greater than one.



108 Chapter 5 ArchitectureA provision for overow offers further improvement If either numeratorreaches its maximum value both numerators shift right by one bit that is divideby two this operation preserves their approximate ratio Moreover the representation now has sensitivity to arbitrarily small probabilitiesnot merely sayone in a millionsince precision is no longer limited by the size of the numerators The number of bits per numerator can thus be reduced sharply f

igure 56As information about earlier trials vanishes when the numerators shift the sampleis biased toward more recent trials This bias is arguably desirable circumstanceschange and if the two probabilities significantly differ in the course of recenttrials it is likely that the item in question is indeed relevant nowwithcount withoutcount nextsamplebitFigure 56 A truncated correlation Rightshifting to preventoverow requires fewer bits per countUnfortunately this alte

rnation scheme unacceptably slows learning when alarge number of consecutive withsamples tend to altemate with many consecutive withoutsamples Extending the nextsamplebit to be a twobit count mitigates the problem Unless the nextsamplecount is zero another withsamplecan be tabulated and the nextsamplecount is decremented unless the nextsamplecount is three another withoutsample can be tabulated and the nextsamplecount is incremented Thus up to three samples of one ty

pe can be taken before having to wait for a sample of the other typeA final improvement due to R Rivest personal communication compressesboth counts into one signed count the current implementation uses a fourbitcount plus sign bit as in figure 57 The count increments for a positivewithsample and decrements for a positive withoutsample To attenuate randomdrift which otherwise would soon bring the count to one of its two extrema even ifthe two probabilities were equal

 increments and decrements are of differentsizes In particular if the count is positive then a positive withsample increments the count by a smaller amount three in the present implementation but apositive withouttrial decrements by a larger amount presently two Similarly ifthe count is negative positive withtrials increment the count by the largeramount and positive withouttrials decrement it by the smaller amount This disparity exerts pressure toward zero so that t

he withprobability must exceed thewithoutprobability by the ratio of the two increments for it to be likely that the
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A provision for overflow offers further improvement. If either numerator

reaches its maximum value, both numerators shift right by one bit (that is, divide

by two); this operation preserves their (approximate) ratio. Moreover, the repre-

sentation now has sensitivity to arbitrarily small probabilities—not merely, say,

one in a million—since precision is no longer limited by the size of the numera-

tors. The number of bits per numerator can thus be reduced sharply (figure 5.6).

As information about earlier trials vanishes when the numerators shift, the sample

is biased toward more recent trials. This bias is arguably desirable: circumstances

change, and if the two probabilities significantly differ in the course of recent

trials, it is likely that the item in question is indeed relevant now.

with-count without-count next-sample-bit

nrrn rrm
Figure 5.6 A truncated correlation. Right-shifting to prevent

overflow requires fewer bits per count.

Unfortunately, this alternation scheme unacceptably slows learning when a

large number of consecutive with-samples tend to alternate with many consecu-

tive without-samples. Extending the next-sample-bit to be a two-bit count miti-

gates the problem. Unless the next-sample-count is zero, another with-sample

can be tabulated, and the next-sample-count is decremented; unless the next-sam-

ple-count is three, another without-sample can be tabulated, and the next-sam-

ple-count is incremented. Thus, up to three samples of one type can be taken be-

fore having to wait for a sample of the other type.

A final improvement, due to R. Rivest (personal communication), compresses

both counts into one signed count; the current implementation uses a four-bit

count, plus sign bit, as in figure 5.7. The count increments for a positive

with-sample, and decrements for a positive without-sample. To attenuate random

drift (which otherwise would soon bring the count to one of its two extrema even if

the two probabilities were equal), increments (and decrements) are of different

sizes. In particular, if the count is positive, then a positive with-sample incre-

ments the count by a smaller amount (three, in the present implementation), but a

positive without-trial decrements by a larger amount (presently two). Similarly, if

the count is negative, positive with-trials increment the count by the larger

amount, and positive without-trials decrement it by the smaller amount. This dis-

parity exerts pressure toward zero, so that the with-probability must exceed the

without-probability by the ratio of the two increments for it to be likely that the



52 Computer implementation architecture 109value steadily diverges from zero If the value reaches the positive extreme thecorresponding item is deemed relevant and for extendedcontext slots reachingthe negative extreme indicates the relevance of the items negationcount signbit nextsamplecountFigure 57 A singlecount correlation Two counts collapseinto one signed count which increments and decrements with abias towards zeroThe actual ratio of the two probabilities cann

ot be recovered from thesinglecount representation that representation indicates only whether the ratio smagnitude exceeds a threshold determined by the ratio of the two increments Fora given probability ratio the ratio of the larger increment to the maximum countmagnitude determines how many positive trials are required before relevance isdetected When two probabilities are actually equal the likelihood of a false indication of relevance decreases exponentially with

 the number of trials requireddoubleexponentially with the number of bits in the count Hence although thesmall parameters used by the current implementation are no doubt adequate onlybecause of the unrealistic simplicity of the microworldwhich thereby requiresfewer trials to distinguish real correlations from coincidencescaling up wouldnot strain computational storage or time resources
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value steadily diverges from zero. If the value reaches the positive extreme, the

corresponding item is deemed relevant (and, for extended-context slots, reaching

the negative extreme indicates the relevance of the item's negation).

count sign-bit next-sample-count
rrm en

Figure 5.7 A single-count correlation. Two counts collapse

into one signed count which increments and decrements, with a

bias towards zero.

The actual ratio of the two probabilities cannot be recovered from the

single-count representation; that representation indicates only whether the ratio's

magnitude exceeds a threshold determined by the ratio ofthe two increments. For

a given probability ratio, the ratio of the larger increment to the maximum count

magnitude determines how many positive trials are required before relevance is

detected. When two probabilities are actually equal, the likelihood of a false indi-

cation of relevance decreases exponentially with the number of trials required

(double-exponentially with the number of bits in the count). Hence, although the

small parameters used by the current implementation are no doubt adequate only

because of the unrealistic simplicity of the microworld—which thereby requires

fewer trials to distinguish real correlations from coincidence—scaling up would

not strain computational storage or time resources.
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6 Synopsis of schema mechanism performanceThe schema mechanism is designed to recapitulate significant milestones of thePiagetian developmental sequence in infancy in a manner consistent with the Piagetian developmental themes and thus to explain how that development mightin fact come about This chapter presents a synopsis of the actual developmentalprogression exhibited by the current computer implementation of the schemamechanism followed by some speculations about

 further developmentA caveat concerning experiments with computer programs is in order Insciences such as physics experiments must be replicable published descriptionsmust have enough detail to support such replication Apart from safeguardingagainst outright error or fraud this policy helps determine that observed resultsindeed follow from the factors described rather than from extraneous unnoticedconditionsComputer experiments in A1 however are seldom subject to sys

tematic attempts at replication This may be due in part to the nature of computer programs a deterministic program that once produces a given output for a given input will always do so again In this sense replication is trivially guaranteedOn the other hand the slightest change to a program revokes the trivial guarantee One would like to know what characteristics a program must haveshort ofbeing identicalin order to behave similarly to a given prototype The preceding

chapter is an attempt to so characterize the schema mechanism implementationas in the hard sciences this attempt needs validation by independent replicationThe schema mechanism has been run from scratch on several dozen occasionswith minor variations of the mechanism or the microworld from one run to thenext The synopsis describes a particular reference run in fact all mentionthroughout this book of the implementations accomplishments except whereotherwise noted rega

rd the reference run Inforrnally the results of the referencerun are typical of many other runs of similar versions of the mechanism But thereis no attempt here to quantify the consistency and variation of results from different runs The synopsis may be regarded as a pilot study in preparation for a morerigorous analysis which could be carried out in conjunction with independentreplication efforts61 The microworldThe computer program that implements the schema mechan

ism operates in a discrete twodimensional microworld figure 11 The program controls a simu19 See McDerrnott [44] for discussion Haases [31] reworking of Lenats Eurisko [38] is a noteworthy exception
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The schema mechanism is designed to recapitulate significant milestones of the

Piagetian developmental sequence in infancy, in a manner consistent with the Pia-

getian developmental themes, and thus to explain how that development might

in fact come about. This chapter presents a synopsis of the actual developmental

progression exhibited by the current computer implementation of the schema

mechanism, followed by some speculations about further development.

A caveat concerning experiments with computer programs is in order. In

sciences such as physics, experiments must be replicable; published descriptions

must have enough detail to support such replication. Apart from safeguarding

against outright error or fraud, this policy helps determine that observed results

indeed follow from the factors described, rather than from extraneous, unnoticed

conditions.

Computer experiments in AI, however, are seldom subject to systematic at-

tempts at replication. 19 This may be due in part to the nature of computer pro-

grams; a deterministic program that once produces a given output for a given in-

put will always do so again. In this sense, replication is trivially guaranteed.

On the other hand, the slightest change to a program revokes the trivial guaran-

tee. One would like to know what characteristics a program must have—short of

being identical—in order to behave similarly to a given prototype. The preceding

chapter is an attempt to so characterize the schema mechanism implementation;

as in the hard sciences, this attempt needs validation by independent replication.

The schema mechanism has been run from scratch on several dozen occasions,

with minor variations of the mechanism or the microworld from one run to the

next. The synopsis describes a particular reference run; in fact, all mention

throughout this book of the implementation's accomplishments, except where

otherwise noted, regard the reference run. Informally, the results of the reference

run are typical ofmany other runs of similar versions ofthe mechanism. But there

is no attempt here to quantify the consistency and variation of results from differ-

ent runs. The synopsis may be regarded as a pilot study in preparation for a more

rigorous analysis, which could be carried out in conjunction with independent

replication efforts.

6.1 The microworld

The computer program that implements the schema mechanism operates in a dis-

crete, two-dimensional microworld (figure 1.1). The program controls a simu-

19. See McDermott [44] for discussion; Haase's [31] reworking of Lenat's Eurisko [38] is a note-

worthy exception.



114 Chapter 6 Synopsis of schema mechanism performancelated robot that has a body a single hand and a visual system The hand can touchand grasp objects and move them about The visual system maps a visual eldonto a region of the world in the immediate vicinity of the robot body the visualfield provides a birdseye view of that region The simulated robot can shift itsgaze changing the bodyrelative orientation of its visual field The visual systemis designed to provide a

 birdseye view rather than a projection onto a onedimensional retina because of the paucity of information in a onedimensional projection Objects in the microworld including the robots body and the hand areof uniform size They can move but cannot rotate and their motion occurs in discrete units of the same size as the objects themselves The microworld is energetic meaning that objects can move spontaneously not just in response to the simulated robots actionsThe sche

ma mechanisms data structuresprimitive and constructedareavailable to the experimenter for direct examination in effect there is a monitoring tool for reading the mechanisms mind Since the internal representationsmay be observed directly we need not try to infer them from the simulations extemal behavior Thus it is much easier with the schema mechanism than with infants to determine what the system knows and when it knows itThe primitive actions supplied to this impl

ementation of the schema mechanism are summarized in table 61 The hand can move about in a particularthreebythree unit region relative to the position of the body as shown in figure61a Similarly the visual field can have nine bodyrelative orientations within arange of three units in each dimension figure 61 b the coincidence of the rangeof eye and hand movements is not important The potentially visible bodyrelative region is seven units on a side since the fivebyfive

 visual field can assumeeach of three by three orientationsTwo objects are present near the body and are often seen or within range ofbeing touched Each has four contiguous home positions among which it circulates spontaneously figure 62 at random intervals averaging 200 time unitseach object moves to its nexthome position The object at left may also be movedby the hand when the hand grasps it the object at right is out of the hand s range forgrasping but may be move

d by being pushed by the other object when the other isgrasped by the handThere are four primitive actions called incremental hand actions for movingthe hand one unit forward backward right or left table 61 The actions are effective as long as the hand stays within the permitted bodyrelative range an action that would move the hand beyond that range has no effect Similarly four
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lated robot that has a body, a single hand, and a visual system. The hand can touch

and grasp objects, and move them about. The visual system maps a visual field

onto a region of the world in the immediate vicinity of the robot body; the visual

field provides a bird's-eye view of that region. The simulated robot can shift its

gaze, changing the body-relative orientation of its visual field. (The visual system

is designed to provide a bird's-eye view, rather than a projection onto a one-di-

mensional retina, because ofthe paucity of information in a one-dimensional pro-

jection.) Objects in the microworld (including the robot's body, and the hand) are

of uniform size. They can move but cannot rotate, and their motion occurs in dis-

crete units of the same size as the objects themselves. The microworld is energet-

ic, meaning that objects can move spontaneously, notjust in response to the simu-

lated robot's actions.

The schema mechanism's data structures—primitive and constructed—are

available to the experimenter for direct examination; in effect, there is a monitor-

ing tool for reading the mechanism's mind. Since the internal representations

may be observed directly, we need not try to infer them from the simulation's ex-

ternal behavior. Thus, it is much easier with the schema mechanism than with in-

fants to determine what the system knows, and when it knows it.

The primitive actions supplied to this implementation of the schema mecha-

nism are summarized in table 6. 1 . The hand can move about in a particular

three-by-three unit region relative to the position of the body, as shown in figure

6. la. Similarly, the visual field can have nine body-relative orientations, within a

range of three units in each dimension (figure 6. 1 b); the coincidence of the range

of eye and hand movements is not important. The potentially visible body-rela-

tive region is seven units on a side, since the five-by-five visual field can assume

each of three by three orientations.

Two objects are present near the body, and are often seen, or within range of

being touched. Each has four contiguous home positions among which it circu-

lates spontaneously (figure 6.2); at random intervals averaging 200 time units,

each object moves to its next home position. The object at left may also be moved

by the hand when the hand grasps it; the object at right is out ofthe hand ' s range for

grasping, but may be moved by being pushed by the other object when the other is

grasped by the hand.

There are four primitive actions, called incremental hand actions, for moving

the hand one unit forward, backward, right, or left (table 6. 1 ). The actions are ef-

fective as long as the hand stays within the permitted body-relative range; an ac-

tion that would move the hand beyond that range has no effect. Similarly, four



61 The microworld 1 [5Range of bodyrelative Potentially visiblehand positions bodyrelative region dmplex eX3mP13    glancehand In _ orientationI _ _I position I I I I I_ E _ I EI I I3  I I 1 n T __I bFigure 61 Hand and glance ranges The hand and glance each have athreebythree range of possible orientationsrange of home positionsrn rI IL l___ElFigure 62 Objects home positions Two objects occasionally circulate among their home positionsincremental eye actions shift th

e glance orientation one unit in each directionwithin the permitted range Two other actions close or open the hand these actions can cause objects to be grasped or released For each of these primitive actions the mechanism has an initially supplied bare schema empty context andresult with that actionThe mechanism s primitive items present visual tactile and proprioceptive information table 62 Proprioception is the direct perception of the orientation oflimbs or eyes 

via muscle tension and the like For each of the nine bodyre1ativehand positions there is a proprioceptive item that is On just in case the hand is atthat position similarly there is a proprioceptive item for each of the nine visualfield orientationsThere is one coarse tactile item for each of the four sides of the hand designating contact with that side of the hand Contact occurs when an object occupies anadjoining position objects never overlap at the same position 

In addition theleft side of the hand the edge with its fingers  has four tactile detail items that
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Figure 6.1 Hand and glance ranges. The hand and glance each have a

three-by-three range of possible orientations.

range of home positions
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Figure 6.2 Objects' home positions. Two objects occasionally cir-

culate among their home positions.

incremental eye actions shift the glance orientation one unit in each direction,

within the permitted range. Two other actions close or open the hand; these ac-

tions can cause objects to be grasped or released. For each of these primitive ac-

tions, the mechanism has an initially supplied bare schema (empty context and

result) with that action.

The mechanism 's primitive items present visual, tactile, and proprioceptive in-

formation (table 6.2). Proprioception is the direct perception of the orientation of

limbs or eyes via muscle tension and the like. For each of the nine body-relative

hand positions, there is a proprioceptive item that is On just in case the hand is at

that position; similarly, there is a proprioceptive item for each of the nine visu-

al-field orientations.

There is one coarse tactile item for each of the four sides of the hand, designat-

ing contact with that side ofthe hand. (Contact occurs when an object occupies an

adjoining position; objects never overlap at the same position.) In addition, the

left side of the hand (the edge with its "fingers") has four tactile detail items that



116 Chapter 6 Synopsis of schema mechanism performance0 handf handb handr hand] These actions move the hand incrementally forward backward right or left0 eyef eyeb eyer eye] These actions shift the glance orientation incrementally forward backward right or left0 grasp This action closes the hand grasping any object touching thehands fingers its left edge unless the hand was already closedOnce closed or grasping the hand remains in that state for a smallnumber two of 

time units unless explicitly opened in the interimMoving the hand moves any grasped object but any other objectcannot be displaced by the hand and will instead block the handsmotion if the hand moves into it0 ungrasp This action opens the hand releasing any object that hadbeen graspedTable 61 The primitive actionsreport on the texture of any object that makes contact there each such item designates an arbitrary unspecified textural property There is also an item that

 is Onwhenever the hand is closed and another that is On whenever the hand is graspingsomethingSimilarly there are four tactile items designating contact with the four sides ofthe body and the front of the body where the  head and mouth are has fouritems that designate arbitrary unspecified aspects of an objects tasteThere are 25 coarse visual items one for each of the five by five visual fieldregions Each coarse visual item is On just in case an object s image appea

rs at thecorresponding region Coarse visual items thus report only the presence or absence of an object at each region there is no information as to the specific appearance of the objects For objects appearing in any of the five foveal regions of thevisual field gure 63 that information is provided by visual detail itemsThere are 16 visual detail items for each foveal region The items present information intended to be analogous to realworld visual details conceming 

shapetexture color and other aspects of appearance Rather than being faithful to aspects of realworld appearance however the visual detail items like the textureand taste items denote arbitrary unspecified properties The designation is consistent in that an object that tums On a given detail item at one foveal region tums
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• handf, handb, handr, handl: These actions move the hand incremen-

tally forward, backward, right, or left.

• eyef, eyeb, eyer, eyel: These actions shift the glance orientation in-

crementally forward, backward, right, or left.

• grasp: This action closes the hand, grasping any object touching the

hand's "fingers" (its left edge) unless the hand was already closed.

Once closed or grasping, the hand remains in that state for a small

number (two) of time units, unless explicitly opened in the interim.

Moving the hand moves any grasped object; but any other object

cannot be displaced by the hand, and will instead block the hand's

motion if the hand moves into it.

• ungrasp: This action opens the hand, releasing any object that had

been grasped.

Table 6.1 The primitive actions.

report on the texture of any object that makes contact there; each such item desig-

nates an arbitrary, unspecified textural property. There is also an item that is On
whenever the hand is closed, and another that is On whenever the hand is grasping

something.

Similarly, there are four tactile items designating contact with the four sides of

the body; and the front of the body (where the ' 'head" and "mouth" are) has four

items that designate arbitrary, unspecified aspects of an object's taste.

There are 25 coarse visual items, one for each of the five by five visual field

regions. Each coarse visual item is Onjust in case an object's image appears at the

corresponding region. Coarse visual items thus report only the presence or ab-

sence ofan object at each region; there is no information as to the specific appear-

ance of the objects. For objects appearing in any of the fivefoveal regions of the

visual field (figure 6.3), that information is provided by visual detail items.

There are 1 6 visual detail items for each foveal region. The items present infor-

mation intended to be analogous to real-world visual details concerning shape,

texture, color, and other aspects of appearance. Rather than being faithful to as-

pects of real-world appearance, however, the visual detail items, like the texture

and taste items, denote arbitrary, unspecified properties. The designation is con-

sistent, in that an object that turns On a given detail item at one foveal region turns



61 The microworld 1 170 hp] hp33 Hapticproprioceptive handposition items one foreach possible hand position Position  l  l is the lower left comer ofthe range in gure 61a the hand appears at hp] 20 vpll vp33 Visualproprioceptive items one for each possibleglance orientation Coordinate designates center of visual eld using same conventions as for hand position in figure 61 b the glanceis oriented at vpll 9 tactftactbtactrtactl coarse tactile items one for each side of

 thehand front back right left0 text0text3 Detailed tactile items denoting arbitrary textural details of an object touching the fingers left edge of hand0 b0dyfb0dybb0dyrb0dyl Coarse tactile items one for each side ofthe body front back right left9 taste0taste3 Taste items designating arbitrary surface details ofan object touching the mouth front edge of bodyhead0 hcl Hand closed0 hgr Hand closed and grasping something0 vfD0vf44 Coarse visualfield items one for each 

of 25 regionsRegion 00 is at the lower left in 6 lb the body appears at 17310 f0vfD0   f0vf33 f0vb0033f0vl0033 f0vr0033 f0vx0033 Visual details corresponding to each of five foveal regions figure 63front back left right and center Each has 16 arbitrary detailsO033Table 62 The primitive itemsOn the corresponding detail item at any other such region to which the imageshifts In fact the visual detail items are implemented as a lowresolution rendition of the pixel appear

ance of each objectThe coarse and detailed visualregion items are entirely unlike pixellevel information from the human retina Rather than designating something analogous
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• /2/?/7,...,/z/?33:Haptic-proprioceptive (hand-position) items, one for

each possible hand position. Position ( 1 , 1 ) is the lower left corner of

the range; in figure 6.1a, the hand appears at hpl2.

• vpll,...vp33: Visual-proprioceptive items, one for each possible

glance orientation. Coordinate designates center of visual field, us-

ing same conventions as for hand position; in figure 6. 1 b, the glance

is oriented at vpll.

• tactf,tactb,tactr,tactl\ coarse tactile items, one for each side of the

hand (front, back, right, left).

• text0,...text3\ Detailed tactile items, denoting arbitrary textural de-

tails of an object touching the "fingers" (left edge of hand).

• bodyf,bodyb,bodyr,bodyI: Coarse tactile items, one for each side of

the body (front, back, right, left).

• taste0,...taste3\ Taste items, designating arbitrary surface details of

an object touching the "mouth" (front edge of body/head).

• hcl: Hand closed.

• hgr: Hand closed and grasping something.

• vf00,...,vf44\ Coarse visual-field items, one for each of 25 regions.

Region (0,0) is at the lower left; in 6. lb, the body appears at vf31.

• fovfl)0,...fovf33,fovb00-33,fovl00-33,fovr00-33,fovx00-33: Visu-

al details corresponding to each of five foveal regions (figure 6.3):

front, back, left, right, and center. Each has 16 arbitrary details:

00,...,33.

Table 6.2 The primitive items.

On the corresponding detail item at any other such region to which the image

shifts. (In fact, the visual detail items are implemented as a low-resolution rendi-

tion of the pixel appearance of each object.)

The coarse and detailed visual-region items are entirely unlike pixel-level in-

formation from the human retina. Rather than designating something analogous



118 Chapter 6 Synopsis of schema mechanism performanceFigure 63 The fovea Five foveal regionsfront F back B rightR left L and center Xin the center of the visual field providedetailed visual informationto the intensity of light at a particular spot on the human retina the visual itemsconvey information similar to the output of sophisticated processing in human vision involving the detection of edges the distinction of figure and ground regions and the formation of 25

dimensional sketches of objects [41] The endproduct of this processing encodes the existence appearance and location of objects in space threedimensional space in the real world or twodimensionalspace in the microworldOf course the simulated robots visual system does not perform comparablysophisticated computations to arrive at this encoding Rather the computation istrivial because of the simplicity of the microworldin particular the uniformityof objects size units o

f motion and mapping onto visualfield regions Furthermore because the visual field enjoys a birdseye view it need not recover information from a collapsed representation as with the interpretation of depth from arealworld twodimensional projection Thus the design of the simulated visualsystem deliberately bypasses the difficult problems of realworld vision the artificial system merely provides information about nearby objects that is roughlysimilar to realworld visua

l informationNotice what is and is not hardwired about the nature of physical objects Thevisual system itself may be regarded as being rigged to know much about objectsby virtue of the close correspondence between the appearance of objects in the visual field and their actual spatial arrangement in the microworld as just notedthis correspondence stands in for elaborate visual domainspecific computationsin realworld vision Nonetheless the schema mechanism as opposed t

o its visualsubsystem does not know about objects That is the mechanism does not knowthat some of its sensory primitives designate visual information or that there arecategories of inputs that correspond to different modalities the mechanism startsout knowing nothing about what each item or action represents or how they might
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Figure 6.3 The fovea. Five foveal regions—front (F), back (B), right

(R), left (L), and center (X)—in the center of the visual field provide

detailed visual information.

to the intensity of light at a particular spot on the human retina, the visual items

convey information similar to the output of sophisticated processing in human vi-

sion, involving the detection of edges, the distinction of figure and ground re-

gions, and the formation of 2.5-dimensional sketches of objects [41]. The end

product of this processing encodes the existence, appearance, and location of ob-

jects in space (three-dimensional space in the real world, or two-dimensional

space in the microworld).

Of course, the simulated robot's visual system does not perform comparably

sophisticated computations to arrive at this encoding. Rather, the computation is

trivial because of the simplicity of the microworld—in particular, the uniformity

of objects' size, units of motion, and mapping onto visual-field regions. Further-

more, because the visual field enjoys a bird's-eye view, it need not recover infor-

mation from a collapsed representation, as with the interpretation of depth from a

real-world two-dimensional projection. Thus, the design of the simulated visual

system deliberately bypasses the difficult problems of real-world vision; the arti-

ficial system merely provides information about nearby objects that is roughly

similar to real-world visual information.

Notice what is and is not hardwired about the nature of physical objects. The

visual system itselfmay be regarded as being rigged to know much about objects,

by virtue of the close correspondence between the appearance of objects in the vi-

sual field and their actual spatial arrangement in the microworld; as just noted,

this correspondence stands in for elaborate, visual domain-specific computations

in real-world vision. Nonetheless, the schema mechanism, as opposed to its visual

subsystem, does not know about objects. That is, the mechanism does not know

that some of its sensory primitives designate visual information, or that there are

categories of inputs that correspond to different modalities; the mechanism starts

out knowing nothing about what each item or action represents, orhow they might



62 Learning spatial substrates 1 [9be related to one another It is up to the mechanism itself to derive the meaning ofthe items and actions by learning about their interrelationshipsFrom the mechanisms initial point of view each primitive item and action is afeatureless entity rather like a gensym in the computer language LISP [63] a gensym is a symbol with a unique but arbitrary automatically generated nameWhatever innate domainspecific knowledge about objects and s

pace the visualsystem uses to maintain the state of the visual inputs this knowledge is encapsulated to the visual system and is not available to the schema mechanism Similarly ofcourse for the tactile and other domains This encapsulation corresponds tothe working hypothesis put forth in section 293 that the Piagctian constructivistaccount is approximately correct with respect to the acquisition of knowledge by acentral general leamin g mechanism although peripheral 

modules embody moreinnately specified competence than Piaget acknowledged62 Learning spatial substrates621 Initial schemasAs noted in section 4 12 there is an initial bare schema for each primitive actionFigure 64 The initial schemasFigure 64 shows the mechanisms initial schemas622 GraspingThe first schema built is grasphcl figure 65 which asserts that the grasp actionresults in the sensation of the hand being closed This schema is unusual in thatits result follows f

rom its action unconditionally hence the schema is reliable despite an empty context That the result follows unconditionally also makes theschema easy to discover quickly by marginal attribution since every occurrenceof the action produces a transition to the result state unless the hand is alreadyclosed in which case the actions occurrence does not count as a trial and a tran
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be related to one another. It is up to the mechanism itself to derive the meaning of

the items and actions by learning about their interrelationships.

From the mechanism's initial point of view, each primitive item and action is a

featureless entity, rather like a gensym in the computer language LISP [63] (a gen-

sym is a symbol with a unique but arbitrary, automatically generated name).

Whatever innate, domain-specific knowledge about objects and space the visual

system uses to maintain the state of the visual inputs, this knowledge is encapsu-

latedto the visual system, and is not available to the schema mechanism. (Similar-

ly, ofcourse, for the tactile and other domains. ) This encapsulation corresponds to

the working hypothesis put forth in section 2.9.3, that the Piagetian constructivist

account is approximately correct with respect to the acquisition ofknowledge by a

central, general learning mechanism, although peripheral modules embody more

innately specified competence than Piaget acknowledged.

6.2 Learning spatial substrates

6.2.1 Initial schemas

As noted in section 4.1.2, there is an initial, bare schema for each primitive action.

Figure 6.4 shows the mechanism's initial schemas.

0^0 0-^0 fc0
0-r>0 <7y-MA &-MZ)
0=r0 s2h^0
fe0 2hr0

Figure 6.4 The initial schemas.

6.2.2 Grasping

The first schema built is Igrasplhcl (figure 6.5), which asserts that the grasp action

results in the sensation of the hand being closed. This schema is unusual in that

its result follows from its action unconditionally; hence, the schema is reliable de-

spite an empty context. That the result follows unconditionally also makes the

schema easy to discover quickly by marginal attribution, since every occurrence

of the action produces a transition to the result state (unless the hand is already

closed, in which case the action's occurrence does not count as a trial); and a tran-



120 Chapter 6 Synopsis of schema mechanism performancesition to the result occurs only when that action is taken Thus the signicant difference between the results occurrence with and without the action becomes apparent more quickly than in the case of a relevant result that follows onlyinfrequently or that occurs under other circumstances as wellI  I hl Igrasp [E C Q graspFigure 65 A handclosing schema The grasp action closes thehandSimilar schemas describe the abili

ty to close the hand and grasp an object thattouches the hands fingers gure 66 The mechanism builds the unreliableschema grasphgr which designates the relevance of the grasp action to the sensation of grasping That schemas extended context discovers the relevance of thecondition tactl spinning off the schema tactgrasphgr which denotes the necessity of being in appropriate contact with an object in order to grasp 0Figure 66 A grasping schema The grasp action grasps an

 object in contact with the fingers623 Elaborating the visual eldOften it happens that an object is in the visual field when an incremental glanceaction occurs Suppose for example that on several occasions an object appearsat vf21 when the action eyer is taken figure 67 As a result of the action theimage shifts to the adjoining visual region to the left and if] I tums Onbefore glanceright after glancerightI I I I I I I I  1 11 1 1 1I I I I J I I IFigure 67 Glance shi

fting A glance action shifts a visualimage to an adjoining region
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sition to the result occurs only when that action is taken. Thus, the significant dif-

ference between the result's occurrence with and without the action becomes ap-

parent more quickly than in the case of a relevant result that follows only

infrequently, or that occurs under other circumstances as well.

0-r>0Fw o 0-*+®X_^ grasp s^~s ~ X^s grasp V—

'

Figure 6.5 A hand-closing schema. The grasp action closes the

hand.

Similar schemas describe the ability to close the hand and grasp an object that

touches the hand's "fingers" (figure 6.6). The mechanism builds the unreliable

schema/grasp/hgr, which designates the relevance of the grasp action to the sen-

sation ofgrasping. That schema's extended context discovers the relevance ofthe

condition tactl, spinning offthe schema tactllgrasplhgr, which denotes the neces-

sity of being in appropriate contact with an object in order to grasp.

tactto\CA—r>G&\ £> Q—r+{hg)Xy grasp V_-X T V_x grasp V-X

Figure 6.6 A grasping schema. The grasp action grasps an ob-

ject in contact with the fingers.

6.2.3 Elaborating the visual field

Often, it happens that an object is in the visual field when an incremental glance

action occurs. Suppose, for example, that on several occasions, an object appears

at vf21 when the action eyer is taken (figure 6.7). As a result of the action, the

image shifts to the adjoining visual region to the left, and vfl 1 turns On.

before glance-right:

T
after glance-right:

T T 1 T

Figure 6.7 Glance shifting. A glance action shifts a visual

image to an adjoining region.



62 Leaming spatial substrates 121The transition to vf11 is an infrequent result of the action of glancing rightwardit results only if an object happens to be within view and at just the correct regionof the visual field when the action occurs Moreover that transition also happenson occasion in the absence of the action in questionif say a forward glancebrings an image from vf12 to vf11 or if a moving objects image passes throughthat region while the glance is station

aryNonetheless the transition to vf11 happens more often when the action eyer istaken than when not0 When eyer is taken a transition to vfII follows if0 A stationary object appears at vf21 before the action starts and theglance is not already at its rightmost orientation or9 A moving object arrives at the projection of vl as the action concludes regardless of whether the glance orientation changed or wasalready at its rightmost extreme0 When eyer is not taken a trans

ition to vf11 follows if0 Some other glance action moves the image of a stationary object tovf11 or0 A moving object arrives at the projection of if] 1  regardless of whethera glance action was just takenTransitions to if] brought about by moving objects happen about as oftenwhen the eyer action is taken as when not in either case what is required is that theobjects image move to wherever vf11 ends up being mapped Since objects arestationary most of the time the comp

arison between the likelihood of transitionwith and without the action is dominated by the case in which the object does notmoveTransitions to vfll due to a stationary object require that some incrementalglance action be taken that the visual field is not already in its most extreme orientation in the direction of that action and that the obj ects image is in the appropriate adjoining region just before the action The glanceorientation and imageposition requirements 

are as likely to be met in the case of the eyer action as in thecase of any of the other three incremental glance actions therefore these factorsattenuate the probability of the vf11 transition equally whether or not the eyer action occurs The only remaining factor is whether a glance action occurs and this
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The transition to vfll is an infrequent result ofthe action ofglancing rightward;

it results only if an object happens to be within view, and at just the correct region

ofthe visual field, when the action occurs. Moreover, that transition also happens,

on occasion, in the absence of the action in question—if, say, a forward glance

brings an image from vfl2 to vfll, or if a moving object's image passes through

that region while the glance is stationary.

Nonetheless, the transition to vfll happens more often when the action eyer is

taken than when not:

• When eyer is taken, a transition to vfll follows if:

• A stationary object appears at vfll before the action starts, and the

glance is not already at its rightmost orientation; or

• A moving object arrives at the projection of vfll as the action con-

cludes (regardless of whether the glance orientation changed, or was

already at its rightmost extreme).

• When eyer is not taken, a transition to vfll follows if:

• Some other glance action moves the image of a stationary object to

vfll; or

• A moving object arrives at the projection of vfll, regardless ofwhether

a glance action was just taken.

Transitions to vfll brought about by moving objects happen about as often

when the eyer action is taken as when not; in either case, what is required is that the

object's image move to wherever vfll ends up being mapped. Since objects are

stationary most of the time, the comparison between the likelihood of transition

with and without the action is dominated by the case in which the object does not

move.

Transitions to vfll due to a stationary object require that some incremental

glance action be taken, that the visual field is not already in its most extreme orien-

tation in the direction of that action, and that the object's image is in the appropri-

ate adjoining region just before the action. The glance-orientation and image-po-

sition requirements are as likely to be met in the case of the eyer action as in the

case of any of the other three incremental glance actions; therefore, these factors

attenuate the probability of the vfll transition equally whether or not the eyer ac-

tion occurs. The only remaining factor is whether a glance action occurs, and this



l22 Chapter 6 Synopsis of schema mechanism performanceoccurrence is significantly more likely in fact certain if the action eyer is takenthan if not Thus the transition to 1f] 1 is significantly more likely when eyer occursAs indicated in figure 68 the extended result of eyer discovers the relevanceof if]  spinning off the schema eyertfll  Of course the relevance of other visualfield items is similarly discovered by the extended result leading to spinoffseyer Figure 

68 Glance results A glanceaction schema discoversvisualfield resultsfor those items as wellThese schemas with empty contexts are all unreliable But their extendedcontexts each identify the appropriate context condition designating the visualfield region immediately to the right of the result item glancing left shifts animage to the right So for example eyertfll spins off the reliable schemavf21eyertfll  and similarly for the other schemas showing results of glancingl

eft figure 69 except for those glanceleft schemas that result in a visual appearance at the leftmost edge of the retinaW 9so 9 pFigure 69 Glance contexts Schemas expressing visual resultsidentify corresponding context conditionsSimilar schemas form for each of the other three incremental glance actionsEventually these schemas link together to form a network that elaborates the spatial structure of the visual field figure 6 I l The spatial elaboration is practicalthe 

adjacency of visualfield regions is designated by their connection via an in
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occurrence is significantly more likely (in fact, certain) if the action eyer is taken

than if not. Thus, the transition to vfll is significantly more likely when eyer oc-

curs.

As indicated in figure 6.8, the extended result of IeyerI discovers the relevance

of vfll, spinning offthe schema leyerlvfll. Ofcourse, the relevance of other visu-

al-field items is similarly discovered by the extended result, leading to spinoffs

for those items as well.

<Zh*0 ovflO f\ X~^ eyereyer

eyer

Figure 6.8 Glance results. A glance-action schema discovers

visual-field results.

These schemas, with empty contexts, are all unreliable. But their extended

contexts each identify the appropriate context condition, designating the visu-

al-field region immediately to the right of the result item (glancing left shifts an

image to the right). So, for example, leyerlvfll spins off the reliable schema

vfllleyerlvfll, and similarly for the other schemas showing results of glancing

left (figure 6.9), except for those glance-left schemas that result in a visual appear-

ance at the leftmost edge of the retina.

Figure 6.9 Glance contexts. Schemas expressing visual results

identify corresponding context conditions.

Similar schemas form for each of the other three incremental glance actions.

Eventually, these schemas link together to form a network that elaborates the spa-

tial structure of the visual field (figure 6. 10). The spatial elaboration is practical;

the adjacency of visual-field regions is designated by their connection via an in-



62 Leaming spatial substrates 123cremental glance action The network comprises chains of schemas that say howto shift an image from one visualfield region to another by a series of incremental ew w eyef  yaki eye O1743 13913_ H_glance actions Figure 610 The visualfield network These schemas with incremental glance actions link adjacent visualfield itemsThe schema mechanism constructs most of the schemas shown in the networkof figure 610 but it does not realize the en

tire network by the time the referencerun ends Rather the mechanism builds 55 of those 80 schemas in addition thereare 24 schemas such as vp32eyebifll which corresponds to the special case ofmoving the bodys visual image to if]] from ijfl0 which is where the image appears when the glance orientation is 17232624 Foveal relationsEach of the schemas in figure 610 fails when the visual field cannot shift furtherin the direction of the action The mechanism begins to leam 

about these overriding conditions building for example the schema iy2[ vp32eyerif] I The visualdetail items in the fovea also have adjacency relations when animage shifts from one foveal region to another the details of its appearance shiftcorrespondingly The extended result of the bare schema for each incrementalglance action such as eyer in figure 611 notes the relevance of each visual detail item spinning off schemas such as eyerfvx]2 and eyerfoiy32The extended co

ntext of each such schema seeks conditions that make the schemas result follow reliably For some schemas such as eyerf0vx]2 a corresponding visualdetail item in an adjoining retinal region serves as such a condition thus for example the schema favrll eyerf0vx12 spins off figure 612aand similarly for other actions regions and details It so happens that detail I land and detail 12 tend to cooccur among the objects encountered so fovr] I and
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cremental glance action. The network comprises chains of schemas that say how

to shift an image from one visual-field region to another by a series of incremental

glance actions.

S~*\ ^^\ \
eyef eyeb

vf34)—r+ivf44]
eyel

vf43) [vf43

Figure 6.10 The visual-field network. These schemas with in-

cremental glance actions link adjacent visual-field items.

The schema mechanism constructs most of the schemas shown in the network

of figure 6. 10, but it does not realize the entire network by the time the reference

run ends. Rather, the mechanism builds 55 ofthose 80 schemas; in addition, there

are 24 schemas such as vp32leyeblvfll , which corresponds to the special case of

moving the body's visual image to vfll from vflO, which is where the image ap-

pears when the glance orientation is vp32.

6.2.4 Foveal relations

Each of the schemas in figure 6. 10 fails when the visual field cannot shift further

in the direction of the action. The mechanism begins to learn about these overrid-

ing conditions, building, for example, the schema vfll &~vp32leyerlvfl 1 .

The visual-detail items in the fovea also have adjacency relations; when an

image shifts from one foveal region to another, the details of its appearance shift

correspondingly. The extended result of the bare schema for each incremental

glance action (such as leyerl in figure 6. 1 1 ) notes the relevance of each visual de-

tail item, spinning off schemas such as leyerlfovxH and leyerlfovf32.

The extended context ofeach such schema seeks conditions that make the sche-

ma's result follow reliably. For some schemas, such as leyerlfovxH, a corre-

sponding visual-detail item in an adjoining retinal region serves as such a condi-

tion; thus, for example, the schemafovrllleyerlfovxl2 spins off (figure 6.12a),

and similarly for other actions, regions, and details. (It so happens that detail 11

and and detail 12 tend to co-occur among the objects encountered, sofovr11 and



124 Chapter 6 Synopsis of schema mechanism performance0 fovxl 2 eyerQ1 W 0eyerFigure 611 Foveal glance results A glanceaction schema discovers visualdetail resultsfovr] 2 are equally correct context conditions for eyerf0vx12 eyerf0vx12s extended context discovers the relevance of both items simultaneously and arbitrarily chooses fovrl 1 for the spinoff schema fot11  12 Q 123 fowlzo eye fom fovr eyeFigure 612 Foveal glance contexts These glanceaction schemasdiscover c

ontexts for visualdetail resultsFor other schemas such as eyerf0vf32 there is no visualdetail item to conferreliability since tf33 the region immediately to the right the forward foveal region is not itself a foveal region and thus conveys no visual detail The extendedcontext of eyerf0vf32 does identify the coarse item 1333 as a relevant conditionleading to the construction of 1f33eyerf0tf32 figure 612b This schemathough still unreliable is much more reliable than th

e unconditional eyerfmf32The extended context of eyerfovxl 2 also identifies the results adjoiningcoarse item in this case 1732 as a relevant context condition If 1f32 spawned aspinoff schema tjf32eyerf0vx]2 before favrll spun off fowl 1eyerfovxl 2 thenthe extended context ofifi 2 e_verfavxl 2 would itself discover the necessity of thecondition fovrl I constructing the schema 1f32fowI1eyermvx12 Sincefovrl I is never On unless \f32 is On _VIfl\]2 would never once ty32

eyerfovxl2 had formed spawn fovrl I eyerfovxl 2 due to the provision discussed insection 4 l 3 for suppressing redundant attribution by deferring to a morespecific applicable schemaTwo factors make it likely that eye21rl2 will spawn forrl I  e_verfour] 2 before spawning ty32ever_fuvr12 First the mechanism may encounter an object
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Figure 6.11 Foveal glance results. A glance-action schema dis-

covers visual-detail results.

fovrl2 are equally correct context conditions for leyerlfovxl2\ leyerlfovxl 2' s ex-

tended context discovers the relevance of both items simultaneously, and arbi-

trarily choosesfovrl1 for the spinoff schema.)

(a)

(b) \fovf32 (JV-^/^
vfS3o\/^^ eyer V_^ nr \^ eyer \^y

Figure 6.12 Foveal glance contexts. These glance-action schemas

discover contexts for visual-detail results.

For other schemas, such as /eyer/fovf32, there is no visual-detail item to confer

reliability, since vf33, the region immediately to the right the forward foveal re-

gion, is not itself a foveal region, and thus conveys no visual detail. The extended

context of /'eyerlfovf32 does identify the coarse item vf33 as a relevant condition,

leading to the construction of vf33leyerlfovf32 (figure 6.12b). This schema,

though still unreliable, is much more reliable than the unconditional leyerlfovf32.

The extended context of leyerlfovxl2 also identifies the result's adjoining

coarse item (in this case vf32) as a relevant context condition. If vf32 spawned a

spinoff schema vf32leyerlfovxl2 bef'orefovr11 spun offfovrl1leyerlfovxl 2, then

the extended context of vf32leyer/fovx12 would itselfdiscover the necessity ofthe

condition fovrl 7, constructing the schema vf32&fovrll leyerlfovxl 2. (Since

fovrl1 is never On unless vf32 is On, leyerlfovxl2 would never, once vf32leyerl

fovxl2 had formed, spawnfovrllleyerlfovxl2, due to the provision, discussed in

section 4. 1 .3, for suppressing redundant attribution by deferring to a more-specif-

ic applicable schema.)

Two factors make it likely that leyerlfovxl2 will spawnfovrl 1 leyerlfovxl 2 be-

fore spawning vf32leyerlfovx!2. First, the mechanism may encounter an object



62 Leaming spatial substrates 125lacking the visual features 11 and 12 whose image passes from the rightfovealregion to the centralfoveal region when the action eyer is taken In that casefovrll contributes more to the observed reliability of eyerfovxl 2 than does iy32so the extended context will detect the relevance of fovrl 1 sooner Second if instead the relevance of the two items is detected concurrently the mechanism prefers to create a spinoff for the more specif

ic context condition section 413again again favoring f0vr11 Once fovrl 1  eyerfovxl 2 exists the context condition xy32 does not give rise tofurther spinoffs for the action eyer and result fovxl 2 eyerf0vx12 cannot spawnvf32eyerf0vx12 because of redundantattribution suppression and fovrl I eyerf0vx12 does not spawn vf32f0vr1Ieyerfovx12 because there is no measuredimprovement in the reliability of fovrl 1eyerfovxl 2 when vf32 is On rather thanOff indeed f0vr]1eyerf0vx

I2 cannot even be tested when vf32 is Off sincefovrll must then be Off too making the schema inapplicable Thus the mechanism avoids the inefficiency of building a conjunctive context here when a singleitem sufficesFor similar reasons the mechanism avoids building fovr12eyerf0vx12 aslong as details 11 and 12 cooccur But suppose the mechanism were to encounteran object that has feature 12 but not 1 I  If on some occasions glancing left shiftsthat objects image from the

 rightmost foveal region to the central foveal regioneyerf0vx12 can spawn fovrl 2 eyerfovxl 2 since fovrl I was Off on those trials itdoes not suppress the attribution of relevance on those trials to f0vr12625 Elaborating the proprioceptive eldsIncremental glance actions affect visual proprioceptive items as well as visualfield items Schemas such as vp21eyefvp22 express the adjacency of visualproprioceptive items by designating their connectivity with respect to incr

emental glance actions I omit the details of this schemas derivation which is similarto the examples aboveSuch schemas link the visual proprioceptive items into a network similar tothe visualfield network in figure 610 that elaborates their spatial structure figure 613 This network provides a chain of schemas from any given eye orientation to any other conferring the ability to shift from any orientation to any otherIn the reference run the mechanism builds 17 of the

se 24 schemas In additionthere are seven pairs of schemas such as vf20eyebvp21 and vf20vp22eyebvp21 in which the bodys image for a given glance orientation is initially desig
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lacking the visual features 11 and 12 whose image passes from the right-foveal

region to the central-foveal region when the action eyer is taken. In that case,

fovrll contributes more to the observed reliability of/eyer/fovxl2 than does vf32,

so the extended context will detect the relevance offovrll sooner. Second, if in-

stead the relevance of the two items is detected concurrently, the mechanism pre-

fers to create a spinoff for the more specific context condition (section 4.1.3

again), again favoring fovrll.

Oncefovrl1 /eyer/fovxl 2 exists, the context condition vf32 does not give rise to

further spinoffs for the action eyer and result/ovx/2: 1eyer/fovxl2 cannot spawn

vf321eyer/fovxl 2, because ofredundant-attribution suppression; mdfovrll/eyer/

fovx!2 does not spawn vf32&fovrll Ieyer/fovxl 2, because there is no measured

improvement in the reliability offovrll/eyer/fovxl 2 when vf32 is On rather than

Off (indeed, fovrl1/eyer/fovxl'2 cannot even be tested when vf32 is Off, since

fovrll must then be Off too, making the schema inapplicable). Thus, the mecha-

nism avoids the inefficiency of building a conjunctive context here when a single

item suffices.

For similar reasons, the mechanism avoids building fovrl21eyer/fovxl 2, as

long as details 11 and 12 co-occur. But suppose the mechanism were to encounter

an object that has feature 12 but not 11. If, on some occasions, glancing left shifts

that object's image from the rightmost foveal region to the central foveal region,

/eyer/fovxl2 can spawnfovrl2/eyer/fovxl2; sincefovrl 1 was Offon those trials, it

does not suppress the attribution of relevance on those trials tofovrl2.

6.2.5 Elaborating the proprioceptive fields

Incremental glance actions affect visual proprioceptive items as well as visu-

al-field items. Schemas such as vp21/eyef/vp22 express the adjacency of visual

proprioceptive items by designating their connectivity with respect to incremen-

tal glance actions. (I omit the details of this schema's derivation, which is similar

to the examples above.)

Such schemas link the visual proprioceptive items into a network (similar to

the visual-field network in figure 6. 10) that elaborates their spatial structure (fig-

ure 6. 1 3). This network provides a chain of schemas from any given eye orienta-

tion to any other, conferring the ability to shift from any orientation to any other.

In the reference run, the mechanism builds 17 of these 24 schemas. In addition,

there are seven pairs of schemas such as vf20leyeblvp21 and vf20&vp22leyebl

vp21, in which the body's image for a given glance orientation is initially desig-



126 Chapter 6 Synopsis of schema mechanism performancenated as the context condition in lieu of the orientation itself later the actualorientation specified proprioceptively is added as a condition eeyeb eyefeyer Figure 613 The visual proprioceptive network These schemas with incremental glance actions link adjacent visual proprioceptive itemsSimilarly incremental hand actions affect haptic proprioceptive items for example hp23Izcmdlhp13 shows the adjacency of hp23 a

nd hp] 3  Such schemasfonn yet another network figure 614 which implements a practical descriptionof the spatial arrangement of the haptic proprioceptive items The mechanismconstructs the entire haptic proprioceptive network except that the schemastaste2handhp] and taste] handrhp31 appear in lieu of hp22hand]hpll andhp22handrhp31 these two schemas substitute designations of the taste of thehand when it is at 2 1 touching the mouthfor the proprioceptive designationof 

the hands position These taste items are chained to from the haptic proprioceptive network see figure 619 W   hand 1 handfhandr E EFigure 614 The haptic proprioceptive network These schemas withincremental hand actions link adjacent haptic proprioceptive items626 Negative consequencesShifting the position of the hand the glance or a visual image not only establishesa new position but also eradicates the prior position Schemas like those in figure615 designate such co

nsequences
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nated as the context condition in lieu of the orientation itself; later, the actual

orientation, specified proprioceptively, is added as a condition.

©l£T© \pp33j \vp33J
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Figure 6.13 The visual proprioceptive network. These schemas with in-

cremental glance actions link adjacent visual proprioceptive items.

Similarly, incremental hand actions affect haptic proprioceptive items; for ex-

ample, hp23lhandllhpl3 shows the adjacency of hp23 and hpl3. Such schemas

form yet another network (figure 6. 14), which implements a practical description

of the spatial arrangement of the haptic proprioceptive items. The mechanism

constructs the entire haptic proprioceptive network, except that the schemas

taste2lhandllhpll and tastellhandrlhp31 appear in lieu of hp221handllhp11 and

hp22lhandrlhp31\ these two schemas substitute designations of the taste of the

hand when it is at (2, 1
)—touching the mouth—for the proprioceptive designation

of the hand's position. (These taste items are chained to from the haptic proprio-

ceptive network; see figure 6.19.)

©t^@
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Figure 6.14 The haptic proprioceptive network. These schemas with

incremental hand actions link adjacent haptic proprioceptive items.

6.2.6 Negative consequences

Shifting the position of the hand, the glance, or a visual image not only establishes

a new position, but also eradicates the prior position. Schemas like those in figure

6. 15 designate such consequences.



62 Leaming spatial substrates 127eye eye handbFigure 615 Moving away Moving to a new position eradicates theold one627 Positional actionsEach of the proprioceptive items linked in the above networks is an achievableresult as such it becomes the goal state for a composite actionthe action ofachieving that glance or hand orientation As stated in section 431  for each newly defined composite action the mechanism also builds a bare schema which hasthat action Figure 616a

 for example shows the bare schema with a compositeaction whose goal state is hp22 the actions component schemas are those of thenetwork in figure 614 above The action hp33 shown in 616b has the samecomponent schemasas do all the other composite actions with haptic proprioceptive goal statesa b   Figure 616 Positional hand actions Composite actions form for various hand positions Each defines the action of bringing the hand to thatposition The schemas shown in the co

ntrollers are from figure 614These hand actions with proprioceptive goals are positional in contrast withthe primitive hand actions which are incremental Activating a given positionalhand action moves the hand to a particular position regardless of where the handstartedSimilarly each of the visual proprioceptive items becomes a goal state of acomposite action as illustrated in figure 617 These composite actions are positional glance actions again in contrast with the

 incremental primitives
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Figure 6.15 Moving away. Moving to a new position eradicates the

old one.

6.2.7 Positional actions

Each of the proprioceptive items linked in the above networks is an achievable

result; as such, it becomes the goal state for a composite action—the action of

achieving that glance or hand orientation. As stated in section 4.3. 1 , for each new-

ly defined composite action, the mechanism also builds a bare schema which has

that action. Figure 6. 16a, for example, shows the bare schema with a composite

action whose goal state is hp22; the action's component schemas are those of the

network in figure 6.14 above. The action hp33, shown in 6.16b, has the same

component schemas—as do all the other composite actions with haptic proprio-

ceptive goal states.

(a) (b)

Figure 6.16 Positional hand actions. Composite actions form for var-

ious hand positions. Each defines the action ofbringing the hand to that

position. The schemas shown in the controllers are from figure 6. 14.

These hand actions, with proprioceptive goals, are positional, in contrast with

the primitive hand actions, which are incremental. Activating a given positional

hand action moves the hand to a particular position, regardless of where the hand

started.

Similarly, each of the visual proprioceptive items becomes a goal state of a

composite action, as illustrated in figure 6. 17. These composite actions are posi-

tional glance actions, again in contrast with the incremental primitives.



128 Chapter 6 Synopsis of schema mechanism performanceQ v[22 Q   Figure 617 Positional glance actions Composite actions also formfor various glance orientations Each defines the action of bringing theglance to that orientation The schemas shown in the controllers arefrom gure 613Finally the schemas that link adjacent visualfield items also provide a basisfor the definition of composite actions with those items as goal states figure618 Each such composite action is th

e action of shifting an image to a particularregion of the visual field Of particular interest are the foveation composite actions a foveal action eg vfI2 shifts an image to one of the foveal regions of thevisual field Foveal actions permit the visual details of an object to become apparentMany visualdetail items themselves become goal states of composite actionsMost objects exhibit a number of visual details which therefore tend to cooccurwhen the objects image appe

ars at some foveal region This could lead to an n 2proliferation of schemas in which each visualdetail action claimed each cooccurring visual detail as a result The mechanisms provision for suppressing redundant attribution to specialcase actions section 434 substantially mitigatesthis proliferation since visual details are special cases of coarsevisual information also for any pair of visual details that almost always cooccur one will arbitrarily count as a special 

case of the other Still more than a thousand such schemas do form in part because some specialcase actions acquire attributed resultsbefore being acknowledged as specialcase actions63 Steps toward intermodal coordinationThe schemas documented above set forth a substrate for the practical representation of visual and proprioceptive spatial knowledge Other schemas begin to describe the relationshipsamong these domainsincluding coordination of the
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Figure 6.17 Positional glance actions. Composite actions also form

for various glance orientations. Each defines the action of bringing the

glance to that orientation. The schemas shown in the controllers are

from figure 6.13.

Finally, the schemas that link adjacent visual-field items also provide a basis

for the definition of composite actions with those items as goal states (figure

6.18). Each such composite action is the action of shifting an image to a particular

region of the visual field. Of particular interest are the foveation composite ac-

tions: a foveal action (e.g., v/72) shifts an image to one of the foveal regions of the

visual field. Foveal actions permit the visual details ofan object to become appar-

ent.

Many visual-detail items themselves become goal states ofcomposite actions.

Most objects exhibit a number of visual details, which therefore tend to co-occur

when the object's image appears at some foveal region. This could lead to an n 2

proliferation of schemas, in which each visual-detail action claimed each co-oc-

curring visual detail as a result. The mechanism's provision for suppressing re-

dundant attribution to special-case actions (section 4.3.4) substantially mitigates

this proliferation (since visual details are special cases of coarse-visual informa-

tion; also, for any pair of visual details that almost always co-occur, one will arbi-

trarily count as a special case of the other). Still, more than a thousand such sche-

mas do form, in part because some special-case actions acquire attributed results

before being acknowledged as special-case actions.

6.3 Steps toward intermodal coordination

The schemas documented above set forth a substrate for the practical representa-

tion of visual and proprioceptive spatial knowledge. Other schemas begin to de-

scribe the relationships among these domains—including coordination of the



63 Steps toward intermodal coordination 129             goal statevfl 2goal statevf34Figure 618 Visualposition actions Composite actions form for various coarse visual items as well Each defines the action of shifting animage to the corresponding region The schemas shown in the controllersare from figure 610 Some schemas for moving the handwith visualsideeffectsare also in these controllers but are not shown in this diagramhaptic and buccal mouthoriented domains the 

visual manifestations of movingthe hand and coordination between sight and touch631 Moving the hand to the mouthThe schema hp22handbtaste] among other such examples anticipates the tasteof the hand when the hand moves to touch the mouth figure 619 Schemas ofthe haptic proprioceptive networkeg hp] 2handrhp22chain to this schema allowing the mechanism to suck its thumb as it were wherever the hand maybe initially Schemas such as hp22handbtaste] implement a rudimentary 

formof intermodal coordination with the advent of these schemas the haptic and buccal realms are no longer separate and unrelated Rather the mechanism now hasa practical elaboration of their interconnection by knowing in effect where inhaptic space the tasteproducing location isEaFigure 619 Handtaste coordination The schema mechanismlearns to suck its thumb
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Figure 6.18 Visual-position actions. Composite actions form for vari-

ous coarse visual items as well. Each defines the action of shifting an

image to the corresponding region. The schemas shown in the controllers

are from figure 6. 10. Some schemas for moving the hand—with visual

side-effects—are also in these controllers (but are not shown in this dia-

gram).

haptic and buccal (mouth-oriented) domains; the visual manifestations ofmoving

the hand; and coordination between sight and touch.

6.3.1 Moving the hand to the mouth

The schema hp22lhandbltastel (among other such examples) anticipates the taste

of the hand when the hand moves to touch the mouth (figure 6. 19 ). Schemas of

the haptic proprioceptive network—e.g., hpl2lhandrlhp22—chain to this sche-

ma, allowing the mechanism to suck its thumb (as it were), wherever the hand may
be initially. Schemas such as hp22lhandbltastel implement a rudimentary form

of intermodal coordination; with the advent of these schemas, the haptic and buc-

cal realms are no longer separate and unrelated. Rather, the mechanism now has

a practical elaboration of their interconnection, by knowing, in effect, where in

haptic space the taste-producing location is.

Q©^T©8
Figure 6.19 Hand-taste coordination.

learns to suck its thumb.

The schema mechanism



130 Chapter 6 Synopsis of schema mechanism performanceThe mechanism also leams about the tactile effects of moving the hand to themouth building schemas such as hp22handbtactb632 Visual effects of incremental hand motionsMoving the hand while it is in view affects where the hands image appears in thevisual eld If the motion occurs within the foveal region the visual change canbe reliably predicted if the hand is only peripherally visible its identity as thehand is un

certain As shown in gure 620 a bare incremental handmotionschema such as handl spawns schemas that show the hand or its visual detailsappearing at various visualfield re gionse g  handll vf01 handf0vx02 visual detail 02 happens to be part of the hands appearance other schemas are similar but with other hand actions visual regions and visual details9 E  vfUI Vfm hand]  0hand  O f0vx02 harzdlFigure 620 Seeing the hand move These schemas depict some visual effects of a 

hand motionSome of these schemas denote effects of the motion of the hand from a fovealvisual region others from a peripheral region In the case of a peripheral originthe best that the extended context can do is to discover that an image at the appropriate adjoining region is a relevant context condition for example handty01spawns if] Ihand110] gure 621 This schema is unreliable since the objectseen at tfll need not be the hand WFigure 621 Peripheral hand motion The 

motion of the hands visualimage is unreliably predicted from its peripheral appearance In contrast the extended context of say hand]fov\02 discovers the relevanceof various visual features of the hand when it appears at the adjoining foveal region tf32 figure 622a The relevance of the item \_f32 itself is also noticed but
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The mechanism also learns about the tactile effects of moving the hand to the

mouth, building schemas such as hp22lhandbltactb.

6.3.2 Visual effects of incremental hand motions

Moving the hand while it is in view affects where the hand's image appears in the

visual field. If the motion occurs within the foveal region, the visual change can

be reliably predicted (if the hand is only peripherally visible, its identity as the

hand is uncertain). As shown in figure 6.20, a bare incremental hand-motion

schema such as lhandll spawns schemas that show the hand, or its visual details,

appearing at various visual-field regions—e.g., Ihandllvf01jhandllfovx02 (visu-

al detail 02 happens to be part of the hand's appearance); other schemas are simi-

lar, but with other hand actions, visual regions, and visual details.
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ovfOl
ofovx02

<2h*0y*-S hnnAl V_/
vfDl

* 0-*Oy^ handl ^^fovx02

Figure 6.20 Seeing the hand move. These schemas depict some visu-

al effects of a hand motion.

Some of these schemas denote effects of the motion of the hand from a foveal

visual region, others from a peripheral region. In the case of a peripheral origin,

the best that the extended context can do is to discover that an image at the appro-

priate adjoining region is a relevant context condition; for example, IhandllvfOl

spawns vfl I IhandllvfOl (figure 6.21). This schema is unreliable, since the object

seen at vfll need not be the hand.
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Figure 6.21 Peripheral hand motion. The motion of the hand's visual

image is unreliably predicted from its peripheral appearance.

In contrast, the extended context of, say, Ihandllfovx02 discovers the relevance

of various visual features of the hand when it appears at the adjoining foveal re-

gion vf32 (figure 6.22a). The relevance of the item vf32 itself is also noticed, but



63 Steps toward intermodal coordination 131only after some of the details that are unique to the hand are found relevant 1382and details less specific to the hand also obtain when objects other than the handare at vf32 and thus make a smaller difference to the withwithout comparisonmade by the extended context data Therefore handf0vx02 spawns a contextthat best distinguishes the hand from other objects seen at tf32 just before movingthe hand to the left This process 

culminates in the schema SeeHand32handlSeeHand2 2 figure 622b where SeeHandxy is shorthand for a conjunction of one or more visual features that jointly distinguish the hands image at visual field region xy from the images of other objects seen there   11 0  a  ii  322]EOf0x02_  b SeeHand3 2 C SeeHcmd2 2hand]Figure 622 Foveal hand motion When the hand appears in the foveathe destination of its image is reliably anticipatable when the handmovesThat schema and others s

uch as S eeHand2 3 handbS eeHand2 2 in figure623 chain together to say how to move the hand so as to move the hands imageamong the foveal regions And each achievable result such as S eeHand2 2 defines a composite actionthe action of bringing the hands image to a given region of the visual fieldS eeHmd3 2 v SeeHand2 2hand7Figure 623 Seeing the hand move Moving the hand moves its imageacross the fovea
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only after some of the details that are unique to the hand are found relevant; vf32,

and details less specific to the hand, also obtain when objects other than the hand

are at vf32, and thus make a smaller difference to the with-without comparison

made by the extended context data. Therefore, Ihandllfovx02 spawns a context

that best distinguishes the hand from other objects seen at vf32 just before moving

the hand to the left. This process culminates in the schema SeeHand@3,2/handl/

SeeHand@2,2 (figure 6.22b), where SeeHand@x,y is shorthand for a conjunc-

tion of one or more visual features that jointly distinguish the hand's image at vi-

sual field region (x,y) from the images of other objects seen there.

fovrll
fovr22 0-*Oy^y hnndl v^ fovx02

(b) SeeHand@3,2 (j—r^\_) SeeHand@2,2

Figure 6.22 Foveal hand motion. When the hand appears in the fovea,

the destination of its image is reliably anticipatable when the hand

moves.

That schema, and others such as SeeHand@2 ,3lhandblSeeHand@2 ,2 in figure

6.23, chain together to say how to move the hand so as to move the hand's image

among the foveal regions. And each achievable result such as SeeHand@2 ,2 de-

fines a composite action—the action of bringing the hand's image to a given re-

gion of the visual field.

t—i—i—

r

*;
J I I L

SeeHand@3 V-X hnnrlh V-/
SeeHand@2,2

handb

Figure 6.23 Seeing the hand move. Moving the hand moves its image

across the fovea.



132 Chapter 6 Synopsis of schema mechanism performance633 Touching what is seen and vice versaTouching what is seenSometimes moving the hand not only shifts its visual image but also results intactile contact The schema in figure 624a for example reflects the discoveryof this result That schemas extended context is able to discover a condition thatconfers reliability on the tactile result that an object be seen next to where thehand will move The schema in figure 624

b incorporates that condition in its context for a specific visual detail 02 exhibited by the object being touchedaSeeHand22    PIIIII   IIIIb     S eeHand2 2  I I I I I I I II I I IFigure 624 Seeing contact Moving the hand and its image results intactile contact if an object is present next to the hands destinationThis schema tells the mechanism to anticipate the tactile resulting from moving the hand beside an object that is seen However as of the end of the refere

ncerun the controller for SeeHand2 2 had not incorporated many schemas withhandmotion actions although some other S eeHand action hadmost of SeeHand22s component schemas used eyemotion actions moving the hand simage by shifting the glance rather than the hand But shifting the glance does notbring the hand into contact with an object The schema f\2SeeHand2 2tavtf needs to sustain its context recall section 416 until its actioncompletes sustaining the condition fmy02 w

ould tend to inhibit schemas withglance actions since a sideeffect of those actions would be to turn 1_f31 Off If thecontroller for SeeHand3 2 were to incorporate components for moving thehands image to visualfield region 32 from immediately adjacent regions themechanism would be able to use the schema fmyU2S ceHand2 2tactfto touchan object provided that the hand was already seen near 22 This ability would
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6.3.3 Touching what is seen, and vice versa

Touching what is seen

Sometimes, moving the hand not only shifts its visual image, but also results in

tactile contact. The schema in figure 6.24a, for example, reflects the discovery

of this result. That schema's extended context is able to discover a condition that

confers reliability on the tactile result: that an object be seen next to where the

hand will move. The schema in figure 6.24b incorporates that condition in its con-

text (for a specific visual detail, 02, exhibited by the object being touched).

(a)

(b)

SeeHand@2 ,2
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Figure 6.24 Seeing contact. Moving the hand, and its image, results in

tactile contact if an object is present next to the hand's destination.

This schema tells the mechanism to anticipate the tactile resulting from mov-

ing the hand beside an object that is seen. However, as of the end of the reference

run, the controller for SeeHand@2,2 had not incorporated many schemas with

hand-motion actions (although some other SeeHand action had)—most ofSeeH-

and@2,2 ,

s component schemas used eye-motion actions, moving the hand's

image by shifting the glance rather than the hand. But shifting the glance does not

bring the hand into contact with an object. The schema fovf02ISeeH-

and@2 ,2/tactf needs to sustain its context (recall section 4.1.6) until its action

completes; sustaining the condition fovfl)2 would tend to inhibit schemas with

glance actions, since a side-effect ofthose actions would be to turn vf31 Off. If the

controller for SeeHand@3 ,2 were to incorporate components for moving the

hand's image to visual-field region (3,2) from immediately adjacent regions, the

mechanism would be able to use the schemafovfl)2/SeeHand@2 ,2/tactfto touch

an object, provided that the hand was already seen near (2,2). This ability would



63 Steps toward intennodal coordination 13 3correspond to an intermediate development described by Piaget in which an infant can only grasp an object if the hand is seen in the vicinity of the objectAs more components linked into the controller grasping would become possible from more starting points And the construction of schemas for bringing thehand into view when it is not seen at alldescribed in the following sectioncould create the ability to grasp an object ev

en when the hand is not at first seenSeeing what is touchedBecause the composite action SeeHana3 2 has eyemotion components as wellas handmotion components it can serve to look at what is touched as well as viceversa The schema tactfSeeHand32vf33 in figure 625b is works inverselyto the schema in figure 624b tactfSeeHand3 2vf33 anticipates seeing an object that the hand feels if the glance is directed at the hand This schema s successdepends on sustaining the context 

condition tactf by using only eyemotion components of SeeHand3 2 inhibiting handmotion componentsa S eHcmd3 2   _ S eeHand3 2Figure 625 Touching then seeing Looking at the hand when ittouches something results in seeing the object that is touchedOther descriptive levelsThere is an altemative route by which the mechanism starts to develop a schemafor touching whats seen near the hand but which tums out to be a dead end Theschema handb for example spawns the unreliable

 schema zandbtactl Thatschema however is unable to make progress toward identifying visual conditionsthat confer reliability on the schema The problem is that the object being touchedcould appear anywhere in the visual field or could fail to appear at all its appearance at a given visual region makes tactile contact no more likely than its appearance at any other region and not measurably more likely than when it does notappear given that an object is likely to be ne

arby even if not in view Similarly
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correspond to an intermediate development described by Piaget, in which an in-

fant can only grasp an object if the hand is seen in the vicinity of the object.

As more components linked into the controller, grasping would become possi-

ble from more starting points. And the construction of schemas for bringing the

hand into view when it is not seen at all—described in the following section

—

could create the ability to grasp an object even when the hand is not at first seen.

Seeing what is touched

Because the composite action SeeHand@3 ,2 has eye-motion components as well

as hand-motion components, it can serve to look at what is touched, as well as vice

versa. The schema tactflSeeHand@3 ,2/vf33 in figure 6.25b is works inversely

to the schema in figure 6.24b; tactflSeeHand@3 ,2/vf33 anticipates seeing an ob-

ject that the hand feels, if the glance is directed at the hand. This schema' s success

depends on sustaining the context condition tactfby using only eye-motion com-

ponents of SeeHand@3 ,2, inhibiting hand-motion components.

(a) 0-^©
SeeHand@3,2

O
(b) (tac^ 1 >(vf33)

SeeHand@3,2

Figure 6.25 Touching then seeing. Looking at the hand when it

touches something results in seeing the object that is touched.

Other descriptive levels

There is an alternative route by which the mechanism starts to develop a schema

for touching what's seen near the hand, but which turns out to be a dead end. The

schema lhandbl, for example, spawns the unreliable schema lhandbltactl. That

schema, however, is unable to make progress toward identifying visual conditions

that confer reliability on the schema. The problem is that the object being touched

could appear anywhere in the visual field (or could fail to appear at all); its appear-

ance at a given visual region makes tactile contact no more likely than its appear-

ance at any other region (and not measurably more likely than when it does not

appear, given that an object is likely to be nearby even if not in view). Similarly,



134 Chapter 6 Synopsis of schema mechanism performancethe hands appearance at a given region makes tactile contact no more likely thanfor another hand positionAny can junction of an image s appearance at one region and the hands appearance at the appropriate nearby region would confer reliability on the schemahandbtact] But in this case the marginal attribution facility is unable to buildincrementally to any of the required conjunctions because the conjuncts takenind

ividually do not enhance reliability In effect the schema mechanism breaksthis impasse by reformulating the problem at a more suitable level of descriptionexpressing the relevant action in terms of moving the hand s image ratherthan as a primitive motor action With respect to that description the relevantcontext condition is straightforwardly discemed by marginal attributionthemechanism can discover where in the visual field an object must appear to betouched when th

e hand appears at a given visualfield regionIn contrast with say the Minskys Society of Mind theory [46] the schemamechanism lacks any specific reformulation machinery that detects and reacts tothe need to look afresh at a recalcitrant problem Rather the facilities for definingnew actions and items develop a variety of levels of representation and the marginal attribution facility filters out levels of representation that are irrelevant to agiven schemanot by recogni

zing levels of representation as such but rather thesame way it filters any irrelevant events by requiring statistical evidence of releVance634 Bringing the hand into view and looking at the handThe schema mechanism leams how to bring its hand into view Unreliable schemas such as 111923 S eeHand22 reect the fact that seein g the hand at the centerof the fovea sometimes results from that positional hand action This schema isreliable for a particular glance orientation

 which must be sustained through thepositional hand action s execution thus the above schemas spawnsvp23hp23SeHand22 figure 626a By constructing a number of such schemas the mechanism in effect builds a dispatch table that says for each of severalglance orientations where the hand must be put relative to the body to appearin the visual field when the glance is in that orientation These dispatching schemas chain to S eeHcmd22 and so become components of that composite

 actionSimilarly the mechanism builds a number of schemas that say how to shift theglance to look at the hand when it is out of view figure 626b These schemasdispatch from the current hand position specifying the appropriate glance orientation for each
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the hand's appearance at a given region makes tactile contact no more likely than

for another hand position.

Any conjunction ofan image's appearance at one region and the hand's appear-

ance at the appropriate nearby region would confer reliability on the schema

lhandbltactl. But, in this case, the marginal attribution facility is unable to build

incrementally to any of the required conjunctions, because the conjuncts, taken

individually, do not enhance reliability. In effect, the schema mechanism breaks

this impasse by reformulating the problem at a more suitable level of descrip-

tion—expressing the relevant action in terms of moving the hand's image, rather

than as a primitive motor action. With respect to that description, the relevant

context condition is straightforwardly discerned by marginal attribution—the

mechanism can discover where in the visual field an object must appear to be

touched when the hand appears at a given visual-field region.

In contrast with, say, the Minsky's Society of Mind theory [46], the schema

mechanism lacks any specific reformulation machinery that detects and reacts to

the need to look afresh at a recalcitrant problem. Rather, the facilities for defining

new actions and items develop a variety of levels of representation; and the mar-

ginal attribution facility filters out levels of representation that are irrelevant to a

given schema—not by recognizing levels of representation as such, but rather the

same way it filters any irrelevant events: by requiring statistical evidence of rele-

vance.

6.3.4 Bringing the hand into view, and looking at the hand

The schema mechanism learns how to bring its hand into view. Unreliable sche-

mas such as lhp23ISeeHand@22 reflect the fact that seeing the hand at the center

of the fovea sometimes results from that positional hand action. This schema is

reliable for a particular glance orientation (which must be sustained through the

positional hand action's execution); thus, the above schemas spawns

vp23/hp23/SeeHand@22 (figure 6.26a). By constructing a number of such sche-

mas, the mechanism in effect builds a dispatch table that says, for each of several

glance orientations, where the hand must be put (relative to the body) to appear

in the visual field when the glance is in that orientation. These dispatching sche-

mas chain to SeeHand@22, and so become components of that composite action.

Similarly, the mechanism builds a number of schemas that say how to shift the

glance to look at the hand when it is out of view (figure 6.26b). These schemas

dispatch from the current hand position, specifying the appropriate glance orien-

tation for each.



64 Beginnings of the persistentobject concept 135a SeeHand22 SgHanda_22  hp23 hp31b SeeHand2 2 SceHandl 2  vp33  vp2IFigure 626 Viewing the hand Schemas that dispatch from glanceorientation move the hand into view a Schemas that dispatch fromhand orientation direct the glance to the hand b64 Beginnings of the persistentobject conceptAt this point schemas are structured so as to provide rudimentary representationsof the spatial relationships of both extemal and propri

oceptive sensory data bothwithin and between the various sensory modes This knowledge was acquiredthrough action and its embodiment is practical it is knowledge of how to act andwhat to expect to happen But the content of these schemas is not only proceduralthe coordination of hand motions and eye motions of seeing and feeling beginsto describe the nature of objects and space sight and touch begin to be known ascoordinated properties of extemal objectsAll of this boa

sts respectable progress from the schema mechanisms initial endowment of knowledge in which all actions and items were devoid of any meaning to the mechanism Still it remains to transcend the rendering of reality only interms of sensory and motor primitives If an object is not perceived then as far asschema mechanism is concerned it has ceased to bethere are no items whosestate signifies the thin gs continued existence And similarly an objects specificidentity is imm

ediately forgotten when its distinguishing features eg visual details cease to be perceived even when some partial perception of the object persists Next the schema mechanism begins to synthesize items to represent thesepersistent states in their own right641 Palpable and visible persistent objectsVarious positional hand actions eg hp23 sometimes result in tactile contacteg met] The schema hp23tact reects this occasional result figure 627As in the example of section 

421 this schema is unre1iableit only succeedswhen an object happens to be present at position hp] 3  But the schema is locallyconsistentif it succeeds on some occasion it probably will succeed again if activated again soon since nearby objects tend to stay put for a while Without under
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(a) 0p2h r-^TjSeeHand@2,2 (^h r^T^\SeeHand@2,2 .

(b) (h^\ r^T^\SeeHand@2,2 (h^lh r-W^ SeeHand@l,2 .

Figure 6.26 Viewing the hand. Schemas that dispatch from glance

orientation move the hand into view (a). Schemas that dispatch from

hand orientation direct the glance to the hand (b).

6.4 Beginnings of the persistent-object concept

At this point, schemas are structured so as to provide rudimentary representations

of the spatial relationships of both external and proprioceptive sensory data, both

within and between the various sensory modes. This knowledge was acquired

through action, and its embodiment is practical: it is knowledge ofhow to act and

what to expect to happen. But the content of these schemas is not only procedural:

the coordination of hand motions and eye motions, of seeing and feeling, begins

to describe the nature of objects and space; sight and touch begin to be known as

coordinated properties of external objects.

All ofthis boasts respectable progress from the schema mechanism's initial en-

dowment of knowledge, in which all actions and items were devoid of any mean-

ing to the mechanism. Still, it remains to transcend the rendering of reality only in

terms of sensory and motor primitives. If an object is not perceived, then as far as

schema mechanism is concerned, it has ceased to be—there are no items whose

state signifies the thing's continued existence. And similarly, an object's specific

identity is immediately forgotten when its distinguishing features (e.g., visual de-

tails) cease to be perceived, even when some (partial) perception ofthe object per-

sists. Next, the schema mechanism begins to synthesize items to represent these

persistent states in their own right.

6.4.1 Palpable and visible persistent objects

Various positional hand actions, e.g., hp23, sometimes result in tactile contact,

e.g., tactl. The schema Ihp23ltactl reflects this occasional result (figure 6.27).

As in the example of section 4.2. 1 , this schema is unreliable—it only succeeds

when an object happens to be present at position hpl3. But the schema is locally

consistent—if it succeeds on some occasion, it probably will succeed again if acti-

vated again soon, since nearby objects tend to stay put for a while. Without under-



I36 Chapter 6 Synopsis of schema mechanism performancestanding that reason of course the schema nonetheless discovers over a numberof trials that it is indeed locally consistent and the schema determines the expected duration of its local consistency the average time that the schema remainsvalid in this case the average time that an object stays put thereFigure 627 Positional contact Moving the hand to a particular position sometimes results in tactile contactSuch sc

hemas develop for other hand positions as well Each such schemaserves as host to a synthetic item that designates a persistent palpable object at aparticular bodyrelative position For example the host schema hp23tact acquires a reifying synthetic item that we may call Palpable0bj] 3 figure 628when the hand is at hp23 the hands left edge touches the object at position 13The host schemas positional hand action serves as a probe and the schema s tactile result as manife

station of the condition reified by the synthetic itemthecondition of there being a palpable object beside that hand position Palpable0bjectAtI 3\  \E] Q 1223 Figure 628 Persistent positional palpability This synthetic itemdesignates a persistent palpable object at a particular positionAnalogous synthetic items designate persistent visible objects For examplethe unreliable locally consistent schema vp21tf14 gure 629 reveals a manifestation of a visible objectseeing i

t at visualfield region 14by the probing action of glancing at a particular bodyrelative position The reifying synthetic item which Ill call Visible0bj13 designates a persistent visible object atthat positionA clarification about notation is warranted here By convention persistentobject synthetic itemsboth palpable and visibleare named with respect to thebodyrelative coordinates of the object designated visibleobject items are notnamed with respect to visualfield coo

rdinates For visual orientation vpxy thecentral visual region ty22 maps to bodyrelative position xy Thus for glanceorientation vp2I  an object whose image appears at tf14 is at bodyrelative posi
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standing that reason, of course, the schema nonetheless discovers, over a number

of trials, that it is indeed locally consistent; and the schema determines the ex-

pected duration of its local consistency, the average time that the schema remains

valid (in this case, the average time that an object stays put there).

(ZttQhp23

Figure 6.27 Positional contact. Moving the hand to a particular posi-

tion sometimes results in tactile contact.

Such schemas develop for other hand positions as well. Each such schema

serves as host to a synthetic item that designates a persistent palpable object at a

particular body-relative position. For example, the host schema Ihp23ltactl ac-

quires a reifying synthetic item that we may call PalpableObj@l ,3 (figure 6.28);

when the hand is at hp23, the hand's left edge touches the object at position ( 1 ,3).

The host schema's positional hand action serves as a probe, and the schema' s tac-

tile result as manifestation, of the condition reified by the synthetic item—the

condition of there being a palpable object beside that hand position.

• PalpableObjectAtl ,3

0-^rGQ )C/ hp23

Figure 6.28 Persistent positional palpability. This synthetic item

designates a persistent palpable object at a particular position.

Analogous synthetic items designate persistent visible objects. For example,

the unreliable, locally consistent schema Ivp2llvfl4 (figure 6.29) reveals a man-

ifestation of a visible object—seeing it at visual-field region ( 1 ,4)—by the prob-

ing action of glancing at a particular body-relative position. The reifying synthet-

ic item, which I'll call VisibleObj@l ,3, designates a persistent visible object at

that position.

A clarification about notation is warranted here. By convention, persistent-ob-

ject synthetic items—both palpable and visible—are named with respect to the

body-relative coordinates of the object designated; visible-object items are not

named with respect to visual-field coordinates. For visual orientation vpxy, the

central visual region, v/22, maps to body-relative position (x,y). Thus, for glance

orientation vp21, an object whose image appears at vfl4 is at body-relative posi-



64 Beginnings of the persistentobject concept 137 Visible0bjectAtI 3u \E  vp21 Figure 629 Persistent positional visibility This synthetic item designates a persistent visible object at a particular positiontion 13 This is the same bodyrelative position as that of Palpable0bjectAt1 3 thus the notation uses the same coordinate frame for naming both palpable andvisible persistentobject items642 inverse actions and persistent objectsThe successive activation of schemas w

ith inverse actions section 342 promotes the formation of synthetic items by demonstrating the local consistency oftheir host schemas Consider for example the inverse actions of the schemashp23handbhp22 and hp22handfhp23 when there happens to be an object at13 Those schemas successive activation starting and finishing with the handat hp23 implicitly activates the schema hp23tactl The implicit activation issuccessfulthe schemas result does obtainand several repetition

s of the pairof successive activations thus amount to successive successful activations ofhp23tactl exhibiting that schemas local consistency and spurring the con struction of a synthetic item for that schema if none exists already Similarly ofcourse for other hand positions and for visibleobject items for those inverseeye actions rather than hand actions give aidThe ability to repeatedly touch and then withdraw from an obj ect appears earlyin Piagetian development s

ection 22 This pair of actions implements a specialcase of recognizing object persistencethe actions repeatedly recovers the tactile manifestation of an object which is briey unperceived However this special case of recovery is only accomplished immediately after the manifestationceases and only by a particular action which is the inverse of the action that canceled the manifestation By catalyzing the construction of a synthetic item thepair of inverse actions functi

ons not only as a special case of recognizing persistence but also as a precursor of a less limited version of persistence recognition643 Persistent detailsTactile and visual details also serve as manifestations of conditions representableby synthetic items Figure 630 shows some synthetic items that designate the per
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• VisibleObjectAtl ,3

F10^^@vp21

Figure 6.29 Persistent positional visibility. This synthetic item des-

ignates a persistent visible object at a particular position.

tion ( 1 ,3). This is the same body-relative position as that ofPalpableObjectAtl ,3;

thus, the notation uses the same coordinate frame for naming both palpable and

visible persistent-object items.

6.4.2 inverse actions and persistent objects

The successive activation of schemas with inverse actions (section 3.4.2) pro-

motes the formation of synthetic items by demonstrating the local consistency of

their host schemas. Consider, for example, the inverse actions of the schemas

hp23lhandblhp22 and hp22lhandflhp23 when there happens to be an object at

(1,3). Those schemas' successive activation, starting and finishing with the hand

at hp23, implicitly activates the schema Ihp23ltactl. The implicit activation is

successful—the schema's result does obtain—and several repetitions of the pair

of successive activations thus amount to successive successful activations of

Ihp23ltactl, exhibiting that schema's local consistency, and spurring the construc-

tion of a synthetic item for that schema (if none exists already). Similarly, of

course, for other hand positions (and for visible-object items; for those, inverse

eye actions, rather than hand actions, give aid.)

The ability to repeatedly touch and then withdraw from an object appears early

in Piagetian development (section 2.2). This pair of actions implements a special

case of recognizing object persistence—the actions repeatedly recovers the tac-

tile manifestation of an object which is, briefly, unperceived. However, this spe-

cial case of recovery is only accomplished immediately after the manifestation

ceases, and only by a particular action which is the inverse of the action that can-

celed the manifestation. By catalyzing the construction of a synthetic item, the

pair of inverse actions functions not only as a special case of recognizing persist-

ence, but also as a precursor of a less limited version of persistence recognition.

6.4.3 Persistent details

Tactile and visual details also serve as manifestations of conditions representable

by synthetic items. Figure 6.30 shows some synthetic items that designate the per-



I38 Chapter 6 Synopsis of schema mechanism performancesistence of the particular details associated with objects at particular locationsSuch items let the mechanism represent more than the continued existence of anunperceivcd objectits persistent identity is now representable as well at leastto the extent that its apparent details specify its identity [hp23tactd0]  [vp23f0vrI0]\\ \\ racrd0 r f0vr10h 23 17723 [hp23tactd3]  [vp23f0vr20]\ \ \ \  \ \1O facld3 O f0vr20hp2

3 17923Figure 630 Persistent identity Some synthetic items correspond to apersistent objects specific identity644 Inversely indexed persistenceIn addition to persistentobject synthetic items such as [hp23tactl] and[vp2IvfI4 the schema mechanism builds what might be called inversely indexed representations of persistent objectsfor example [tactfhp33] and[tf43vp23] The standardly indexed representations may be thought of as posing the question What is at this position 

 and answering an object In contrastthe inversely indexed representation asks Where is the object and answers atthis position The question posed by an inversely indexed representation may lacka unique answerobjects may exist at several locationsbut if details are specified as for example by the inversely indexed item [tactd3hp23] which themechanism builds the answer becomes more constrained and possibly unambiguous An eventual more complete object concept must includ

e a coordinationof both indexing schemesknowing that a given position now harbors a particular object and knowing that a given object is now to be found at a particular position645 Coordinating visible and palpableobject representationsThe synthetic items Palpable0b_6 13 and Visihle0hj13 in the previous section actually designate the same state of the world as one anotherthe state inwhich there is an object at bodyrelative position 13 In principle though invisible or

 intangible objects could exist Were there such objects a palpable ob
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sistence of the particular details associated with objects at particular locations.

Such items let the mechanism represent more than the continued existence of an

unperceived object—its persistent identity is now representable as well, at least

to the extent that its apparent details specify its identity.

• [Ihp23ltactd0] • [Ivp23lfovrl0]

• [Ihp23ltactd3] • [Ivp23lfovr20]

Figure 6.30 Persistent identity. Some synthetic items correspond to a

persistent object's specific identity.

6.4.4 Inversely indexed persistence

In addition to persistent-object synthetic items such as [Ihp23ltactl] and

[Ivp21/vfl4], the schema mechanism builds what might be called inversely in-

dexed representations of persistent objects—for example, [Itactflhp33] and

[Ivf43lvp23]. The standardly indexed representations may be thought of as pos-

ing the question What is at this position? , and answering: an object. In contrast,

the inversely indexed representation asks Where is the object?, and answers: at

this position. The question posed by an inversely indexed representation may lack

a unique answer—objects may exist at several locations—but, ifdetails are speci-

fied (as, for example, by the inversely indexed item [Itactd3lhp23l], which the

mechanism builds), the answer becomes more constrained, and possibly unam-

biguous. An eventual, more complete object concept must include a coordination

of both indexing schemes—knowing that a given position now harbors a particu-

lar object, and knowing that a given object is now to be found at a particular posi-

tion.

6.4.5 Coordinating visible- and palpable-object representations

The synthetic items PalpableObj@l ,3 and VisibleObj@l,3 in the previous sec-

tion actually designate the same state of the world as one another—the state in

which there is an object at body-relative position (1,3). In principle, though, in-

visible or intangible objects could exist. Were there such objects, a palpable ob-
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ject at some location would not assure the presence of a visible one, or vice versa.

But since such objects do not exist in the microworld, PalpableObj@l ,3 and Visi-

bleObj@l,3 are in fact coextensive—whenever one of those states obtains, so

does the other.

However, the schema mechanism is unaware of these items' coextension.

What turns On PalpableObj@l ,3 need not affect VisibleObj@l ,3, or vice versa;

initially, in fact, each is turned On only by the successful activation of its own host

schema. Thus, the two items can be in opposite states at the same time; like a

third-stage Piagetian infant, the mechanism may know that it can touch a current-

ly unperceived object, but not know that it can look at it—or vice versa, depending

on the modality by which the object recently manifested itself to the mechanism.

Of course, once the object has been recovered by, say, touching it, intermodal

schemas can anticipate seeing it by turning to look at what is touched (section

6.4.5); thereupon, the visual item will turn On as well. Thus, intermodal schemas

effectively bridge between different modalites of persistent-object representa-

tion, as well as between different modalities ofsensory representation. Still, in the

absence of taking the bridging action—looking at the object that is touched, or

vice versa—the mechanism has to clue as to the persistent-object synthetic items'

correspondence to one another.

Although the mechanism does not manage to discover the correspondence be-

tween that particular pair of items, it does learn of the effective synonymity be-

tween among some similar items. For example, the schema lvp23lfovl33 spawns

the reliable context spinoff [lhp23ltactl]lvp23lfovl33\ similarly, Ihp23ltactl

spawns the reliable context spinoff [Ivp23lfovl03]lhp23ltactl (figure 6.3 1). As

described in section 4.2.2, a synthetic item's state is maintained in part by reliable

context spinoffs spawned by the host schema. Such schemas' contexts specify

conditions under which the host schema is reliable; hence, its reifier turns On.

Hence, [Ihp23ltactl] now turns On [lvp23lfovl33].

As for the converse, the schema [/vp23/fovl33]/hp23/tactldoQS not form, so the

item [lvp23lfovl33] does not directly turn On [Ihp23ltactl]\. However, the mech-

anism does build [Ivp23lfovl03]lhp23ltactl\ and, as it happens, the visual details

03 and 33 tend to co-occur, so seeing an object that turns On [lvp23lfovl33] will

also tend to turn On [Ivp23lfovl03]—and turning On [Ivp23lfovl03] does turn On
[Ihp23ltactl], due to [Ivp23lfovl03]lhp23ltactl. Thus, the mutual correspondence

of [Ihp23ltactl] and [vp23lfovl33] is effectively recognized.

When this coordination is achieved, each host schema's extended context also

determines that when the other synonymous item is Off, that host schema is unre-
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[Ivp23lfovl03]̂ 10-"T">Q Q [/vp23/favl03]^^—r>Q}

• [lvp23lfovl33]

s'^^fovl33 fovl33

1(7J—r^O D [fhP23/tactl] r\^r>C^)
[/hp23/tactl]o\XLS vp23 V^ ^ V_y v/?23 V_y

Figure 6.31 Cross-modal persistence. Palpable-object representations

admit visual evidence, and vice versa.

liable; hence, its reifier turns Off. When two items thus help maintain one anoth-

er's state, there is a danger of oscillation when their states differ (and if their states

never differed, neither would ever be in a position to turn the other On or Off—the

other would already be in that state). Two factors prevent such oscillation: 1 ) that

each item is in an Unknown state when it has received no recent evidence; and 2)

as discussed in section 4.2.2 , host-trial evidence takes precedence over other veri-

fication conditions, and memory of previous evidence yields to current evidence;

hence, seeing or touching an object—or failing to when looking or reaching for

it—definitively sets the state ofone ofthe two synonymous items, which then sets

the state of the other.

The mechanism begins to learn about intra-modal synonymity as well as the

inter-modal coordination just described. For example, the items [hp23ltactr] and

[Ihp32ltactf] both designate palpable objects at (3,3); the mechanism begins to

recognize this correspondence by building the schema [Ihp23ltactr]lhp32ltactf.

6.4.6 Relational items

The synthetic items of the last few sections all designate persistent objects in a

body-relative frame of reference (except for the inversely indexed objects, which

might be said to designate the body's position relative to some object). Alterna-

tively, it is possible to describe one object's position relative to another, thereby

describing the spatial relationship between the objects. For example, the mecha-

nism builds the item [Ivf02lvfl0]\ when On, this item asserts that there are two

objects separated by (1,-2) units, since mapping one to \f02 results in seeing

another at vflO.
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6.4.7 Saturation

The schema mechanism's reference run runs out of space after 10,9 12 time units

(about one day of real time on the CM2). At that point, it has built 7,37 1 schemas

(in addition to 10 primitively supplied bare schemas), 1 84 synthetic items (in ad-

dition to 1 75 primitive items), and 343 composite actions (in addition to 1 primi-

tive actions).

6.5 Hypothetical scenario of further developments

This section describes some hypothetical further achievements of the schema

mechanism—developments that build directly on the substrate ofknowledge that

the implementation has in fact constructed, and that would perhaps be exhibited

if the same software were to run on a larger machine. I present these hypothetical

developments both to call attention to what the implementation has not yet

achieved, and to specify part of a target scenario for future work.

6.5.1 Grasping and moving objects

Touching what is seen is a useful precursor for grasping and manipulating what

is seen. Figure 6.32a shows a schema for moving a grasped object incrementally,

as expressed in terms of the visual manifestation of that motion. (The image to

the right ofthe circular object is what the hand looks like when it is grasping some-

thing.) Figure 6.32b shows a schema that expresses similar knowledge in terms

of persistent objects.

(a)
hSr&vf22& (^\^/^

(b)

SeeHand@3,z^^y handf

hgr&hp2\ )—r->( ) PalpableObj@l ,4

handf

Figure 6.32 Moving an object. These schemas depict moving a

grasped object. The depiction is visual (a) or in terms of persistent-ob-

ject representations (b).

Moving an object not only puts it in a new place, but also removes it from its

previous place. Schemas such as those in figure 6.33 express such knowledge.



142 Chapter 6 Synopsis of schema mechanism performanceThese are similar to but more sophisticated than the schemas of gure 615 thatshow the negation of previous hand and glance orientations and of visual imagesafter taking a hand or glance action The earlier schemas expressed direct nearlyunconditional results of primitive actions on primitive items the present schemas in contrast express effects on grasped objects and are therefore subject tocontext conditions that 

describe the appropriate graspedness1grvf22 O__O NW2SeeHand3 2 handfPalpable0bj13  Palpable0bj13handfFigure 633 Moving an object away Moving an object removes itfrom its previous position652 Hidden objectsSuppose the microworld were modified so that an object is obscured from the robots view if some other object other than the robots own body lies directly behind it figure 634 This ad hoc modification introduces the problem of representing hidden objects Figure 634 H

iding from view The hollow object hides the solid object from view The robot looks directly at the solid object but does notsee itIf the robot centers its gaze on the location of the hidden object as in the figure the schema vp23vj22 host to the synthetic item VisibIeObj23 implicitlyactivates but its result fails to obtain The synthetic item thus turns Off Due tocrossmodal coordination similar to that described above in section 645  the synonymous item Palpable0bj23 

also turns Offincorrect1y since the hiddenobject is still palpable Thus the mechanism like a thirdstage Piagetian infant isignorant of the possibility of touching the hidden objectThere are several ways that the schema mechanism might represent the continued existence of a hidden object A preliminary step as in the case of representing
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These are similar to, but more sophisticated than, the schemas of figure 6. 15 that

show the negation ofprevious hand and glance orientations, and ofvisual images,

after taking a hand or glance action. The earlier schemas expressed direct, nearly

unconditional results of primitive actions on primitive items; the present sche-

mas, in contrast, express effects on grasped objects, and are therefore subject to

context conditions that describe the appropriate graspedness.

hgr&vf22& f^\—r^("\ Myf22
SeeHand@3,2\^y handf\^

PalpableObj@l ,3C )

—

r>C ) ~PalpableObj@l ,3
V_y handf\~y

Figure 6.33 Moving an object away. Moving an object removes it

from its previous position.

6.5.2 Hidden objects

Suppose the microworld were modified so that an object is obscured from the ro-

bot's view if some other object (other than the robot's own body) lies directly be-

hind it (figure 6.34). This ad hoc modification introduces the problem of repre-

senting hidden objects.

t—i—i—

r

Figure 6.34 Hiding from view. The hollow object hides the solid ob-

ject from view. The robot looks directly at the solid object, but does not

see it.

If the robot centers its gaze on the location of the hidden object (as in the fig-

ure), the schema /vp23/vf22, host to the synthetic item VisibleObj@2,3, implicitly

activates, but its result fails to obtain. The synthetic item thus turns Off. Due to

cross-modal coordination similar to that described above in section 6.4.5 , the syn-

onymous item PalpableObj@2,3 also turns Off—incorrectly, since the hidden

object is still palpable. Thus, the mechanism, like a third-stage Piagetian infant, is

ignorant of the possibility of touching the hidden object.

There are several ways that the schema mechanism might represent the contin-

ued existence ofa hidden object. A preliminary step (as in the case ofrepresenting



65 Hypothetical scenario of further developments 143persistent objects in the first place is to designate persistence with respect to apair of inverse actions In this case the actions are those of replacing and displacing the visual obstacle figure 635 Given the discovery of this specialcase recoverability the mechanism can recover a hidden object by displacing the obstacle that hides itbut only immediately following having placed the obstaclethere 6Figure 635 Uncove

ring what is hidden Moving the grasped obstacleto and fro by moving the hand altemately reveals and hides the objectin front of the obstacleOne expression of an objects persistence while hidden appears in figure 636A schema for moving the hand while grasping the obstacle thus displacing theobstacle has the unreliable but locally consistent result of causing the manifestation to reappear This schema could serve as host to a synthetic item that designates an object hid

den behind the obstacle1 1 I 1 1[hgrhp32handrWsibl0bj23]   \ \_  hgr  Visible0bj23 _ 11932 handrFigure 636 An uncovering schema Displacing the obstacle reveals ahidden object locally consistentlyThis representation would be vulnerable to making a curious mistake Supposethe host schema activates successfully tuming On its reifier the hiddenobjectitem Next the previously hidden object moves to a new location in full view ofthe robot However the hiddenobject item remain

s On there has been no unsuccessful activation of the host schema to turn it Off If the object were now hidden behind another obstacle at its new position and the first obstacle retumed toits original position the mechanism could exhibit a Piagetian fourthstage placeerror section 25 by still expecting to be able to find the object behind the firstobstacle
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persistent objects in the first place) is to designate persistence with respect to a

pair of inverse actions. In this case, the actions are those of replacing and displac-

ing the visual obstacle (figure 6.35). Given the discovery of this special-case re-

coverability, the mechanism can recover a hidden object by displacing the ob-

stacle that hides it—but only immediately following having placed the obstacle

there.

Figure 6.35 Uncovering what is hidden. Moving the grasped obstacle

to and fro (by moving the hand) alternately reveals and hides the object

in front of the obstacle.

One expression of an object's persistence while hidden appears in figure 6.36.

A schema for moving the hand while grasping the obstacle, thus displacing the

obstacle, has the unreliable but locally consistent result of causing the manifesta-

tion to reappear. This schema could serve as host to a synthetic item that desig-

nates an object hidden behind the obstacle.

• [hgr&hp32lhandrlVisibleObj@2,3]

hgr&
\ J

—

r->T^i VisibleObj@2,.
hP32Ky handl\y

Figure 6.36 An uncovering schema. Displacing the obstacle reveals a

hidden object, locally consistently.

This representation would be vulnerable to making a curious mistake. Suppose

the host schema activates successfully, turning On its reifier, the hidden-object

item. Next, the previously hidden object moves to a new location, in full view of

the robot. However, the hidden-object item remains On; there has been no un-

successful activation of the host schema to turn it Off. If the object were now hid-

den behind another obstacle at its new position, and the first obstacle returned to

its original position, the mechanism could exhibit a Piagetian fourth-stage place

error (section 2.5) by still expecting to be able to find the object behind the first

obstacle.



144 Chapter 6 Synopsis of schema mechanism performanceThis place error can be corrected by representing the displacement of the obstacle on a less subjective level of abstraction The schema in figure 637a has acomposite action designating the very displacement of the obstacle rather thanusing the primitive hand action of the previous host schema Now if the objectmoves to another location after its original hidden position is uncovered the continuing uncoveredness of 

that position entails the continuing implicit activationof the schema whose action is that there be no obstacle covering that position Assoon as the object moves away from the uncovered position that implicit activation is an unsuccessful activation which tums Off the associated synthetic itemTo eradicate the place error the more subjective host schema must come to designate the new item as a synonym as shown in figure 637b The current implementation of the schema me
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 in the scenario is centered on the mechanism sown body proprioceptive inputs serve as spatial coordinates This frameworksuffices for a stationary infant But after a while the infant begins to crawl andthen walk By displacing herself the infant moves all the objects in her bodyrelative space by moving that space itself But in extemallybased largescalespace it is the infant that moves while the other objects remain still Coordinatesin largescale space are not given pr

oprioceptively but can be expressed in termsof fixed landmarks The infant herself is just one of many objects that can moveabout in largescale space
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This place error can be corrected by representing the displacement of the ob-

stacle on a less subjective level of abstraction. The schema in figure 6.37a has a

composite action designating the very displacement of the obstacle, rather than

using the primitive hand action of the previous host schema. Now, if the object

moves to another location after its original hidden position is uncovered, the con-

tinuing uncoveredness of that position entails the continuing implicit activation

of the schema whose action is that there be no obstacle covering that position. As

soon as the object moves away from the uncovered position, that implicit activa-

tion is an unsuccessful activation, which turns Off the associated synthetic item.

To eradicate the place error, the more subjective host schema must come to desig-

nate the new item as a synonym, as shown in figure 6.37b.). (The current imple-

mentation ofthe schema mechanism does not make a composite action with a neg-

ative goal state; that ability would have to be added for the non-obstacle action to

form.)

• [l~Obstacle@2 ,2IVisibleObj@2 ,3]/\
CA i >Q Visible0bJ@2 >3 (a)

~Obstacle@2,2

• [hgr&hp32lhandrlVisibleObj@2,3]

"I

3] Jhp32\^y handi\y
[l~Obstacle@2,2l ° \hgr<$( ^

—

^( )visibleObj@2j (b)
VisibleObj@2,3]

Figure 6.37 Uncovering objectively. A more objective representation

of the action fixes fourth-stage place error.

6.5.3 Large-scale space

The spatial framework developed in the scenario is centered on the mechanism's

own body; proprioceptive inputs serve as spatial coordinates. This framework

suffices for a stationary infant. But after a while, the infant begins to crawl and

then walk. By displacing herself, the infant moves all the objects in her body-rela-

tive space (by moving that space itself). But in externally-based, large-scale

space, it is the infant that moves, while the other objects remain still. Coordinates

in large-scale space are not given proprioceptively, but can be expressed in terms

of fixed landmarks. The infant herself is just one of many objects that can move

about in large-scale space.
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dyrelative space As in the synopsis above extended views could be coordinated together allowing an objects position also tobe recognized by seeing the object from a remote landmark or from a positionbetween landmarksOne might regard the entire schema mechanism as essentially alargescalespace facility in which the terms of representing positions have beengeneralizedany primitive or constructed item can be used not just views oflandmarksand the actions that connect pla

ces in the space have been generalized to arbitrary stateachievements not just moving among landmarks Something like the schema mechanism may even have arisen in the course of evolution as a variation of a largescalespace facility The scenario shows how thisgeneralized largescalespace facility can be retrofitted to the reconstructionof personal space the extrapolations below speculate about the extension of thisfacility to the representation of moreabstract spaces654

 Reality and beyondOne might be willing to imagine the schema mechanism constructing arbitrarilyelaborate models of the current state of the world But can such a mechanismpossibly move beyond sensorimotorlevel representations to construct episodicmemories that designate the state of propositions that concern things other thanimmediate physical reality Consider for example the assertion that a certain object was in a given location yesterday rather than now Its positi

on now can beexpressed as the coordinated reification of the validity of various schemas as discussed in the scenario But past state cannot be similarly represented unless thereis some accessor condition by which some manifestation of the state can be revealedSometimes this is the case as when a sea gull walking along the beach leavestracks in the sand that indicate its past presence But it is unusual for past events tobe so obliging as to leave conspicuous remnantso

r is it One very general wayfor a past event to leave tracks is to be remembered by a person In principleones memory of a past event can serve for purposes of maintaining a synthet
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It is plausible to imagine the schema mechanism going on to build a representa-

tion of large-scale space much the way it constructs its "personal" spatial frame-

work (though I have worked out no details for this). The probing action (recall

section 4.2.1) for the concept of an object at some landmarked position in

large-scale space is to move oneselfto the landmark there; the manifestation is for

the object then to be present in body-relative space. As in the synopsis above, ex-

tended views could be coordinated together, allowing an object's position also to

be recognized by seeing the object from a remote landmark, or from a position

between landmarks.

One might regard the entire schema mechanism as essentially a

large-scale-space facility, in which the terms of representing positions have been

generalized—any primitive or constructed item can be used, not just views of

landmarks—and the actions that connect places in the space have been general-

ized to arbitrary state-achievements, not just moving among landmarks. (Some-

thing like the schema mechanism may even have arisen, in the course of evolu-

tion, as a variation of a large-scale-space facility.) The scenario shows how this

generalized large-scale-space facility can be "retrofitted" to the reconstruction

of personal space; the extrapolations below speculate about the extension of this

facility to the representation of more-abstract "spaces."

6.5.4 Reality and beyond

One might be willing to imagine the schema mechanism constructing arbitrarily

elaborate models of the current state of the world. But can such a mechanism

possibly move beyond sensorimotor-level representations, to construct episodic

memories that designate the state of propositions that concern things other than

immediate physical reality? Consider, for example, the assertion that a certain ob-

ject was in a given location yesterday, rather than now. Its position now can be

expressed as the coordinated reification of the validity of various schemas, as dis-

cussed in the scenario. Butpast state cannot be similarly represented, unless there

is some accessor condition by which some manifestation of the state can be re-

vealed.

Sometimes this is the case, as when a sea gull walking along the beach leaves

tracks in the sand that indicate its past presence. But it is unusual for past events to

be so obliging as to leave conspicuous remnants—or is it? One very general way
for a past event to "leave tracks" is to be remembered by a person. In principle,

one's memory of a past event can serve, for purposes of maintaining a synthet-
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ic-item state, as one "view" (among many intercoordinated ones) of that past

state. Other possible views include:

• Physical remnants of the event, such as tracks in the sand.

• One's cognitive remnants of the event, other than explicit memories; for ex-

ample, new abilities or attitudes acquired as a result of the event.

• Otherpeople s cognitive remnants of the event, in the form of memories or

new abilities, as manifested verbally and by other behavior.

Such views serve as fragments of a representation of past state; the real repre-

sentation is their coordinated ensemble.

This account may seem circular. After all, the representation ofa past state can-

not arise from a representation of a memory of the past state, since that memory
requires that the past state is already representable. But then, in the same way, it is

circular to say that the representation of an object's presence at some location

when hidden arises from a representation of the object's presence there when not

hidden, since that assumes there is already a representation of the object's pres-

ence at that location. On closer examination, though, the circle becomes a spiral:

the new representation is not stated in terms of itself, but rather in terms ofa cruder

approximation to itself. This chapter proposes the details of a few turns of that

spiral for the development of the physical-object concept; with regard to the spec-

ulation about representing past states, I have no such details to offer. So, rather

than giving a plausibility argument here, I am just presenting a bare-possibility

argument. Still, the thought seems intriguing. 20

This idea generalizes to the representation of abstractions. At a given moment,

the state of any item in the schema mechanism is always some function of the past

and present state ofprimitive, sensory items; hence, it would seem that an item can

only represent some physical reality, as reflected in the sensory data on which the

item's state (solely) depends. But whenever one's cognitive apparatus includes

machinery to perform a certain computational task, it may be possible, by repre-

senting that machinery, to make (indirect) statements about the abstraction that

the computation embodies. For example:

20. Another possibility is to have a distinct episodic-memory module accessible to the central

system, as a kind of internal VCR. Traces of memories stored there could serve as one kind of man-
ifestation of past events, to be coordinated with the others mentioned above. Something resem-

bling Minsky's k-lines [46] might provide an interface for storing and retrieving central-system

states as memories.



65 Hypothetical scenario of further developments1470 A things name is accessed by something like holding it up to an adult and21manifested by the adults saying Thats an Classication is like naming except that a class names only one of a thingsmany attributes so the same thing can belong to many classes Piaget showsthat the child gradually coordinates an extensive view of a classdefinedby the actual set of memberswith an intensive viewdefined by a distinguishing attri

bute of all members of the classThe cardinality of a group of things is the number one arrives at by countingthemthat is by reciting a number sequence in synchronization withtouching the objects touching each exactly once That process is the accessor and the final number the manifestation of the cardinality of the collection The individual must discover that this is a persistent property of a collectionthat if the process is repeated one gets the same numberconservat

ion of number Note that this proposes an inductive basis for thediscoverythe individual notices that cardinality is persistent without understanding why On the other hand given a facility for performing thoughtexperiments such as the subactivatian facility proposed in section 713the induction can be carried out on trials on which the individual merelyimagines placing some objects and performing the counting ritual on themthe induction need not depend on actual events

 in the environment as an extreme of the empiricist tradition has heldIn formal reasoning the validity of an argument as opposed to the truth ofits conclusion has the accessor of inducing belief in the arguments premises the manifestation is believing the conclusion In each of these examples a new abstraction is conceived in terms of how a persons computational machineryones own or anothersbehaves in some situation Thenew conception reifies the set of circumstances u

nder which a piece of one scomputational machinery behaves a certain way21 Even more than with thephysica1object concept each such conception eventually requires an ensemble of many fragments of representation As with the physicalobjectconcept Piaget presents snapshots of various incomplete versions of theThis is not to say that one explicitly or introspectively thinks of ones conception of abstractions as being the representation of properties of certain machines it

 need not feel like that iswhat is going on Ones explicit ideas about ones representations are implemented by other structures that express a theory about those representations and that theory like any other that oneholds can be arbitrarily far off base
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• A thing's name is accessed by (something like) holding it up to an adult and

manifested by the adult's saying "That's am."

• Classification is like naming, except that a class names only one of a thing's

many attributes, so the same thing can belong to many classes. Piaget shows

that the child gradually coordinates an extensive view of a class—defined

by the actual set of members—with an intensive view—defined by a distin-

guishing attribute of all members of the class

• The cardinality of a group of things is the number one arrives at by counting

them—that is, by reciting a number sequence in synchronization with

touching the objects, touching each exactly once. That process is the acces-

sor, and the final number the manifestation, of the cardinality of the collec-

tion. The individual must discover that this is a persistent property of a col-

lection—that if the process is repeated, one gets the same number

(conservation of number). Note that this proposes an inductive basis for the

discovery—the individual notices that cardinality is persistent, without un-

derstanding why. On the other hand, given a facility for performing thought

experiments (such as the subactivation facility proposed in section 7.1.3),

the induction can be carried out on trials on which the individual merely

imagines placing some objects and performing the counting ritual on them;

the induction need not depend on actual events in the environment, as an ex-

treme of the empiricist tradition has held.

• In formal reasoning, the validity of an argument (as opposed to the truth of

its conclusion) has the accessor of inducing belief in the argument's prem-

ises; the manifestation is believing the conclusion. In each of these exam-

ples, a new abstraction is conceived in terms ofhow a person' s computation-

al machinery—one's own, or another's—behaves in some situation. The

new conception reifies the set ofcircumstances under which a piece ofone'

s

computational machinery behaves a certain way.21 Even more than with the

physical-object concept, each such conception eventually requires an en-

semble of many fragments of representation. As with the physical-object

concept, Piaget presents snapshots of various incomplete versions of the

21. This is not to say that one explicitly or introspectively thinks of one's conception of abstrac-

tions as being the representation of properties of certain machines; it need not "feel like" that is

what is going on. One's explicit ideas about one's representations are implemented by other struc-

tures that express a theory about those representations; and that theory like any other that one
holds, can be arbitrarily far off base.



148 Chapter 6 Synopsis of schema mechanism performanceeventual coordinations In these one sees bizarre bugs in a child s behaviorthat would be inexplicable if a more appropriate representation were inuseappropriate that is to the given representation considered in isolationrather than as part of the developmental systemjust as the spatial nonlocality of hidden objects is a bizarre property of the infants fourthstage conception The conservation protocol in section 28 

is one striking illustrationof this phenomenonIn general then selfmodelling might provide a route to the representation ofabstractions allowing an intelligent system to move beyond representing only thestate of the physical world We can compare this possibility with Paperts speculation [49] that exposure to the abstractions embodied in computers will profoundly change the way people think once intellectually accessible computersystems become widely available especial

ly to children by working with theconcrete embodiment of a computational abstraction a person may appropriate amodel of that abstraction for her own intemal use In effect what I suggest here isthat much of the necessary access to sophisticated computer systems has longbeen provided to peoplein the form of people themselves And the resultingcognitive revolution was quite as spectacular as what Papert predictedAdditionally modelling ones own mind and others is importan

t in its ownright Understanding other people makes them more predictable and easier to interact with in beneficial ways Understanding oneself provides the opportunity tobetter exploit ones own abilities by forming a model of strengths andweaknesses and means of improvement And what we call consciousness requires a memory of the occurrence of a thought or experience understood as suchNothing in the schema mechanisms sensorimotorlevel development for example qualifies 

as conscious One might say metaphorically that the mechanism isaware of the things that it represents but to take that awareness literally in thesense of humanlike consciousness would be to indulge in a kind of animismConsciousness requires knowledge and hence representation of one  s own mental experiences as such the schema mechanism does not come close to demonstrating such knowledge
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eventual coordinations. In these, one sees bizarre bugs in a child' s behavior

that would be inexplicable if a more "appropriate" representation were in

use—appropriate, that is, to the given representation considered in isolation,

rather than as part of the developmental system—just as the spatial nonlo-

cality ofhidden objects is a bizarre property of the infant's fourth-stage con-

ception. The conservation protocol in section 2.8 is one striking illustration

of this phenomenon.

In general, then, self-modelling might provide a route to the representation of

abstractions, allowing an intelligent system to move beyond representing only the

state of the physical world. We can compare this possibility with Papert's specu-

lation [49] that exposure to the abstractions embodied in computers will pro-

foundly change the way people think, once intellectually accessible computer

systems become widely available, especially to children; by working with the

concrete embodiment of a computational abstraction, a person may appropriate a

model of that abstraction for her own internal use. In effect, what I suggest here is

that (much of) the necessary access to sophisticated computer systems has long

been provided to people—in the form of people themselves. And the resulting

cognitive revolution was quite as spectacular as what Papert predicted.

Additionally, modelling one's own mind, and others', is important in its own
right. Understanding other people makes them more predictable and easier to in-

teract with in beneficial ways. Understanding oneselfprovides the opportunity to

better exploit one's own abilities, by forming a model of strengths and

weaknesses and means of improvement. And what we call consciousness re-

quires a memory ofthe occurrence ofa thought or experience, understood as such.

Nothing in the schema mechanism's sensorimotor-level development, for exam-

ple, qualifies as conscious. One might say metaphorically that the mechanism is

aware of the things that it represents; but to take that awareness literally, in the

sense of humanlike consciousness, would be to indulge in a kind of animism.

Consciousness requires knowledge (and hence representation) ofone's own men-
tal experiences as such; the schema mechanism does not come close to demon-

strating such knowledge.



7 Extrapolations virtual structures mechanismsThe schema mechanism implementation has made rudimentary but encouragingprogress in the direction of the Piagetian infants development of the concept ofphysical object Replicating this development is of special interest because of thepossibility that it is just the earliest achievement of a learning mechanism withfarreaching capabilities The present results certainly do not establish that theschema mechanism is capable of

 going far beyond its achievements so far but themechanisms arguable similarity to what is arguably a powerful human leamingmechanism warrants at least the speculation that extended achievements are possibleThis chapter elaborates the speculation by exploring some hypothetical furtheractivity of the schema mechanismactivity that is tantamount to the development by the schema mechanism of virtual structures and mechanisms Some ofthe hypothetical developments presented

 here depend on two proposed ieunimplemented extensions to the schema mechanism subactivation and inverseaction identification which are introduced below71 Virtual generalizationsMany conventional formal systems make it easy to express generalizations Inthe predicate calculus for example one writes F or all x PX implies Qrwhere P and Q are predicates that apply to some arbitrary object From the foregoing proposition and the proposition P a  Q a  follows it can be ded

uced that aparticular object a that satisfies P must also satisfy Q Other systems such as semantic networks and knowledgerepresentation languages provide analogousways to perform a deduction that instantiates a generalization that is that appliesthe generalization to a particular instanceThe schema mechanism has no comparable facility for expressing generalizations Disconcertingly the mechanism must releam essentially the same fact innumerous different guises rather 

than leaming it in a general form and deducingthe instantiations For example learning about persistent palpable objects at agiven bodyrelative position is independent of leaming about them at other positions Similarly the effect of grasping a persistent object and then moving thehand incrementally must be learned separately for each bodyrelative positionthere is no automatic generalization from one position to another and no way toparameterize position in order to ex

press a more general positionindependentprinciple such as Moving an object at xy incrementally right brings it tox1y which could then be instantiated for various particular positions egMoving an object at 32 incrementally to the right brings it to 4 2 1
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The schema mechanism implementation has made rudimentary but encouraging

progress in the direction of the Piagetian infant's development of the concept of

physical object. Replicating this development is of special interest because of the

possibility that it is just the earliest achievement of a learning mechanism with

far-reaching capabilities. The present results certainly do not establish that the

schema mechanism is capable ofgoing far beyond its achievements so far; but the

mechanism's arguable similarity to what is arguably a powerful human learning

mechanism warrants at least the speculation that extended achievements are pos-

sible.

This chapter elaborates the speculation by exploring some hypothetical further

activity of the schema mechanism—activity that is tantamount to the develop-

ment by the schema mechanism of virtual structures and mechanisms. Some of

the hypothetical developments presented here depend on two proposed (i.e.,

unimplemented) extensions to the schema mechanism, subactivation and in-

verse-action identification, which are introduced below.

7.1 Virtual generalizations

Many conventional formal systems make it easy to express generalizations. In

the predicate calculus, for example, one writes For all x, P(X) implies Q(x).,

whereP and Q are predicates that apply to some arbitrary object. From the forego-

ing proposition, and the proposition P(a), Q(a) follows; it can be deduced that a

particular object a that satisfies P must also satisfy Q. Other systems, such as se-

mantic networks and knowledge-representation languages, provide analogous

ways to perform a deduction that instantiates a generalization, that is, that applies

the generalization to a particular instance.

The schema mechanism has no comparable facility for expressing generaliza-

tions. Disconcertingly, the mechanism must re-learn essentially the same fact in

numerous different guises, rather than learning it in a general form and deducing

the instantiations. For example, learning about persistent palpable objects at a

given body-relative position is independent of learning about them at other posi-

tions. Similarly, the effect of grasping a persistent object and then moving the

hand incrementally must be learned separately for each body-relative position;

there is no automatic generalization from one position to another, and no way to

parameterize position in order to express a more general, position-independent

principle (such as Moving an object at (x,y) incrementally right brings it to

(x+l,y)) which could then be instantiated for various particular positions (e.g.,

Moving an object at (3,2) incrementally to the right brings it to (4,21).



150 Chapter 7 Extrapolations virtual structures mechanismsOne approach would be to augment the schema mechanism with parameterizedrepresentations But it is unclear how the mechanism itself might devise appropriate parameterizations A parameterization scheme limited to a few builtinspecial cases would be of little use or interestInstead I suggest a way that the schema mechanism might behave as though itexpressed and instantiated generalizations the mechanism might the

n be said toembody virtual generalizations This capability is speculative the scenario tofollow has not been demonstrated by the schema mechanism implementation andeven the speculation relies in part on currently unimplemented extensions to themechanism as described belowThe realization of virtual generalizations relies on representations of the sameevent in different frames of referencefor example representing an event visually relative to the visual field and also 

in terms of visibleobject synthetic items inbodyrelative terms A representation with respect to a particular position in onefield of referencesay the visual fieldapplies to a number of different positions in the other frame of referencein this example the bodyrelative frameCall these the s0me and target reference frames respectively A specificfixedposition representation in the source frame thus implies a general positionindependent statement about the target frame S

hifting the glance orientation changes the mapping from source to target instantiating the generalization ata different target position as shown in figure 71Figure 7 I a shows a schema for moving a grasped object incrementally forward the schema expresses the visual manifestation of this event ty23 tumingon In each of the two examples in figure 7 1 b the glance orientation is such that agrasped object appears in the same part of the visual field as in the context of 

theschema in figure 7 1 a The schemas in figure 7 I b describe the same event as theschema in figure 7 I a but in terms of persistent objects at particular bodyrelativepositions rather than in terms of visual appearanceThe visualfield view shown in figure 7 la serves as a zununicalperspetive ofthe event that is represented Suppose the mechanism learns that it is interesting toorient the glance so as to bring about a canonical perspective in effect the mechanism learn

s the heuristic the rule of thumb that achieving that perspective is agood idea Given the opportunity the mechanism will then tend to bring aboutthat perspective Doing so serves to instantiate the generalization with respect towhatever target position is mapped onto I fa canonical perspective is achieved byfoveation as in this example the primitive value associated with the visualdetailitems promotes the canonical perspective trying to turn on the foveal items
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One approach would be to augment the schema mechanism with parameterized

representations. But it is unclear how the mechanism itself might devise appro-

priate parameterizations. A parameterization scheme limited to a few built-in

special cases would be of little use or interest.

Instead, I suggest a way that the schema mechanism might behave as though it

expressed and instantiated generalizations; the mechanism might then be said to

embody virtual generalizations. This capability is speculative; the scenario to

follow has not been demonstrated by the schema mechanism implementation, and

even the speculation relies in part on currently unimplemented extensions to the

mechanism, as described below.

The realization of virtual generalizations relies on representations of the same

event in different frames ofreference—forexample, representing an event visual-

ly, relative to the visual field, and also in terms of visible-object synthetic items, in

body-relative terms. A representation with respect to a particular position in one

field of reference—say, the visual field—applies to a number of different posi-

tions in the other frame of reference—in this example, the body-relative frame.

Call these the source and target reference frames, respectively. A specific,

fixed-position representation in the source frame thus implies a general, posi-

tion-independent statement about the target frame. Shifting the glance orienta-

tion changes the mapping from source to target, instantiating the generalization at

a different target position, as shown in figure 7.1.

Figure 7.1a shows a schema for moving a grasped object incrementally for-

ward; the schema expresses the visual manifestation of this event (vf23 turning

on). In each ofthe two examples in figure 7. 1 b, the glance orientation is such that a

grasped object appears in the same part of the visual field as in the context of the

schema in figure 7.1a. The schemas in figure 7.1b describe the same event as the

schema in figure 7.1a, but in terms ofpersistent objects at particular body-relative

positions, rather than in terms of visual appearance.

The visual-field view shown in figure 7. 1 a serves as a canonicalperspective of

the event that is represented. Suppose the mechanism learns that it is interesting to

orient the glance so as to bring about a canonical perspective; in effect, the mecha-

nism learns the heuristic, the rule of thumb, that achieving that perspective is a

good idea. Given the opportunity, the mechanism will then tend to bring about

that perspective. Doing so serves to instantiate the generalization with respect to

whatever target position is mapped onto. If a canonical perspective is achieved by

foveation, as in this example, the primitive value associated with the visual-detail

items promotes the canonical perspective: trying to turn on the foveal items
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Figure 7.1 A virtual generalization. A virtual generalization is instan-

tiated by mapping one reference frame to another.

achieves the canonical perspective. In other examples, the items designating the

canonical perspective may achieve delegated value (section 3.4. 1 ) by virtue ofthe

things of value that are made accessible by achieving the canonical perspective.

7.1.1 Implicit and explicit instantiation

A virtual generalization can be instantiated either implicitly or explicitly. Implicit

instantiation merely consists of achieving the canonical perspective, making the

source-frame schema applicable. Explicit instantiation consists of building a tar-

get-frame schema that pertains to the current target-frame position. Instantiation

requires no special machinery; after a number of trials in the given target-frame

position, the marginal attribution facility builds a schema describing the event in

terms of the target frame—presuming, of course, the availability of target-frame

representational elements (in this case, visible-object synthetic items). (Further-

more, such elements can themselves be formed by the instantiation of virtual gen-



152 Chapter 7 Extrapolations virtual structures mechanismseralizations as discussed below Activation of the sourceframe schema bringsabout the event that serves as the basis for building the targetframe representation thus explicitly instantiating the virtual generalization for a particular targetframe positionTo repeat virtual generalizations and their implicit and explicit instantiationsdo not correspond to particular builtin features of the schema mechanism Rather

 they are epiphenomena hi gherlevel emergent tendencies of the mechanismThey are also hypotheticalthat is not yet demonstrated by the implementation It may seem that so important a capability should be built in Actuallythough the importance of this capability argues only for assuring its presencewhether it is best to do so by building it in or by building a powerful leamingmechanism remains open to question Piagetian development suggests that manycognitive abilities 

that are both important and universal among adults arelearned rather than directly built insuggesting that evolution found it easier totake the leaming route to those abilities and that efforts to reverseengineer thefruits of evolution should do likewise Moreover the relative ease of leaming interms of nonparameterized units of representation may offer an engineering rationale for relegating parameterizing generalization to the category of having tobe leamedOnce a ge

neralization has been explicitly instantiated in a targetframe schema that schema can participate in a chain of schemas leading to some goal Thusthe targetframe schema like any other schema can be identified by a rapid parallel process as being of use for a given purpose at a given moment In the case ofimplicit instantiation there is no target schema to be so identified Thus themechanism must heuristically perform an action to achieve a canonical perspective before t

he mechanism can recognize the generalization s pertinence This requirement makes generalization by implicit instantiation is an inherently serialprocess since it is not possible to adopt arbitrarily many perspectives simultaneously But since implicit generalization promotes explicit generalization theinitial slow serial process gives rise with repetition to the fast parallel processThe computational space requirements of stamping out explicit instantiationsof virtua

l generalizations may prove burdensome But the burden could be offsetby encouraging the garbage collection of unimportant targetframe schemas The1 The idea of virtual generalization via canonical perspectives appears in Drescher [20] andin Agre and Chap1nans notion of diti representations [3] see section 97 More specicallydeictic representations correspond to implicit but not explicit instantiation of virtual generalizations 
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eralizations, as discussed below.) Activation of the source-frame schema brings

about the event that serves as the basis for building the target-frame representa-

tion, thus explicitly instantiating the virtual generalization for a particular tar-

get-frame position. 22

To repeat, virtual generalizations and their implicit and explicit instantiations

do not correspond to particular built-in features of the schema mechanism. Rath-

er, they are epiphenomena, higher-level emergent tendencies of the mechanism.

(They are also hypothetical—that is, not yet demonstrated by the implementa-

tion.) It may seem that so important a capability should be built in. Actually,

though, the importance of this capability argues only for assuring its presence;

whether it is best to do so by building it in or by building a powerful learning

mechanism remains open to question. Piagetian development suggests that many

cognitive abilities that are both important and universal (among adults) are

learned rather than directly built in—suggesting that evolution found it easier to

take the learning route to those abilities, and that efforts to reverse-engineer the

fruits of evolution should do likewise. Moreover, the relative ease of learning in

terms of non-parameterized units of representation may offer an engineering ra-

tionale for relegating parameterizing generalization to the category of having to

be learned.

Once a generalization has been explicitly instantiated in a target-frame sche-

ma, that schema can participate in a chain of schemas leading to some goal. Thus,

the target-frame schema, like any other schema, can be identified by a rapid, par-

allel process as being of use for a given purpose at a given moment. In the case of

implicit instantiation, there is no target schema to be so identified. Thus, the

mechanism must heuristically perform an action to achieve a canonical perspec-

tive before the mechanism can recognize the generalization's pertinence. This re-

quirement makes generalization by implicit instantiation is an inherently serial

process, since it is not possible to adopt arbitrarily many perspectives simulta-

neously. But, since implicit generalization promotes explicit generalization, the

initial slow serial process gives rise with repetition to the fast parallel process.

The computational space requirements of stamping out explicit instantiations

of virtual generalizations may prove burdensome. But the burden could be offset

by encouraging the garbage collection of unimportant target-frame schemas. The

1. The idea of virtual generalization via canonical perspectives appears in Drescher [2Q, and

in Agre and Chapman's notion of deictic representations [3]; see section 9.7. (More specifically,

deictic representations correspond to implicit, but not explicit, instantiation of virtual generaliza-

tions.)



71 Virtual generalizations 1 53mechanism might identify unimportant targetframe schemas by a con j unction oftwo criteria0 Rederivability The marginal attribution facility records each spinoff schema in the extended context or result of the spinoff s parent schema This record suppresses subsequent redundant attempts to spin off the same schema The process could be modified to keep track of the frequency withwhich such redundant attempts are thwarted A schema that is 

a targetframe instantiation of a virtual generalization would tend to be the subject of frequent such attempts promoted by implicit instantiation of the generalization There could be a presumption in favor of garbage collectingreadily rederivable schemas on the grounds that they will tend to reappearas needed0 Importance A schema that serves as an explicit targetframe instantiation isimportant in proportion to its frequency of activation and the value of theresult in

 aid of which it is activated If such a schema is used more frequentlythan rederivation attempts arise then its garbage collection based on rederivability should be suppressed712 Generalizing to other positions in the same reference frameVirtual generalizations depend on a mapping between source and target framesof reference This mapping may be bidirectional that is the reference frame thatsometimes serves as the source frame used to express a virtual generalization 

mayat other times serve as the target frame used to express an instantiation of a generalization from the other frame For example in figure 72 a bodyrelative schemanow expresses a generalization with respect to the visual field the bodyrelativesource frame here maps to the visualfieldrelative target frame rather than viceversaA bidirectional mapping between two frames of reference also makes it possible to have a virtual generalization that is instantiated at other p

ositions in thesame frame of reference that serves to express the generalization The instantiation occurs in two steps first an explicit instantiation is made at some position inthe other frame then that instantiation serves as a generalization which is instantiated at various positions in the first reference frame thus applying the originalgeneralization to other positions in the same reference frameOf course the extrapolation of a schema from one position to anothe

r in thesame frame of reference does not follow deductively the reference frame might
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mechanism might identify unimportant target-frame schemas by a conjunction of

two criteria:

• Rederix'ability. The marginal attribution facility records each spinoff sche-

ma in the extended context or result of the spinoff's parent schema. This re-

cord suppresses subsequent, redundant attempts to spin off the same sche-

ma. The process could be modified to keep track of the frequency with

which such redundant attempts are thwarted. A schema that is a tar-

get-frame instantiation of a virtual generalization would tend to be the sub-

ject offrequent such attempts, promoted by implicit instantiation ofthe gen-

eralization. There could be a presumption in favor of garbage collecting

readily rederivable schemas, on the grounds that they will tend to reappear

as needed.

• Importance. A schema that serves as an explicit target-frame instantiation is

important in proportion to its frequency of activation, and the value of the

result in aid ofwhich it is activated. If such a schema is used more frequently

than rederivation attempts arise, then its garbage collection based on reder-

ivability should be suppressed.

7.1.2 Generalizing to other positions in the same reference frame

Virtual generalizations depend on a mapping between source and target frames

of reference. This mapping may be bidirectional; that is, the reference frame that

sometimes serves as the source frame used to express a virtual generalization may
at other times serve as the target frame, used to express an instantiation of a gener-

alization from the other frame. For example, in figure 7.2, a body-relative schema

now expresses a generalization with respect to the visual field; the body-relative

source frame here maps to the visual-field-relative target frame, rather than vice

versa.

A bidirectional mapping between two frames of reference also makes it possi-

ble to have a virtual generalization that is instantiated at other positions in the

same frame of reference that serves to express the generalization. The instanti-

ation occurs in two steps: first, an explicit instantiation is made at some position in

the other frame; then, that instantiation serves as a generalization, which is instan-

tiated at various positions in the first reference frame, thus applying the original

generalization to other positions in the same reference frame.

Of course, the extrapolation of a schema from one position to another in the

same frame of reference does not follow deductively; the reference frame might
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 inductively its instantiation at various positions isthen a matter of deduction I713 SubactivationEmpirical evidence from realworld events is not the only source of knowledgemut h can be learned from detached reflection and deliberation as well A plausihle cognitive mechanism must be able to imagine events as well as participateIll actual events This section sketches a proposed extension to the schema mechansm that would enable it to do this
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Figure 7.2 Another virtual generalization. Here, the body-relative

perspective is the source frame; the visual field is the target frame.

be inhomogeneous, so that objects behaved differently at different positions. (In-

deed, even the extrapolation to multiple positions in a distinct target frame of ref-

erence does not follow deductively.) Consequently, the processes described here

may be regarded as inductive. But it is equally reasonable to say that a given sche-

ma represents a virtual generalization over all positions; and although that gener-

alization was itself arrived at inductively, its instantiation at various positions is

then a matter of deduction.

7.1.3 Subactivation

Empirical evidence from real-world events is not the only source of knowledge;

much can be learned from detached reflection and deliberation as well. A plausi-

ble cognitive mechanism must be able to imagine events, as well as participate

in actual events. This section sketches a proposed extension to the schema mecha-

nism that would enable it to do this.



71 Virtual generalizations 15 5To activate an applicable schema is to initiate its action To subatzmte anapplicable schema is essentially to simulate taking its action by forcing its resultitems into a simulatedOn state or if negated a simulatedOff state In addition any other applicable schemas which share the subactivated schema s actionare considered to be implicitly subactivated their results of their activation arealso simulated by giving the appropriate items a 

simulatedOn or simulatedOffstate If a subactivated schemas action is composite the mechanism may electeither to subactivate the actions components or simply to treat the action asatomicAn items simulated state is distinct from its actual state If a schemas contextconditions are all satisfied with respect to those items simulated state then thatschema is deemed applicable for the next subactivation but not necessarily foractual activation which requires that the actua

l states satisfy the context In otherwords the simulated state from a prior subactivation serves as a point of departurefor the next simulated action The mechanism thus engages in a multistepthought experimentSuch an experiment would be useless if the mechanism could not learn from itBut if the marginal attribution machinery took notice of simulated states as well asof actual states then learning could proceed from imaginary as well as actualevents This claim might s

eem perplexingit might seem that there would benothing new to learn from a subactivation which only involves the reenactmentof results already represented by extant schemas In fact however the sideeffectof implicitly subactivating some schemas when others are explicitly subactivatedcan bring about novel sequences of simulated events leading to new knowledgeor at least to newlyexpressed knowledge which like the end point of anydeduction was implicitly present all alon

g This reexpression is especiallypromising when explicit subactivation at one level of abstraction has sideeffectson another level the following section outlines some examples of this fomi714 Subactivation and virtual generalizationAs noted above implicit generalization is a serial process an action must firstbring about a canonical perspective in order for the generalizations applicabilityto the present situation to become apparent In addition to being serial this i

nstantiation process also relies on a physical action to bring about the perspectiverather than just involving some intemal calculation Although being serial is inherent in implicit generalization relying on physical action is not This section
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To activate an applicable schema is to initiate its action. To subactivate an

applicable schema is essentially to simulate taking its action, by forcing its result

items into a simulated-On state (or, if negated, a simulated-Off state). In addi-

tion, any other applicable schemas which share the subactivated schema's action

are considered to be implicitly subactivated; their results of their activation are

also simulated by giving the appropriate items a simulated-On or simulated-Off

state. If a subactivated schema's action is composite, the mechanism may elect

either to subactivate the action's components, or simply to treat the action as

atomic.

An item's simulated state is distinct from its actual state. If a schema's context

conditions are all satisfied with respect to those items' simulated state, then that

schema is deemed applicable for the next subactivation (but not necessarily for

actual activation, which requires that the actual states satisfy the context). In other

words, the simulated state from a prior subactivation serves as a point ofdeparture

for the next simulated action. The mechanism thus engages in a multi-step

"thought experiment."

Such an experiment would be useless if the mechanism could not learn from it.

But if the marginal attribution machinery took notice of simulated states as well as

of actual states, then learning could proceed from imaginary as well as actual

events. This claim might seem perplexing—it might seem that there would be

nothing new to learn from a subactivation, which only involves the re-enactment

ofresults already represented by extant schemas. In fact, however, the side-effect

of implicitly subactivating some schemas when others are explicitly subactivated

can bring about novel sequences of (simulated) events, leading to new knowl-

edge—or at least to newly-expressed knowledge which, like the end point of any

deduction, was implicitly present all along. This re-expression is especially

promising when explicit subactivation at one level of abstraction has side-effects

on another level; the following section outlines some examples of this form.

7.1.4 Subactivation and virtual generalization

As noted above, implicit generalization is a serial process; an action must first

bring about a canonical perspective in order for the generalization's applicability

to the present situation to become apparent. In addition to being serial, this instan-

tiation process also relies on a physical action (to bring about the perspective),

rather than just involving some internal calculation. Although being serial is in-

herent in implicit generalization, relying on physical action is not. This section



l56 Chapter 7 Extrapolations virtual structures mechanismsdiscusses the hypothetical use of subactivation in lieu of physical action toachieve the implicit or explicit instantiation of virtual generalizationsNot surprisingly the idea is for the schema mechanism to imagine achieving acanonical perspectivethat is to subactivate rather than activate a schema whichachieves the perspective Given an adequate substrate of schemas that describethe source and target frames of

 reference subactivation can accurately simulatewhat it would be like to bring about the canonical perspective Figure 73 illustrates the subactivation of the schema v22 to shift an image from if] to a canonical perspective at 13272 The chain of schemas in figure 73a carries out the action12 in this situation The schemas in figure 73b are implicitly subactivated insuccession as side effects of the schemas which implement the composite actionIn this illustration the in

itial visual orientation is 17922 The orientation after foveation would be vp] I  the subactivation simulation shows this new orientationdue to the schemas in figure 73b which are implicitly subactivated as a sideeffect of the explicit subactivation of the schemas in figure 73a Other implicitlysubactivated schemas not shown tum Off the original visualfield item vfII andproprioceptive item 17722 in the subactivation simulation u  1 1 1EQ 1 1IIT TITIIIEI I I II I I Iey

vba bFigure 73 Subactivation sideeffects Explicitly subactivating thesequence in a implicitly subactivates the sequence in b changingthe subactivationsimulated glance orientationeyebIICorrectly simulating the new visual orientation is crucial since maintainingthe subactivationstate of the relevant visibleobject synthetic items depends onthat orientation In this example suppose the subactivation next simulates mov
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discusses the hypothetical use of subactivation in lieu of physical action to

achieve the implicit or explicit instantiation of virtual generalizations.

Not surprisingly, the idea is for the schema mechanism to imagine achieving a

canonical perspective—that is, to subactivate rather than activate a schema which

achieves the perspective. Given an adequate substrate of schemas that describe

the source and target frames of reference, subactivation can accurately simulate

what it would be like to bring about the canonical perspective. Figure 7.3 illus-

trates the subactivation ofthe schema Ivf22l to shift an image from vfll to a canon-

ical perspective at v/22. The chain of schemas in figure 7.3a carries out the action

Ivf22l in this situation. The schemas in figure 7.3b are (implicitly) subactivated in

succession as side effects of the schemas which implement the composite action.

In this illustration, the initial visual orientation is vp22. The orientation after fo-

veation would be vpll; the subactivation simulation shows this new orientation,

due to the schemas in figure 7.3b, which are implicitly subactivated as a side-ef-

fect of the explicit subactivation of the schemas in figure 7.3a. (Other implicitly

subactivated schemas, not shown, turn Off the original visual-field item vfll and

proprioceptive item vp22 in the subactivation simulation.)

Figure 7.3 Subactivation side-effects. Explicitly subactivating the

sequence in (a) implicitly subactivates the sequence in (b), changing

the subactivation-simulated glance orientation.

Correctly simulating the new visual orientation is crucial, since maintaining

the subactivation-state of the relevant visible-object synthetic items depends on

that orientation. In this example, suppose the subactivation next simulates mov-



71 Virtual generalizations 157ing the hand beside the object and grasping it suppose the schema in figure 71 a isthen subactivated showing the visual effects of moving the grasped object forward In consequence and because the subactivation now shows vpl I On Visible0bj11 and Palpable0bjI 1 turn Off and Visible0bjI 2 and Palpable0bjI 2 tum On in the subactivation simulation on the basis of suchsubactivated trials the mechanism can spin off a targetframe schema similar

 tothose in figure 7 lb Thus a virtual generalization is explicitly instantiated just asthough the entire experiment had been carried out in reality rather than by subactivationThus when schemas exist that supply enough information about the source andtarget frames of reference implicit instantiation leading to explicit instantiationcan take place by subactivation it suffices for the mechanism to imagine assuming the canonical perspective rather than having to do so 

physically The implicitinstantiation is still a serial process however since the mechanism cannot simultaneously carry out arbitrarily many distinct subactivation simulations at onceBut as usual when a targetframe schema is built making the instantiation explicit that schema can subsequently participate in fast parallel chaining searcheseffectively caching the knowledge obtained from the slow serial search715 Conservation by instantiation of inverseaction generalizat

ionsSection 642 described the role of inverse actions in promoting conservation discoveries by synthetic item formation For example the mechanism might movethe hand backward and forward again to withdraw from and move back in contactwith an object this sequence promotes the formation of a synthetic item designating a palpable object at that locationThe successive activation of inverse actions promotes the formation of synthetic items by demonstrating the local consis

tency of their host schemas Consider for example the inverse hand actions of figure 74a Their successive activation when the hand is at say hp22 implicitly activates the schema hp22tact]The implicit activation is successfulthe schemas result does obtain severalrepetitions of the pair of successive activations thus amount to successive successful activations of hp22tact] exhibiting that schemas local consistency andspurring the construction of a synthetic item for tha

t schema if none exists already Similarly of course for other hand positions and for visibleobjectitems for those inverse eye actions rather than hand actions give aidWe may regard this synthetic item formation as the explicit positionspecificinstantiation of a positionindependent generalization expressed in terms of the
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ing the hand beside the object and grasping it; suppose the schema in figure 7. 1 a is

then subactivated, showing the visual effects of moving the grasped object for-

ward. In consequence, and because the subactivation now shows vpll On, Visi-

bleObj@l,l and PalpableObj@l ,1 turn Off and VisibleObj@l ,2 and Palpa-

bleObj@l,2 turn On in the subactivation simulation; on the basis of such

subactivated trials, the mechanism can spin off a target-frame schema similar to

those in figure 7.1b. Thus, a virtual generalization is explicitly instantiated, just as

though the entire experiment had been carried out in reality, rather than by subac-

tivation.

Thus, when schemas exist that supply enough information about the source and

target frames ofreference, implicit instantiation (leading to explicit instantiation)

can take place by subactivation; it suffices for the mechanism to imagine assum-

ing the canonical perspective, rather than having to do so physically. The implicit

instantiation is still a serial process, however, since the mechanism cannot simul-

taneously carry out arbitrarily many distinct subactivation simulations at once.

But, as usual, when a target-frame schema is built, making the instantiation ex-

plicit, that schema can subsequently participate in fast, parallel chaining sear-

ches—effectively caching the knowledge obtained from the slow, serial search.

7.1.5 Conservation by instantiation of inverse-action generalizations

Section 6.4.2 described the role of inverse actions in promoting conservation dis-

coveries by synthetic item formation. For example, the mechanism might move
the hand backward and forward again to withdraw from and move back in contact

with an object; this sequence promotes the formation of a synthetic item designat-

ing a palpable object at that location.

The successive activation of inverse actions promotes the formation of syn-

thetic items by demonstrating the local consistency of their host schemas. Con-

sider, for example, the inverse hand actions of figure 7.4a. Their successive acti-

vation when the hand is at, say, hp22 implicitly activates the schema Ihp22ltactl.

The implicit activation is successful—the schema's result does obtain; several

repetitions of the pair of successive activations thus amount to successive succes-

sful activations of Ihp22ltactl, exhibiting that schema's local consistency, and

spurring the construction of a synthetic item for that schema (if none exists al-

ready). Similarly, of course, for other hand positions (and for visible-object

items; for those, inverse eye actions, rather than hand actions, give aid).

We may regard this synthetic item formation as the explicit, position-specific

instantiation of a position-independent generalization expressed in terms of the



158 Chapter 7 Extrapolations virtual structures mechanismssuccessive inverse actions Furthermore this explicit instantiation can even beaccomplished by subactivati on of the relevant schema and its inverse actionassuming one further extension to the schema mechanism Currently the mechanism does not recognize that moving the hand forward again immediately aftermoving it backward is likely to recreate the tactile sensation but let us supposethat the mechanism is extend

ed to be able to make discoveries of that sort and thatit makes this discovery regarding the successive activation ofthe schemas in figure 74a Then subactivating those schemas will simulate the recovery of the tactile sensation But subactivating those schemas will also have the sideeffect ofsubactivating the schemas in figure 74b keeping track ofthe hands position as itmoves back and forth and thus simulating the repeated achievement of hp22 simultaneously with the r

epetition of turf] The simulation thus demonstrates thelocal consistency of  I1p22tart] and thereby promotes the reification of that schemas validity by the synthetic item Palpablc0bjd 12hazdb zcuzclfanhandb handfFigure 74 inverse subactivation Subactivating the inverse actionsin a implicitly subactivates the schemas in b showing the actionssideeffects on hand positionThus the need to replicate the discovery of persistent objects at different positions may be mitigat

ed by systematically promoting that replication as the instantiation of a virtual generalization716 Deductive overriding of default generalizations\Coinmonsense reasoning is zunrnmmrmzic we may believe the generalizationthat Fur all X P X  fII]lf\ Q X and then learn that for some A PM is true butQM is false contradicting the generalization Typically we retain the generalization as a dc fault assertion which we can override in special situations in whichthe default is

 known not to hold Such reasoning is called nonmonotonic in reference to the tact that the set of statements believed to be true does not just increase with additional lmowledge sometimes additional knowledge forces theretract ion of a prior view held by default Use ofextendedcontext information
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successive inverse actions. Furthermore, this explicit instantiation can even be

accomplished by subactivation of the relevant schema and its inverse action—as-

suming one further extension to the schema mechanism. Currently, the mecha-

nism does not recognize that moving the hand forward again, immediately after

moving it backward, is likely to recreate the tactile sensation; but let us suppose

that the mechanism is extended to be able to make discoveries ofthat sort, and that

it makes this discovery regarding the successive activation of the schemas in fig-

ure 7.4a. Then, subactivating those schemas will simulate the recovery ofthe tac-

tile sensation. But subactivating those schemas will also have the side-effect of

subactivating the schemas in figure 7.4b, keeping track of the hand's position as it

moves back and forth, and thus simulating the repeated achievement of hp22 si-

multaneously with the repetition of tactl. The simulation thus demonstrates the

local consistency ofIhp22ltactl, and thereby promotes the reification ofthat sche-

ma's validity by the synthetic item PalpableObj@l ,2.

(a) (tactl) r-^C-tactl) r+Ctacth
Kly handb \Z1~S handf KlS

Figure 7.4 inverse subactivation. Subactivating the inverse actions

in (a) implicitly subactivates the schemas in (b), showing the actions'

side-effects on hand position.

Thus, the need to replicate the discovery of persistent objects at different posi-

tions may be mitigated by systematically promoting that replication, as the instan-

tiation of a virtual generalization.

7.1.6 Deductive overriding of default generalizations

Commonsense reasoning is nonmonotonic; we may believe the generalization

that For allX, P(X) implies Q(X), and then learn that for some A, P(A) is true but

Q(A) is false, contradicting the generalization. Typically, we retain the general-

ization as a default assertion, which we can override in special situations in which

the default is known not to hold. (Such reasoning is called nonmonotonic, in ref-

erence to the fact that the set of statements believed to be true does not just in-

crease with additional knowledge; sometimes, additional knowledge forces the

retraction of a prior view held by default.) Use of extended-context information



71 Virtual generalizations 1 59to override an imperfectly reliable schema section 415 implements a rudimentary kind of nonmonotonic reasoning the reliable schema makes a default assertion which is trusted except when some specific overriding condition obtainsOverriding conditions pose a special problem for virtual generalizations If anordinarily reliable schema that expresses a virtual generalization is overridden bysome particular condition then all instantiations o

f the generalization ought to beoverridden by that condition too In figure 75a for example the schema SeeDisplace expresses the visual effect of moving the hand while grasping an objectThe schema exhibits an overriding condition for a particular object that by stipulation is too heavy to move thus the object remains in place when the handmoves Another schema SeeHeavy figure 75 b asserts that the heavy graspedobject stays in place when the hand moves    SeDisplae     

 SeHeavyO A  a 0v22 P  1f22 handf    SeeHcmd3 2  I I I L I I I I    SeeHeavv      hgrvf22 __  b   SeeHcmd3 handf   I I I L SeHeavy 723      0bj22Figure 75 An exception to a generalization Displacing an objectfails if it is too heavySuppose a heavy object is present and the schema mechanism uses subactivation to simulate achieving the canonical perspective that makes SeeDisplaceapplicable That schemas override condition then also turns On  suppressing theschema and fu

rthermore SeeHeavy becomes applicable Thus this implicit instantiation appropriately gives SeeHeavy precedence over SeeDisplaceHowever suppose SeeDisplace has been explicitly instantiated at somebodyrelative positionsay 23 call the schema that expresses this instantiation 0bjDisplace2 3 figure 76 Suppose further that the overriding heavyobject schema has not been explicitly instantiated at that position Now when thecanonical perspective has been achieved there is a c

onict between the prediction made by the nowapplicable SeeHeavy schemawhich asserts that thegrasped object will remain in place if the hand movesand the targetframe schema 0bjDisplace2 3 which predicts that the grasped object will move when the
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to override an (imperfectly) reliable schema (section 4.1.5) implements a rudi-

mentary kind ofnonmonotonic reasoning: the reliable schema makes a default as-

sertion, which is trusted except when some specific overriding condition obtains.

Overriding conditions pose a special problem for virtual generalizations. If an

ordinarily reliable schema that expresses a virtual generalization is overridden by

some particular condition, then all instantiations of the generalization ought to be

overridden by that condition too. In figure 7.5a, for example, the schema SeeDis-

place expresses the visual effect of moving the hand while grasping an object.

The schema exhibits an overriding condition for a particular object that (by stipu-

lation) is too heavy to move; thus, the object remains in place when the hand

moves. Another schema, SeeHeavy (figure 7.5b), asserts that the heavy grasped

object stays in place when the hand moves.

t i i r

J I L

SeeDisplace.

«,) : =<» \ tSSf^ffCh=5© : fl

:

&SeeHand@3,2

(b) .

t—

r

#
J I I L

SeeHeavy:

,2^-J handA^J
hgr&vf22&
SeeHand@3,:
&SeeHeavy- ^f23
Obj@2,2

Figure 7.5 An exception to a generalization. Displacing an object

fails if it is too heavy.

Suppose a heavy object is present, and the schema mechanism uses subactiva-

tion to simulate achieving the canonical perspective that makes SeeDisplace

applicable. That schema's override condition then also turns On , suppressing the

schema; and furthermore, SeeHeavy becomes applicable. Thus, this implicit in-

stantiation appropriately gives SeeHeavy precedence over See-Displace.

However, suppose SeeDisplace has been explicitly instantiated at some

body-relative position—say (2,3); call the schema that expresses this instanti-

ation ObjDisplace2 ,3 (figure 7.6). Suppose further that the overriding heavy-ob-

ject schema has not been explicitly instantiated at that position. Now, when the

canonical perspective has been achieved, there is a conflict between the predic-

tion made by the now-applicable SeeHeavy schema—which asserts that the

grasped object will remain in place if the hand moves—and the target-frame sche-

ma ObjDisplace2,3, which predicts that the grasped object will move when the



160 Chapter 7 Extrapolations virtual structures mechanismshand does contradicting Seeeavy The contradiction arises at the item Visible0bj2 3 0bjDisplace2 3 predicts that that item should tum On while S eeH euvy predicts a visual scene that doesnt show the object theresource frame visual eld target frame bodyrelativeSecDisplae 0bjDisplace2 3   onEl_ _ _ _ instantiation   Ell1r\f22 H __Q Visible  lz2rl1p3 0b 2 3S I H 2  J H cmdd handf handfloverridc B deductive overrid

eIrS H ca\_v  0hjHeav_v2 31I19aIl1alOIl  _ _ _ _ [ It   El ElI_tI\y23 zgrzp32 __ VisibleScHcmd32 H010bJ33 hand] 0bj23SceHemvhji2 2 fFigure 76 Deductive override The schema 0bjHeav_v23 shouldoverride 0bjDisplace2 3Of course if the hand action actually occurs in this situation on several occasions the overriding generalization expressed by SeeHeavy will be explicitly instantiated for that position that is the schema 0bjHcavy23 will be created figure 76 and the schema 0

bjDisplace2 3 will come to recognize an overridecondition the condition of there being specifically a heavy object at that position But until then there are conflicting predictions worse still if the canonicalperspective has not been achieved then the schema SeeDisplace will assertwrongly but without opposition that the object will moveeven though themechanism should know better than that because the visual virtual generalizationalready properly takes note of the exc

eptional condition

160 Chapter 7. Extrapolations: virtual structures, mechanisms

hand does, contradicting SeeHeavy. The contradiction arises at the item Visi-

bleObj@2,3; ObjDisplace2,3 predicts that that item should turn On, while SeeH-

eavy predicts a visual scene that doesn't show the object there.
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Figure 7.6 Deductive override. The schema ObjHeavy2,3 should

override ObjDisplace2 ,3.

Of course, if the hand action actually occurs in this situation on several occa-

sions, the overriding generalization expressed by SeeHeavy will be explicitly in-

stantiated for that position; that is, the schema ObjHeavy2,3 will be created (fig-

ure 7.6), and the schema ObjDisplace2,3 will come to recognize an override

condition (the condition of there being specifically a heavy object at that posi-

tion). But until then, there are conflicting predictions; worse still, if the canonical

perspective has not been achieved, then the schema SeeDisplace will assert,

wrongly but without opposition, that the object will move—even though the

mechanism should know better than that, because the visual virtual generalization

already properly takes note of the exceptional condition.



71 Virtual generalizations 161It is desirable that the mechanism be able to apply an overriding condition toeach targetframe position rather than having to physically try the relevant actionseveral times at each such position in order to leam the exception there In theabsence of this ability the utility of virtual generalizations would be severely curtailed given the prevalence of imperfect generalizations that admit specific exceptionsThe ability to project a genera

l schemas overriding conditions onto targetframe instantiations can be achieved if it is possible to appropriately resolvethe conict just noted between an overriding sourceframe prediction hereS eeH eavy and a nonoverridden targetframe prediction SeeDisplace Given aproper resolution of that conict in the course of a subactivation the exceptionalevent would be correctly simulatedthe heavy object would be shown to remainstationary On that basis the 0bjHeavy23 schema wo

uld be built explicitly instantiating the overriding condition at that positionI speculate that the required conict resolution might be achieved by augmenting the schema mechanism to be able to tell that the general tar getframe schemahere 0bjDisplace2 3 was derivable by subactivation from another schema orschemas SeeDisplace and to suppress the prediction made by a derivable schema when the schemas from which it is derivable are applicable even if overridden as SeeD

isplace is here Intuitively SeeDisplace accounts for ObjDisplace23 and for other instantiations in other positions so something thatsupersedes SeeDisplace e g S eeH eavy should also supersede what is accountedfor by SeeDisplace eg 0bjDisplace2 3 The targetframe override is thus deduced from the sourceframe ovenide even though the overriding condition maynever have been encountered at the targetframe position in questionThe crux of this approach to deduced overrides i

s the detection of the derivability of one schema from others by subactivation The schema mechanism couldrecognize derivability by detecting what is in fact derived or rederived fromwhat during subactivationHere is a sketch of how this detection might be accomplished Suppose that themechanism kept track of the schemas used to maintain each items state in thecourse of a subactivation and that it also kept track of which items states wererelied on for the creation of a

 new schema in the course of that subactivationThen for each schema derived or rederived as defined above in section 71 1  bysubactivation the mechanism could note which schemas result items caused thesimulation of statetransitions of the items that appear in the result of the derivedschema Those are schemas from which that schema is derivable Counting re
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It is desirable that the mechanism be able to apply an overriding condition to

each target-frame position, rather than having to physically try the relevant action

several times at each such position in order to learn the exception there. In the

absence of this ability, the utility of virtual generalizations would be severely cur-

tailed, given the prevalence of imperfect generalizations that admit specific ex-

ceptions.

The ability to project a general schema's overriding conditions onto tar-

get-frame instantiations can be achieved if it is possible to appropriately resolve

the conflict just noted between an overriding source-frame prediction (here,

SeeHeavy), and a non-overridden target-frame prediction (SeeDisplace). Given a

proper resolution of that conflict in the course of a subactivation, the exceptional

event would be correctly simulated—the heavy object would be shown to remain

stationary. On that basis, the ObjHeavy2,3 schema would be built, explicitly in-

stantiating the overriding condition at that position.

I speculate that the required conflict resolution might be achieved by augment-

ing the schema mechanism to be able to tell that the general target-frame schema

(here, ObjDisplace2 ,3) was derivable by subactivation from another schema or

schemas {SeeDisplace), and to suppress the prediction made by a derivable sche-

ma when the schemas from which it is derivable are applicable (even if overrid-

den, as SeeDisplace is here). Intuitively, SeeDisplace accounts for ObjDis-

place2,3 (and for other instantiations, in other positions); so something that

supersedesSeeDisplace (e.g. , SeeHeavy) should also supersede what is accounted

for by SeeDisplace, e.g., ObjDisplace2,3. The target-frame override is thus de-

ducedfrom the source-frame override, even though the overriding condition may
never have been encountered at the target-frame position in question.

The crux ofthis approach to deduced overrides is the detection ofthe derivabil-

ity of one schema from others by subactivation. The schema mechanism could

recognize derivability by detecting what is in fact derived (or rederived) from

what during subactivation.

Here is a sketch ofhow this detection might be accomplished. Suppose that the

mechanism kept track of the schemas used to maintain each item's state in the

course of a subactivation, and that it also kept track of which items' states were

relied on for the creation of a new schema in the course of that subactivation.

Then, for each schema derived (or rederived, as defined above in section 7. 1 . 1 ) by

subactivation, the mechanism could note which schemas' result items caused the

simulation of state-transitions of the items that appear in the result of the derived

schema. Those are schemas from which that schema is derivable. (Counting re-



162 Chapter 7 Extrapolations virtual structures mechanismsderivation as well as derivation ensures the recognizability of a schemas derivability even if it arose independently empirically before being derived from otherschemasAs mentioned above there are two ways to view the instantiation of virtualgeneralizations From one standpoint a virtual generalization quantifies over positions in some space either physical positions as in the above examples or positions in som

e abstract space the generalization itself is arrived at inductivelyand its instantiation by subactivation may be regarded as a deduction Altematively each application of the original schema to a new position may be regardedas an inductive generalization From this standpoint the projection of overridingconditions onto new instantiations may be seen as resolving a conflict betweentwo inductive generalizations at different levels of description In the above example one

 level of description is in terms of visual images the other in terms ofobjects that persist at bodyrelative positions72 Virtual mechanismsAn individuals intelligence develops an adults thought is more advanced thanan infants Piagetian development involves not only more elaborate representations of the worldthe focus of this thesisbut also more advanced forms of reasoning understanding and problem solving721 Virtual mechanisms and Piagetian developmentSome of the sta

ges of sensorimotor development chronicled by Piaget follow directly from representational advances For example Piagets fourth stage bringsthe ability to coordinate schemas so as to use one object to act upon another section 5 This has the prerequisites of representing the behavior of the actingonand the actedupon objects individually as the results of schemas first theremust be items capable ofcxpressing those results and being able attribute the latter to the I orm
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derivation, as well as derivation, ensures the recognizability of a schema's deriv-

ability even if it arose independently, empirically, before being derived from other

schemas.)

As mentioned above, there are two ways to view the instantiation of virtual

generalizations. From one standpoint, a virtual generalization quantifies over po-

sitions in some space (either physical positions, as in the above examples, or posi-

tions in some abstract space); the generalization itself is arrived at inductively,

and its instantiation by subactivation may be regarded as a deduction. Alterna-

tively, each application of the original schema to a new position may be regarded

as an inductive generalization. From this standpoint, the projection of overriding

conditions onto new instantiations may be seen as resolving a conflict between

two inductive generalizations at different levels of description. (In the above ex-

ample, one level of description is in terms of visual images, the other in terms of

objects that persist at body-relative positions.)

7.2 Virtual mechanisms

An individual's intelligence develops; an adult's thought is more advanced than

an infant's. Piagetian development involves not only more elaborate representa-

tions ofthe world—the focus ofthis thesis—but also more advanced forms ofrea-

soning, understanding, and problem solving.

7.2.1 Virtual mechanisms and Piagetian development

Some of the stages of sensorimotor development chronicled by Piaget follow di-

rectly from representational advances. For example, Piaget 's fourth stage brings

the ability to coordinate schemas so as to use one object to act upon another (sec-

tion 2.5). This has the prerequisites of representing the behavior of the acting-on

and the acted-upon objects individually (as the results of schemas; first, there

must be items capable ofexpressing those results), and being able attribute the lat-

ter to the former (by having composite actions whose goal states correspond to

the behavior of the acting-on object—for example, in the hypothetical schema of

figure 6.3723 ).

Other advances in intelligence, however, require more than representational

advances. For example, fifth-stage tertiary circular reactions (section 2.6) involve

the on-the-fly development of new techniques for acting upon an object. Or, to

take an example from much later development, the stage of formal operations

23. If the acting-on object is the hand, then less representational sophistication is required, since

hand motions are primitively represented as actions.



72 Virtual mechanisms 16 3brings among myriad new intellectual powers the ability to systematically consider hypothetical explanations for an event by exhaustively generating all possible permutations of candidate factors For example an individual may be askedto devise a series of experiments to discover which subset of a group of combinedchemicals was responsible for a particular reaction Such a capability undoubtedly depends in part on new representationsof an abst

ract space that organizespermutations for examplebut it requires more than that too It requires the ability to deploy the representation as needed to generate explanations that depend onsuch permutationsThe schema mechanisms builtin problemsolving behavior is crude consisting of finding an explicit chain of extant schemas leading from a current state to agoal state Moreover the schema mechanism itself does not develop the mechanism remains constant as its constructss

chemas actions and itemsevolveSuperficially this constancy is at odds with the need for intelligence to grow Butjust as virtual structures eg the virtual generalizations of the previous sectioncan overcome some of the limitations of the actual data format so virtual mechanisms can develop and improve despite the schema mechanism s own invarianceAt a given moment what action the schema mechanism initiates and what intemal structures it creates or alters are a function

 of the extant data structuresand of course of the mechanisms inputs This function is invariant it is in thatsense that the mechanism itself does not change But the schema mechanism taken together with its acquired structures operates according to some function of itsinputsand that function can change as the structures themselves change WhatI call a virtual mechanism is simply the operation of the invariant schema mechanism in concert with some or all of its evolving

 structures Thus the invariantschema mechanism can support virtual mechanisms that change as figure 77 illustrates schematically Depending on the structure that implement them virtualmechanisms might be domainindependent eg a mechanism for formal reasoning domainspecific eg a chessplaying mechanism or some mixture of thetwoIn fact the schema mechanisms hypothetical manipulation of virtual generalizations discussed in the previous section is an example of a virtual me

chanismas well as of virtual structures the tendency to activate a sourcetotar get mappingschema implements a virtual mechanism for instantiating virtual generalizationsBut even this rudimentary example although sketched here in some detail remains undemonstrated by the implementation the furtherreaching virtual mech
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brings, among myriad new intellectual powers, the ability to systematically con-

sider hypothetical explanations for an event by exhaustively generating all possi-

ble permutations of candidate factors. (For example, an individual may be asked

to devise a series of experiments to discover which subset of a group ofcombined

chemicals was responsible for a particular reaction.) Such a capability undoubt-

edly depends in part on new representations—of an abstract space that organizes

permutations, for example—but it requires more than that too. It requires the abil-

ity to deploy the representation as needed to generate explanations that depend on

such permutations.

The schema mechanism's built-in problem-solving behavior is crude, consist-

ing of finding an explicit chain of extant schemas leading from a current state to a

goal state. Moreover, the schema mechanism itself does not develop; the mecha-

nism remains constant as its constructs—schemas, actions, and items—evolve.

Superficially, this constancy is at odds with the need for intelligence to grow. But

just as virtual structures (e.g., the virtual generalizations of the previous section)

can overcome some of the limitations of the actual data format, so virtual mecha-

nisms can develop and improve despite the schema mechanism's own invariance.

At a given moment, what action the schema mechanism initiates, and what in-

ternal structures it creates or alters, are a function of the extant data structures

(and, ofcourse, of the mechanism's inputs). This function is invariant; it is in that

sense that the mechanism itselfdoes not change. But the schema mechanism, tak-

en together with its acquired structures, operates according to some function of its

inputs—and that function can change, as the structures themselves change. What
I call a virtual mechanism is simply the operation of the invariant schema mecha-

nism in concert with some or all of its evolving structures. Thus, the invariant

schema mechanism can support virtual mechanisms that change, as figure 7.7 il-

lustrates schematically. Depending on the structure that implement them, virtual

mechanisms might be domain-independent (e.g. , a mechanism for formal reason-

ing), domain-specific (e.g., a chess-playing mechanism), or some mixture of the

two.

In fact, the schema mechanism's hypothetical manipulation of virtual general-

izations, discussed in the previous section, is an example of a virtual mechanism

as well as ofvirtual structures; the tendency to activate a source-to-targetmapping

schema implements a virtual mechanism for instantiating virtual generalizations.

But even this rudimentary example, although sketched here in some detail, re-

mains undemonstrated by the implementation; the further-reaching virtual mech-
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Figure 7.7 Virtual mechanisms. An invariant mechanism, operating

with acquired structures, forms a virtual mechanism. As the structures

evolve, so does the virtual mechanism.

anisms required for even sensorimotor-level Piagetian development are, at this

point, no more than a bare possibility for a system like the schema mechanism.

7.2.2 Virtual mechanisms and the mind's expressibility

Perhaps human cognitive development culminates in some virtual mechanism

that is fixed from then on. In this case, adult intelligence can be explained at that

level, without reference to its development. But there is an alternative possibility

which I think more likely. It may well turn out that the work of the developmental

process is never complete—that the elusive human attributes of "creativity" and

"common sense" (a kind ofroutine, practical creativity) depend in part on contin-

ual revision and extension of the constructed virtual mechanism. Then, I see no

reason to expect that the precise rules of revision are expressible on any level of

abstraction higher than that which describes the developmental system. 24 If this

is so, an artificial intelligence designed on a higher level of abstraction is sure to

exhibit some degree of stereotypical mechanical rigidity in the face of certain un-

anticipated contingencies; if this is so, humanlike flexibility must be explained

in terms of a long-term developmental system, rather than as a later, static, high-

er-level virtual system.

The prospect of there being no precise, static, higher-level mechanism of intel-

ligence is related to arguments by some authors (e.g., Dreyfus [23 ], Winograd and

Flores [76]) that intelligence is inexpressible as a rule-like system. But if the hu-

24. This is related to Hofstadter's argument 1 34 ] for describing the mind at what he calls the sub-

cognitive level, the details of which are inaccessible to conscious cognition. However descriptions

of the mind at the developmental-mechanism level need not be subcognitive.



72 Virtual mechanisms 165man mind is a mechanism and if the ChurchTuring thesis [45] is correct then aformal hence rulelike description of the mind is surely possible Nonethelessif we think of rules in the sense of consciously followed prescriptive stepssuchas those of a recipe or other explicit plan of actionthen indeed there may be noprecise description of intelligence at that level2525 Of course one might imagine a person explicitly following rules that prescribe 

a handsimulation of a mechanism of intelligence the person would thereby be acting intelligently by consciously following explicit rules as in one version of Searles Chinese room [61] But this approach is worse than impossibly cumbersome although it is that too it is useless even in principle at least as a prescription for rational thought For whatever the simulation thinks or does mightjust as well have been thought or done by the person in the first place in lieu o

f carrying out thesimulation
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man mind is a mechanism, and if the Church-Turing thesis [45] is correct, then a

formal (hence rule-like) description of the mind is surely possible. Nonetheless,

if we think of rules in the sense of consciouslyfollowed prescriptive steps—such

as those of a recipe or other explicit plan of action—then indeed there may be no

precise description of intelligence at that level. 25

25. Of course, one might imagine a person explicitly following rules that prescribe a hand-simu-
lation of a mechanism of intelligence; the person would thereby be acting intelligently by con-

sciously following explicit rules, as in (one version of) Searle's Chinese room [61]. But this ap-

proach is worse than impossibly cumbersome (although it is that, too); it is useless, even in princi-

ple, at least as a prescription for rational thought. For whatever the simulation thinks or does might
just as well have been thought or done by the person in the first place, in lieu of carrying out the

simulation.



8 Nonnaive InductionAs the field of artificial intelligence matures it begins to address the philosophical conundrums that have confronted older disciplines contemplation of themind The symbol grounding problem discussed in section 425 is one suchproblem Another is a foundational riddle about induction any leaming systemsuch as the schema mechanism which is charged with performing inductive reasoning must eventually face the problem of this riddle81 The problem with 

naive inductionInductive reasoning draws general conclusions from particular examples For instance one might conclude that objects falling on this planet accelerate at 32ftsec2 or that the sun will rise again tomorrow because things have been observed to always work that way before Inductive reasoning is nondemonstrativemeaning that the conclusions are not guaranteed to follow in the sense that forexample 112 is guaranteedyetunobserved events could proceed entirelydi

fferently than ones encountered so far Still in a universe in which all eventsconform to a compact set of uniform exceptionless physical principlesprinciples which in turn implement higherlevel approximately uniform principlessuch as those of cosmology chemistry biology psychology or economicsinductive reasoning will yield true conclusions to the extent that it discerns such underlying principles from some set of examplesThere is a version of inductive reasoning call

ed naive induction which although plausible on the face of it tums out to be seriously awry Naive inductionproposes that if there is a generalization of the form All X s are Yfor exampleAll emeralds are greenthat has been tested many times that is many Xs havebeen examined for their Yness and found true each time then there is reason tobelieve that the generalization applies to examples not yet tested eg to believethat other emeralds are probably green too further th

e more true examples havebeen encountered still in the absence of any false ones the greater the evidencethat the generalization applies as well to untested examplesGoodmans famous grue paradox [29] demonstrates the problem with naive induction Define grueto mean green if before the year 2000 blue if after 2000 Allobservations of emeralds so far are consistent with the generalization All emeralds are grue all have been seen to be green and it has always been before t

he year2000 But it would be absurd to expect the generalization to continue to hold trueafter the year 2000in order for emeralds to remain grue then they would have tosuddenly tum blue

O Nonnaive Induction

As the field of artificial intelligence matures, it begins to address the philosophi-

cal conundrums that have confronted older disciplines' contemplation of the

mind. The symbol grounding problem, discussed in section 4.2.5, is one such

problem. Another is a foundational riddle about induction; any learning system,

such as the schema mechanism, which is charged with performing inductive rea-

soning must eventually face the problem of this riddle.

8.1 The problem with naive induction

Inductive reasoning draws general conclusions from particular examples. For in-

stance, one might conclude that objects falling on this planet accelerate at 32

ft./sec.
2

, or that the sun will rise again tomorrow, because things have been ob-

served to always work that way before. Inductive reasoning is nondemonstrative,

meaning that the conclusions are not guaranteed to follow (in the sense that, for

example, 1+1=2 is guaranteed)—yet-unobserved events could proceed entirely

differently than ones encountered so far. Still, in a universe in which all events

conform to a compact set of uniform, exceptionless physical principles—princi-

ples which in turn implement higher-level, approximately uniform principles,

such as those of cosmology, chemistry, biology, psychology, or economics—in-

ductive reasoning will yield true conclusions to the extent that it discerns such un-

derlying principles from some set of examples.

There is a version of inductive reasoning, called naive induction, which, al-

though plausible on the face of it, turns out to be seriously awry. Naive induction

proposes that if there is a generalization of the form All X's are Y—for example,

All emeralds are green—that has been tested many times (that is, many X's have

been examined for their Y-ness), and found true each time, then there is reason to

believe that the generalization applies to examples not yet tested (e.g., to believe

that other emeralds are probably green, too); further, the more true examples have

been encountered (still in the absence of any false ones), the greater the evidence

that the generalization applies as well to untested examples.

Goodman's famous grue paradox [29 ] demonstrates the problem with naive in-

duction. Define grue to mean green ifbefore the year2000, blue ifafter 2000. All

observations of emeralds so far are consistent with the generalization All emer-

alds aregrue (all have been seen to be green, and it has always been before the year

2000). But it would be absurd to expect the generalization to continue to hold true

after the year 2000—in order for emeralds to remain grue then, they would have to

suddenly turn blue.



168 Chapter 8 Nonnaive inductionMore generally any set of observed examples is consistent with an innitenumber of mutually inconsistent generalizations If A [I X s are Yis an intuitivelyreasonable generalization arbitrarily absurd altematives also consistent with thedata may be constructed by0 Conjoining the predicate Y with any condition P not tested in the examplesto form All X s are Yand P a gratuitous extension to the reasonable generalization or0 Conjoining the 

predicate X with any condition Q common to all the examples tested so far to form All X s that are Q are Y a gratuitous restriction ofthe reasonable generalizationThe hidden crux of inductive reasoning is to decide which generalizations consistent with all the encountered data are reasonable and whichdespite their fullaccord with the dataare absurd This is the problem that naive induction ignores In examples such as grue vs green generalizations the distinction is in

tuitively clear but the principles on which that intuition operates have proven dif f1cult to formulate But for purposes of building a humanlike artificial leamingsystemor for purposes of explaining how the mechanism of human leamingworksthe underlying principles must be understood82 The problem with proposing only nonabsurdgeneralizationsAlmost all machine leaming research ignores the naive induction problem extantsystems verify proposed generalizations simply by se

eing if in fact they accordwith the available examples Such systems succeed only to the extend that absurdgeneralizations are not entertained in the first place Hol1andan exception tothe tendency to ignore the problemexplicitly proposes [35] as a theory of theinductive reasoning performed by his system that its method for proposing generalizations simply does not entertain absurd ones 26 though of course it may entertain false ones we may regard this stance as taken 

implicitly by the authorsof leaming systems who are silent on the questionThe basis for Hollands claim is that his systemlike the schema mechanism smarginal attribution facilitytends to add new conditions only as needed to con26 Developmental theories in cognitive science also tend to be oblivious to the naive inductionproblem although Carey I 12] is an exception Carey proposes a solution along the lines of Goodmans ontrml1mmzt described below
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More generally, any set of observed examples is consistent with an infinite

numberofmutually inconsistent generalizations. IfAUX'sareY is an (intuitively)

reasonable generalization, arbitrarily absurd alternatives, also consistent with the

data, may be constructed by:

• Conjoining the predicate Y with any condition P not tested in the examples,

to form AllX's are YandP, a gratuitous extension to the reasonable general-

ization; or

• Conjoining the predicate X with any condition Q common to all the exam-

ples tested so far, to form All X's that are Q are Y, a gratuitous restriction of

the reasonable generalization.

The hidden crux of inductive reasoning is to decide which generalizations consis-

tent with all the encountered data are reasonable, and which—despite their full

accord with the data—are absurd. This is the problem that naive induction ig-

nores. In examples such as grue vs. green generalizations, the distinction is intu-

itively clear, but the principles on which that intuition operates have proven diffi-

cult to formulate. But for purposes of building a humanlike artificial learning

system—or for purposes of explaining how the mechanism of human learning

works—the underlying principles must be understood.

8.2 The problem with proposing only nonabsurd

generalizations

Almost all machine learning research ignores the naive induction problem; extant

systems verify proposed generalizations simply by seeing if in fact they accord

with the available examples. Such systems succeed only to the extend that absurd

generalizations are not entertained in the first place. Holland—an exception to

the tendency to ignore the problem—explicitly proposes [35 ], as a theory of the

inductive reasoning performed by his system, that its method for proposing gener-

alizations simply does not entertain absurd ones26 (though, of course, it may en-

tertain false ones); we may regard this stance as taken implicitly by the authors

of learning systems who are silent on the question.

The basis for Holland's claim is that his system—like the schema mechanism's

marginal attribution facility—tends to add new conditions only as needed to con-

26. Developmental theories in cognitive science also tend to be oblivious to the naive induction

problem, although Carey [ 12] is an exception. Carey proposes a solution along the lines of Good-
man's entrenchment, described below.



83 The problem with using only projectable concepts 169form to the data and thus avoids incorporating gratuitous extensions or restrictions into the proposed generalizations However in the schema mechanism andHollands system alike the success of this approach depends on the vocabulary inwhich the conditions are expressed in the first place If a bizarre condition such asgrueness is already expressed as a state element then nothing blocks the proposalof generalizations

 in terms of that condition Goodman uses the term projectableto describe predicates which lend themselves to reasonable generalizations grueis unprojectable except in certain bizarre generalizations that Goodman discusses Hollands solution therefore passes the buck from the generalizationproposal machinery to the vocabulary in which the proposals are couchedand hence in a constructivist system to the machinery for synthesizing thatvocabularyFor that reason I believe 

that relying on the proposal machinery not to generateabsurd generalizations in the first place is inadequate to solve the naive inductionproblem for constructivist systems that are powerful enough to invent arbitrarilycomplicated and obscure concepts and to formulate generalizations in terms oftheir invented concepts The reasonableproposal solution works well enoughinitially when primitive concepts and others closely tied to the primitives predominate hence the sche

ma mechanisms avoidance so far of proposing absurdgeneralizations But as I now argue that solution eventually must fail83 The problem with using only projectableconceptsOne might propose that even as powerful a conceptinventing facility as humanbeings might never have occasion to propose generalizations in terms of bizarrepredicates such as grue The mere fact that we can entertain that concept by reading and writing about it for example does not necessarily mean that

 the conceptis available as a vocabulary item to our induction machinery eg does not meanthere must be a corresponding synthetic item in the schema mechanism If ourinduction machinery does avoid gruelike conceptseven when we discuss thegrue paradoxthen not proposing absurd generalizations might be a viable solution after allUnfortunately for that proposal there is good reason to conclude that the concept grueor at least a concept coextensive with it which presents th

e same problemsis indeed available to the induction machinery Suppose I build agruedetector box such a device can be built by wiring together a colordetector
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form to the data, and thus avoids incorporating gratuitous extensions or restric-

tions into the proposed generalizations. However, in the schema mechanism and

Holland's system alike, the success of this approach depends on the vocabulary in

which the conditions are expressed in the first place. If a bizarre condition, such as

grueness, is already expressed as a state element, then nothing blocks the proposal

of generalizations in terms of that condition. Goodman uses the termprojectable

to describe predicates which lend themselves to reasonable generalizations; grue

is unprojectable (except in certain bizarre generalizations that Goodman dis-

cusses). Holland's solution therefore passes the buck from the generaliza-

tion-proposal machinery to the vocabulary in which the proposals are couched

—

and hence, in a constructivist system, to the machinery for synthesizing that

vocabulary.

For that reason, I believe that relying on the proposal machinery not to generate

absurd generalizations in the first place is inadequate to solve the naive induction

problem for constructivist systems that are powerful enough to invent arbitrarily

complicated and obscure concepts, and to formulate generalizations in terms of

their invented concepts. The reasonable-proposal solution works well enough

initially, when primitive concepts, and others closely tied to the primitives, pre-

dominate; hence the schema mechanism's avoidance, so far, of proposing absurd

generalizations. But, as I now argue, that solution eventually must fail.

8.3 The problem with using only projectable

concepts

One might propose that even as powerful a concept-inventing facility as human
beings' might never have occasion to propose generalizations in terms of bizarre

predicates such as grue. The mere fact that we can entertain that concept (by read-

ing and writing about it, for example), does not necessarily mean that the concept

is available as a vocabulary item to our induction machinery (e.g., does not mean

there must be a corresponding synthetic item in the schema mechanism). If our

induction machinery does avoid grue-\ike concepts—even when we discuss the

grue paradox—then not proposing absurd generalizations might be a viable solu-

tion after all.

Unfortunately for that proposal, there is good reason to conclude that the con-

cept grue—or, at least, a concept coextensive with it, which presents the same pro-

blems—is indeed available to the induction machinery. Suppose I build a

grue-detector box; such a device can be built by wiring together a color-detector



170 Chapter 8 Nonnaive inductionand a calendarclock Whenever I point it at some object a light turns on if andonly if that object is grue Surely a mechanism of humanlike cognitive powerwould be able to formulate and confirm the generalization that When this boxpoints at cm emerald the light turns on this is just a matter of representing someobjects in the environment and making a straightforward empirical discoveryabout their behavior But this generalization is coext

ensive with ie true underthe same circumstances as Emeralds are grueSuppose one experimented with the gruedetector box and with various objects including emeralds Suppose further that one had no awareness of what wasin the box how it was wired or what it was computing One would then comequite reasonably to believe that When this box points atan emerald the light turnson and one would certainly have no grounds to suspect that this would stop beingtrue at the year 2000

 on the contrary one would quite reasonably albeit mistakenly believe that the generalization would continue to be true thenHoweverand here is the point of this exampleif one were now informed ofthe circuitry of the box  and understood how it worked one would then realize thatthe boxs light will start to react differently after the year 2000 and that the abovegeneralization will cease to be true then this realization is isomorphic to believing that emeralds will cont

inue to be green and hence not continue to be grue atthe year 2000 Yet the false generalizationWhen this box points at an emeraldthe light turns onhas in fact been proposed and extensively and exceptionlessly confirmed by the induction apparatus So we cannot rely on a constraint onthe vocabulary available to the proposalgenerator to explain how the incorrectgeneralization is rejectedRather than not proposing the false generalization in the first place the induction a

pparatus must somehow let this wellconfirmed generalization be overridden by other generalizations eg those about the behavior of colordetectorsclocks etc after all one could imagine concluding that the box will continue togive the same answer after 2000 and that it is instead the physics of colors thatwill change at that time The question then is what criteria the induction apparatus can use to reasonably decide which generalization prevails And if the apparatus can

 decide correctly in this example it can presumably by the same principles override the original emeralds are grue generalization There knowing thedefinition of grue in terms of green and time is analogous to knowing the circuitryof the box And there is the analogous problem of figuring out which generalizations override which
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and a calendar-clock. Whenever I point it at some object, a light turns on if and

only if that object is grue. Surely a mechanism of humanlike cognitive power

would be able to formulate, and confirm, the generalization that When this box

points at an emerald, the light turns on; this is just a matter of representing some

objects in the environment, and making a straightforward empirical discovery

about their behavior. But this generalization is coextensive with (i.e., true under

the same circumstances as) Emeralds are grue.

Suppose one experimented with the grue-detector box and with various ob-

jects, including emeralds. Suppose further that one had no awareness of what was

in the box, how it was wired, or what it was computing. One would then come

quite reasonably to believe that When this boxpoints at an emerald, the light turns

on, and one would certainly have no grounds to suspect that this would stop being

true at the year 2000; on the contrary, one would quite reasonably (albeit mistak-

enly) believe that the generalization would continue to be true then.

However—and here is the point of this example—ifone were now informed of

the circuitry ofthe box, and understood how it worked, one would then realize that

the box's light will start to react differently after the year 2000, and that the above

generalization will cease to be true then; this realization is isomorphic to believ-

ing that emeralds will continue to be green, and hence not continue to be grue, at

the year 2000. Yet the false generalization

—

When this boxpoints at an emerald,

the light turns on—has, in fact, been proposed, and extensively and exception-

lessly confirmed, by the induction apparatus. So we cannot rely on a constraint on

the vocabulary available to the proposal-generator to explain how the incorrect

generalization is rejected.

Rather than not proposing the false generalization in the first place, the induc-

tion apparatus must somehow let this well-confirmed generalization be overrid-

den by other generalizations (e.g., those about the behavior of color-detectors,

clocks, etc.); after all, one could imagine concluding that the box will continue to

give the same answer after 2000, and that it is instead the physics of colors that

will change at that time. The question, then, is what criteria the induction appara-

tus can use to reasonably decide which generalization prevails. (And if the appa-

ratus can decide correctly in this example, it can presumably, by the same princi-

ples, override the original emeralds are grue generalization. There, knowing the

definition ofgrue in terms ofgreen and time is analogous to knowing the circuitry

of the box. And there is the analogous problem of figuring out which generaliza-

tions override which.)



84 The problem with preferring entrenched concepts 17184 The problem with preferring entrenchedconceptsThe problem has now been recast It is no longer a matter of not proposing absurdgeneralizations in the first place whether by avoiding bizarre ie nonprojectable vocabulary or by any other means Rather the above argument establishesthat a humanlike learning system must be powerful enough to entertain such generalizations and even to believe them until confronted with

 conicting generalizations The recast problem then is how to resolve that conict properlyOne approach would be to give priority when generalizations conflict to thoseexpressed in terms of more familiar predicates ie  older ones or ones more oftenencountered or used or some such basis Goodman s proposed entrenchment criterion is along these lines In this approach it is still a matter of assessing the reasonableness of the conceptual vocabulary for expressing generaliz

ations butnow instead of making a binary distinction between acceptable and unacceptableconcepts it is a matter of the relative reasonableness of the competing conceptsThere is some justification for resolving conicts in favor of more entrenchedconcepts Earlierformed concepts are likely to be both more entrenched than recent ones and also closer to the primitives in the sense of being more directly expressed in terms of the primitives they may thus be closer to shari
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8.4 The problem with preferring entrenched

concepts

The problem has now been recast. It is no longer a matter of not proposing absurd

generalizations in the first place, whether by avoiding bizarre (i.e., non-project-

able) vocabulary, or by any other means. Rather, the above argument establishes

that a humanlike learning system must be powerful enough to entertain such gen-

eralizations, and even to believe them, until confronted with conflicting general-

izations. The recast problem then is how to resolve that conflict properly.

One approach would be to give priority, when generalizations conflict, to those

expressed in terms ofmore familiar predicates (i.e., older ones, or ones more often

encountered or used, or some such basis); Goodman ' s proposed entrenchmentcri-

terion is along these lines. In this approach, it is still a matter of assessing the rea-

sonableness of the conceptual vocabulary for expressing generalizations; but

now, instead ofmaking a binary distinction between acceptable and unacceptable

concepts, it is a matter of the relative reasonableness of the competing concepts.

There is some justification for resolving conflicts in favor of more entrenched

concepts. Earlier-formed concepts are likely to be both more entrenched than re-

cent ones, and also closer to the primitives, in the sense ofbeing more directly ex-

pressed in terms of the primitives; they may thus be closer to sharing the primi-

tives ' projectability. The primitive concepts are designed to be plausible terms for

expressing generalizations, i.e., to be projectable; indeed, any physical detector

that behaves uniformly from place to place and time to time is a promising basis

for generalization, given the spatiotemporal uniformity of the physics of our uni-

verse (and given the consequence that even higher-level laws tend to be approxi-

mately uniform over a wide range of places and times). But even if there is thus

some correlation between entrenchment and projectability, it is often the case (for

example, in the history of science) that newer concepts better support generaliza-

tions than older concepts; indeed, they often supplant the older concepts, overrid-

ing the older generalizations, even before any data mitigate in favor of the new
concepts and generalizations. Thus, to always resolve conflicts in favor of more

entrenched concepts seems arbitrary, unlikely to be correct, and contrary to how
people actually work.

In particular, no matter how many times one had used one's grue-detector

box—no matter how deeply entrenched the concepts designating that box had be-

come—the discovery of the box's circuitry should be no less decisive in predict-

ing that emeralds will cease to turn on the light after the year 2000. Intuitively, this
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is because the circuitry already accounts for the box's oft-observed behavior, as

well as predicting a different behavior after 2000; both behaviors are derivable

from the circuitry. Trusting the circuitry-based prediction is parsimonious, be-

cause it requires no separate, additional principle to say how the box works.

8.5 Induction conflicts and deductive overrides

The observation that the grue box's post-millenial behavior is deducible from the

box's circuitry is reminiscent of the schema mechanism's facility for deductive

overrides (section 7. 1 .6). There, the schema SeeDisplace, and the overriding con-

dition it admits for a heavy object, already accounts both for why ObjDisplace2,3

moves the object, and for why ObjHeavy2,3 (which hasn't been tried yet) would

not; that is, ObjDisplace2,3 and ObjHeavy2,3 are both deducible from SeeDis-

place, together with its overriding schema SeeHeavy. The schema SeeHeavy thus

deductively-overrides ObjDisplace2 ,3—regardless of which of the schemas or

items involved has been used more (is more entrenched).

The suggestion, then, is that deductive-override machinery may permit the

schema mechanism to escape the fallacy of naive induction. The key is to regard

the conflict between a reasonable generalization and an absurd but always-con-

firmed generalization as just another conflict between generalizations expressed

at different levels of description—and to use the same technique, deductive over-

ride, to resolve the conflict. Seen in this light, the grue problem is just like the

heavy-object problem.

Deductive override cannot be the whole answer to the naive induction prob-

lem. One could always override the override by inventing another absurd,

grue-like confirmed generalization from which the previous overriding schema

can in turn be deduced. This new generalization will in turn be overridable by

some reasonable generalization, but that will in turn be overridable by another ab-

surd one, and so on. Some entrenchment criterion is necessary after all—not to be

used by always favoring the more-entrenched schemas and items, but rather by

requiring that some threshold ofentrenchment be surpassed for an schema or item

to be able to participate in a deductive override. That requirement would block an

unending cascade of absurd overrides (since only a finite number of bizarre sche-

mas and items can have become entrenched already), while still allowing less en-

trenched structures to prevail over more entrenched ones when appropriate. (That

requirement would also provide a safeguard, in more ordinary situations, against

rashly abandoning a robust, proven structure the moment some novel, overriding

one comes along.)
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8.6 Why nonnaive induction must be built in

There is an alternative to looking to the basic operation of the schema mechanism

to keep the mechanism from performing naive induction. Instead, one might pro-

pose that the mechanism could form and debug explicit beliefs about reasonable

generalizations, much as it might be hoped to form beliefs about, say, chess, or

astronomy, or aesthetics. Those beliefs, instead of some built-in facility, could

be the mechanism's way of deciding that emeralds are grue rather than green; the

problem would thus be solved epiphenomenally, rather than directly by a feature

of the mechanism.

But there are two problems with that proposal (not counting its complete lack

of detail, since any proposed advanced extrapolation of the schema mechanism's

performance is similarly lacking). One problem is that the mechanism's process

of forming explicit beliefs about generalizations is itself subject to the naive-in-

duction problem, to the extent that that process has an inductive component. The

second problem is that, even if the mechanism succeeded in building a correct ex-

plicit theory of induction, and explicitly represented in that theory that the conflict

between the green generalization and the grue generalization should be resolved

in favor of the former, doing so would still not override a schema that asserts that

the grue-box's light will turn on after 2000. The explicit theory may explicitly

contradict that schema, but that contradictionjust provides yet another conflicting

schema, and the mechanism still needs some built-in way to resolve that conflict.

(Given such built-in machinery, though, an explicit theory of induction built by

the mechanism may well assist in resolving induction dilemmas.)

Finally, if there is indeed built-in machinery for resolving induction dilemmas

in human cognitive systems, and if that machinery is involved in rejecting grue

generalizations and the like, then that machinery must have a plausible use in

mundane situations as well; evolution could not have designed a complex appara-

tus whose only benefit was to help us resolve abstruse modern academic para-

doxes. The deductive-override proposal suggests that the relevant machinery is in

fact needed to resolve conflicting predictions at differing levels of abstraction, in

mundane situations such as the heavy-object example.

Whether or not the particular solution proposed here is on the right track, I

think it is clear that there is a problem to be solved—that a constructivist mecha-

nism that performs inductive reasoning cannot be expected to reject grue-like

generalizations epiphenomenally, if, at its lowest level, the mechanism is just per-



174 Chapter 8 N onnaive inductionforming naive induction Hopefully the deductiveoverride proposal is at least aninstructive attempt to address the problem87 Innateness of projectability judgementsIt remains true that whatever experiences an organism or mechanism has hadthere are infinitely many mutually contradictory generalizations that are consistent with those experiences Therefore any induction apparatus must impose achoice among those consistent generalizationsH

owever that choice need not be imposed by innately listing the entire acceptable vocabulary of generalization Such a measure is both implausibly restrictiveit contradicts the fact that we make generalizations about concepts thatcould not have been anticipated by evolutionand wholly ineffective since asthe gruebox example shows absurd generalizations can be recast in terms ofmundane concepts such as boxes and lights effectively circumventing any restriction on concept

ual vocabularyThere must instead be a facility for resolving conflicts between reasonable andbizarre confirmed generalizations The deductiveoverride machinery which isnecessary anyway for more general and less abstruse purposes seems a promisingcandidate Given such a facility the mechanism can leam for itself when to trust aconfirmed generalization and when not to3788 Induction and eounterfaetualsAs noted in section 9 I 1  a schema makes a counterf actual assertion a

n assertionabout what would be the case ifsome perhaps false premise were true and a synIhetic item rcifies the validity conditions ofits host schemas counterfactual asserioi F he counterfactual statement Q would be true if P differs fundamentallyfranii the statement of logical implication P implies Q the latter is equivalent to tHt 3 cm 1 r In vr true and thus is necessarily true if P is falsefregardlessu wlml Q  in toiurast the consequent of a counterfactual statem

ent must beK lgnu  o the plLI1llM but in a sense that has proven elusive1 Iea t\itMtlll1tl1 points out [29] the problem olcharacteri7ing the properIt 1 u  H  rent 1 pt uitteitaetual preiiiise and consequent is similar to and intiv  1 tin I us ilu HblLl11U1l1lILICl\IiCillg projectability Naively Q would 2 t tillI  ti tln tlllxl \ ttt the yutlgeiiit 111 is [hot lklItl but lllllCI is innately   wt  l Met IL 1 II  ntuel\ spteitiiul ill\lltlll\1ll iiiaiidates the judge   

  t   I   1  lmi tl _ is _1ta1leevtiui to the notion olleriiiIi_ Wu

174 Chapter 8. Nonnaive induction

forming naive induction. Hopefully, the deductive-override proposal is at least an

instructive attempt to address the problem.

8.7 Innateness of projectability judgements

It remains true that, whatever experiences an organism or mechanism has had,

there are infinitely many mutually contradictory generalizations that are consis-

tent with those experiences. Therefore, any induction apparatus must impose a

choice among those consistent generalizations.

However, that choice need not be imposed by innately listing the entire accept-

able vocabulary of generalization. Such a measure is both implausibly restric-

tive—it contradicts the fact that we make generalizations about concepts that

could not have been anticipated by evolution—and wholly ineffective, since, as

the grue-box example shows, absurd generalizations can be recast in terms of

mundane concepts, such as boxes and lights, effectively circumventing any re-

striction on conceptual vocabulary.

There must instead be a facility for resolving conflicts between reasonable and

bizarre confirmed generalizations. The deductive-override machinery, which is

necessary anyway for more general and less abstruse purposes, seems a promising

candidate. Given such a facility, the mechanism can learn for itself when to trust a

confirmed generalization, and when not to.
27

8.8 Induction and counterfactuals

As noted in section 9. 1 . 1 , a schema makes a counterfactual assertion, an assertion

about what would be the case if some (perhaps false) premise were true; and a syn-

thetic item reifies the validity conditions of its host schema's counterfactual asser-

tion. The counterfactual statement Q would be true if P differs fundamentally

from the statement of logical implication P implies Q; the latter is equivalent to

P and ~Q are not both true, and thus is necessarily true if P is false—regardless

of what Q is. In contrast, the consequent of a counterfactual statement must be

relevant to the premise, but in a sense that has proven elusive.

In fact, as Goodman points out [29], the problem of characterizing the proper

relation between a counterfactual premise and consequent is similar to, and inti-

mately related to, the problem of characterizing projectability. Naively, Q would

27. One might maintain, a la Chomsky, that the judgement is not learned, but rather is innately

specified, merely by virtue of the fact that an innately specified mechanism mandates the judge-

ment. But this is just a special case of Chomsky's general objection to the notion of learning; see

section 1 .2. 1 for a reply.
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 either by induction on her past experiences or by knowing about her own characteristic caution However the individual would commit a dangerous error to conclude that If] were to step into the road it would be safe to cross is an alwaystrue counterfactual assertion yet that conclusion would follow if the naive criterion of the truth of counterfactuals wereusedTo build schemas which make counterfactual assertions the schema mechanism must ultimately tackle the problem

 of nonnaively resolving such assertionsjust as it must ultimately tackle the problem of naive induction in order to perform inductive reasoning taken by itself the marginal attribution faci1itys comparison of what happens with vs without an action corresponds to the naive construal just cited The problems of counterfactuals and induction converge in thefollowing respect just as the behavior of the gruebox so far is accounted for byfamiliar principles which also pred

ict a contrary behavior after 2000 so the truthof If I step into the road it is safe to cross is accounted for by familiar principlesabout the physics of oncoming cars and about how one decides whether to stepinto the road which also predict a contrary outcome if contrary to customarypractice one were to step into the road with many cars rushing by Goodmansdiscussion concludes with the yetunrealized hope that a solution to pro jectabilitywill lead to a solution to th

e problem of counterfactuals I conclude here with thesame unrealized hope in the context of the schema mechanism
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be true ifP may be taken to be satisfiedjust in case All actual instances that have P
have Q (but at least some instances with ~P don't have Q). As with naive induc-

tion, however, it is easy to construct counterexamples to this construal—e.g., in

all the universe, all instances of George Washington's blowing out the candles on

a cake have been accompanied by his receiving gifts (or so we may suppose, for

purposes of this example), and otherwise he usually did not receive gifts; yet it

would not follow that, on some arbitrary date, he would have received gifts had he

only lit and blown out some candles on a cake. Or, to take an example of more

practical import to an organism's survival: the assertion IfI step into the road, it is

safe to cross, construed as a logical implication, may well be always true for an

individual whose road-crossing behavior is always suitably cautious; moreover,

the individual may well know it to be true, either by induction on her past experi-

ences or by knowing about her own characteristic caution. However, the individ-

ual would commit a dangerous error to conclude that /// were to step into the road,

it would be safe to cross is an always-true counterfactual assertion; yet that con-

clusion would follow if the naive criterion of the truth of counterfactuals were

used.

To build schemas, which make counterfactual assertions, the schema mecha-

nism must ultimately tackle the problem of nonnaively resolving such assertions

(just as it must ultimately tackle the problem of naive induction in order to per-

form inductive reasoning); taken by itself, the marginal attribution facility's com-

parison of what happens with vs. without an action corresponds to the naive con-

strual just cited. The problems of counterfactuals and induction converge in the

following respect: just as the behavior of the grue-box so far is accounted for by

familiar principles which also predict a contrary behavior after 2000, so the truth

of IfI step into the road, it is safe to cross is accounted for by familiar principles

(about the physics of oncoming cars, and about how one decides whether to step

into the road) which also predict a contrary outcome if, contrary to customary

practice, one were to step into the road with many cars rushing by. Goodman's

discussion concludes with the yet-unrealized hope that a solution to projectability

will lead to a solution to the problem of counterfactuals; I conclude here with the

same unrealized hope, in the context of the schema mechanism.
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9 ComparisonsThis chapter seeks to situate the schema mechanism in Alspace relating themechanism to other research efforts and paradigms First come some broad observations of where this research fits along several dimensions that characterizeAI research programs There follows a more detailed comparison of the schemamechanism with some proximally related work91 Modularity for learning predictionvalue vs situationaction systemsSuperficially a schema resembles a product

ion rule eg [48] A production rulehas two parts an antecedent and cfonsequent also called the left side and rightside respectively The antecedent specifies conditions for the rule s applicabilitythe consequent specifies what happens when the rule is invoked Some production systems invoke every rule whose antecedent is satisfied others arbitrateamong such rules to invoke just one or a small number of them911 The basic unit three parts or twoA schema differs most obvio

usly from a production rule by having three mainparts rather than two One way to assess the consequence of this difference is tocompare the use of schemas and productions for achieving a goal Productionscan serve as situatiomaction rules in which the left side specifies conditions fortaking the action designated by the right side the conditions may include a specification of a current goal so that the rule is invoked only when that goal is asserted Altematively produ

ctions can represent situationresult rules in whichthe left side includes an action and some preconditions for taking it and the rightside specifies a result The production system must identify a sequence of ruleinvocations that leads to a goal each rules result may contribute to the conditionsneeded for the next ones invocation Identifying Chains of schemas is a similarprocessFor purposes of chaining to goals then there is little difference between schemas and produ

ctions the information in schemas could be converted to twopartproductionrule syntax and used in that form However for purposes of leamingsuch rules in the first place the threeway distinction I argue is crucialOne way to leam how to act is to discover what would happen ie a counterfactual assertion if each of several actions were taken and to use those pieces of28 Situationresult rules could be annotated to make a threeway distinction by dividing the situation into 

action and preconditions but that annotation would amount to having a threcpart schema

y Comparisons

This chapter seeks to situate the schema mechanism in Al-space, relating the

mechanism to other research efforts and paradigms. First come some broad ob-

servations of where this research fits along several dimensions that characterize

AI research programs. There follows a more detailed comparison of the schema

mechanism with some proximally related work.

9.1 Modularity for learning: prediction-value vs. sit-

uation-action systems

Superficially, a schema resembles a production rule (e.g., [48]). A production rule

has two parts: an antecedent and consequent, also called the left side and right

side, respectively. The antecedent specifies conditions for the rule's applicability;

the consequent specifies what happens when the rule is invoked. Some produc-

tion systems invoke every rule whose antecedent is satisfied; others arbitrate

among such rules to invoke just one, or a small number of them.

9.1.1 The basic unit: three parts or two?

A schema differs most obviously from a production rule by having three main

parts rather than two. One way to assess the consequence of this difference is to

compare the use of schemas and productions for achieving a goal. Productions

can serve as situation-action rules, in which the left side specifies conditions for

taking the action designated by the right side; the conditions may include a speci-

fication of a current goal, so that the rule is invoked only when that goal is as-

serted. Alternatively, productions can represent situation-result rules, in which

the left side includes an action and some preconditions for taking it, and the right

side specifies a result. The production system must identify a sequence of rule

invocations that leads to a goal; each rule's result may contribute to the conditions

needed for the next one's invocation. Identifying chains of schemas is a similar

process.

For purposes of chaining to goals, then, there is little difference between sche-

mas and productions; the information in schemas could be converted to two-part

production-rule syntax and used in that form. However, for purposes of learning

such rules in the first place, the three-way distinction, I argue, is crucial. 28

One way to learn how to act is to discover what would happen (i.e., a counter-

factual assertion) if each of several actions were taken, and to use those pieces of

28. Situation-result rules could be annotated to make a three-way distinction by dividing the situ-

ation into action and preconditions; but that annotation would amount to having a three-part sche-

ma.



180 Chapter 9 Comparisonsknowledge to decide which action to take based on some designated values of thepossible outcomes The schema mechanism takes this approach forming whatwe might call a predictionvalue system Another possibility is to try to leam directly what action is best in a given situation rather than deriving that from a representation of what would happen Hollands bucketbrigade algorithm [35] exemplifies this approach First the system leams the desirabil

ity of actions thatlead immediately to goals in certain situations it then leams the desirability ofactions that lead to those precursor situations in other situations and so on extending backward from the goals The creditassignment problemattributingan eventual outcome to earlier events or actionsis addressed by passing creditincrementally backward from the goalThe end result is much the same as with tripartite schemas In the situationaction paradigm results are not

 explicitly represented still the actions were leamedon the basis of the usefulness ofthe results obtained When the rules are invokedthe actions occur in tum each enabling the next rule in the sequence Thus onceformed such rules are as useful as schemas for the purpose of reaching goalsalthough situationaction rules would not support subactivation for which resultsmust be explicitly simulated hence explicitly predictedHowever situationaction learnin g is intrinsicall

y infeasibly slow One reasonhas to do with the fact that such leaming only takes place along the fringe of thestatespace that has already been connected to the goal Encountering a situationseveral steps back from the goal is of no useeven if the right action happens tobe taken thenif subsequent steps do not lead to the goal or at least to the recognized fringe In contrast with contextactionresult structures various islands ofthe statespace can be learned as soon as t

hey are encountered with no forseenapplicability to any goal then quickly chained through to reach a goal when thenecessary pieces have been assembledHuman beingsspecially infants and children at playclearly do seek andobtain knowledge for its own sake not just to apply to specific goals Metaphorically speaking bucketbrigadestyle situationaction leaming engages only inapplied research whereas schema learning does basic research as well For in[ants and technological c

ultures alike it is imperative to be able to acquire knowledge without already having on hand a use to which that knowledge can be putEmpirical learning of situationaction rules is slow for a second reason as welllilTere11t goals arise in dillerent circumstances For a particular statespace itmay mnet1mes be desirable to be at a given point in that space sometimes elsewhere 1 vr exaniplc at ditterent times one might want to visit a variety of differ
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knowledge to decide which action to take, based on some designated values ofthe

possible outcomes. The schema mechanism takes this approach, forming what

we might call a prediction-value system. Another possibility is to try to learn di-

rectly what action is best in a given situation (rather than deriving that from a re-

presentation of what would happen); Holland's bucketbrigade algorithm [35] ex-

emplifies this approach. First, the system learns the desirability of actions that

lead immediately to goals, in certain situations; it then learns the desirability of

actions that lead to those precursor situations, in other situations; and so on, ex-

tending backward from the goals. The credit-assignment problem—attributing

an eventual outcome to earlier events or actions—is addressed by passing credit

incrementally backward from the goal.

The end result is much the same as with tripartite schemas. In the situation-ac-

tion paradigm, results are not explicitly represented; still, the actions were learned

on the basis of the usefulness of the results obtained. When the rules are invoked,

the actions occur in turn, each enabling the next rule in the sequence. Thus, once

formed, such rules are as useful as schemas for the purpose ofreaching goals—al-

though situation-action rules would not support subactivation, for which results

must be explicitly simulated, hence explicitly predicted.

However, situation-action learning is intrinsically, infeasibly slow. One reason

has to do with the fact that such learning only takes place along the fringe of the

state-space that has already been connected to the goal. Encountering a situation

several steps back from the goal is of no use—even if the right action happens to

be taken then—if subsequent steps do not lead to the goal, or at least to the recog-

nized fringe. In contrast, with context-action-result structures, various islands of

the state-space can be learned as soon as they are encountered, with no forseen

applicability to any goal, then quickly chained through to reach a goal when the

necessary pieces have been assembled.

Human beings—especially infants and children at play—clearly do seek and

obtain knowledge for its own sake, not just to apply to specific goals. Metaphori-

cally speaking, bucket-brigade-style situation-action learning engages only in

applied research, whereas schema learning does basic research as well. For in-

fants and technological cultures alike, it is imperative to be able to acquire knowl-

edge without already having on hand a use to which that knowledge can be put.

Empirical learning of situation-action rules is slow for a second reason as well.

Different goals arise in different circumstances. For a particular state-space, it

may sometimes be desirable to be at a given point in that space, sometimes else-

where; for example, at different times, one might want to visit a variety of differ-



91 Modularity for leaming predictionvalue systems 131ent locations in a room going to the door sitting at a table etc In order for thebucketbrigade to deal with this variability of goals rules situations must includeeither the very fact that a certain location is now a goal or must include a referenceto some current circumstance that bears the information that that location is desirable the doorbell is ringing the aroma of dinner is present etcThe number of situation

action rules that have to be leamed is then proportionate to the product of the size of the statespace and the number of goal indicationsIn contrast each piece of a schemaimplemented statespace network says whatthe result of some action would be and is acquired independently of the systemsgoals these pieces are then are used to chain to various goals in order to determinewhat actions to take Thus a predictionvalue system by decomposing the question of what action to 

take into the distinct questions of where various actionswould lead the prediction and where the next action should lead the value associated with a given state assumes the right modularity for leamingIf goals were relatively constantas strategic goals are compared to tacticalgoalsthen the problem of multiplying positions with goals would not arise Inmy view bucketbrigadestyle creditassignment misapplies a strategic leamingalgorithm to tactical leaming The schema mec

hanism instead distinguishes between instrumental value which facilitates tactical planning and delegated value which promotes strategic pursuits section 341The foregoing considerationsof basic vs applied leaming and tactical vsstrategic leamingestablish the need to represent the result of an action This intum requires a designation of appropriate context conditions since as alreadydiscussed at length a given action may have a variety of distinct results in different

 situations Finally for purposes of leaming the context and action cannotcombine to form an undifferentiated antecedent of a twopart rule the marginalattribution machinery needed to solve the contextresult chickenandeg g problem must compare what happens with vs without the action given satisfaction ofthe context conditions and thus requires an explicit distinction between contextand action Hence a threepart structure is warranted912 Biological evolution and predicti

onvalue representationsThe biological evolution of intelligence must also have faced a design choice between systems using situationaction rules and systems using result predictionsand value designations For organisms whose behavior is primarily innate situationaction rules are the better choice for two reasons
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1

ent locations in a room (going to the door, sitting at a table, etc.). In order for the

bucket-brigade to deal with this variability ofgoals, rules' situations must include

either the very fact that a certain location is now a goal, or must include a reference

to some current circumstance that bears the information that that location is desir-

able (the doorbell is ringing, the aroma of dinner is present, etc.).

The number of situation-action rules that have to be learned is then proportion-

ate to the product of the size of the state-space and the number ofgoal indications.

In contrast, each piece of a schema-implemented state-space network says what

the result of some action would be, and is acquired independently of the system's

goals; these pieces are then are used to chain to various goals in order to determine

what actions to take. Thus, a prediction-value system, by decomposing the ques-

tion of what action to take into the distinct questions of where various actions

wouldlead (the prediction), and where the next action shouldlead (the value asso-

ciated with a given state), assumes the right modularity for learning.

If goals were relatively constant—as strategic goals are, compared to tactical

goals—then the problem of multiplying positions with goals would not arise. In

my view, bucket-brigade-style credit-assignment misapplies a strategic learning

algorithm to tactical learning. The schema mechanism instead distinguishes be-

tween instrumental value, which facilitates tactical planning, and delegated val-

ue, which promotes strategic pursuits (section 3.4.1).

The foregoing considerations—of basic vs. applied learning, and tactical vs.

strategic learning—establish the need to represent the result of an action. This, in

turn, requires a designation of appropriate context conditions, since, as already

discussed at length, a given action may have a variety of distinct results in differ-

ent situations. Finally, for purposes of learning, the context and action cannot

combine to form an undifferentiated antecedent of a two-part rule; the marginal

attribution machinery, needed to solve the context-result chicken-and-egg prob-

lem, must compare what happens with vs. without the action (given satisfaction of

the context conditions), and thus requires an explicit distinction between context

and action. Hence, a three-part structure is warranted.

9.1.2 Biological evolution and prediction-value representations

The biological evolution of intelligence must also have faced a design choice be-

tween systems using situation-action rules and systems using result predictions

and value designations. For organisms whose behavior is primarily innate, situa-

tion-action rules are the better choice, for two reasons:



182 Chapter 9 Comparisons9 Situationaction representations are simpler than predictionvalue representations the latter have strictly more information since the preferred action is deducible from the predictionvalue representation but predicted results are not necessarily deducible from situationaction representationsThe extra information in predictionvalue representations is both superuousthe systems purpose is simply to make an organism take the appropriate action i

n a given situationand difficult to correct since evolutionin contrast with say marginal attribution would receive no feedback as tothe accuracy of predicted results except very indirectly by the viability ofthe consequent overall behavior0 Because of this limited feedback evolution is confined to cumbersome strategic learning as discussed just above of innate behaviors rather than themore efficient tactical learning which can be done by manipulating predictionvalue 

representations Since evolution therefore cannot avail itself ofthe advantage of predictionvalue systems over the simpler situationactionsystems it has no pressure to develop the more elaborate system for supporting innate behaviorsSimple organisms innate behaviors indeed appear to be implemented by situationaction systems rather than predictionvalue systems A classic example isthe mating ritual of the stickleback as described by Tinbergen [69] Tinbergensanalysis dec

omposes each participating sticklebacks activity into a series of responses to stimuli each response results in presenting the participants partner astimulus which prompts its own response If an experimenter prevents the nextstimulus from reaching the stickleback the next response does not occur Conversely if a fake stimulus is provided the corresponding response is elicited evenif completely out of sequence Thus the sticklebacks do not intemally keep trackof their p

rogress through the encounter but rather depend on the environment tokeep providing the appropriate next stimulus In contrast more intelligent species such as our own engage primarily inlearned activity and so as just argued must build predictionvalue representationsthough not necessarily to the exclusion of having situationaction rules aswell As discussed in section 293 human beings do embody substantial innatecompetence though arguably only in peripheral modules Th

is innate competence presumably largely inherited from less intelligent ancestor species may29 Here I react to evolution itself as a leaming system for leaming innatebehavior specications as opposed to whatever learning system may evolve in the brains of oganisms
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• Situation-action representations are simpler than prediction-value repre-

sentations; the latter have strictly more information, since the preferred ac-

tion is deducible from the prediction-value representation, but predicted re-

sults are not necessarily deducible from situation-action representations.

The extra information in prediction-value representations is both super-

fluous—the system's purpose is simply to make an organism take the appro-

priate action in a given situation—and difficult to correct, since evolution

(in contrast with, say, marginal attribution) would receive no feedback as to

the accuracy of predicted results, except very indirectly, by the viability of

the consequent overall behavior.

• Because ofthis limited feedback, evolution is confined to cumbersome stra-

tegic learning (as discussed just above) of innate behaviors, rather than the

more efficient tactical learning which can be done by manipulating predic-

tion-valuerepresentations. 29 Since evolution therefore cannot avail itselfof

the advantage of prediction-value systems over the simpler situation-action

systems, it has no pressure to develop the more elaborate system for support-

ing innate behaviors.

Simple organisms ' innate behaviors indeed appear to be implemented by situa-

tion-action systems rather than prediction-value systems. A classic example is

the mating ritual of the stickleback, as described by Tinbergen [69]. Tinbergen's

analysis decomposes each participating stickleback's activity into a series of re-

sponses to stimuli; each response results in presenting the participant's partner a

stimulus which prompts its own response. If an experimenter prevents the next

stimulus from reaching the stickleback, the next response does not occur. Con-

versely, if a fake stimulus is provided, the corresponding response is elicited, even

if completely out of sequence. Thus, the sticklebacks do not internally keep track

of their progress through the encounter, but rather depend on the environment to

keep providing the appropriate next stimulus.

In contrast, more intelligent species, such as our own, engage primarily in

learned activity, and so, as just argued, must build prediction-value representa-

tions—though not necessarily to the exclusion of having situation-action rules as

well. As discussed in section 2.9.3, human beings do embody substantial innate

competence, though arguably only in peripheral modules. This innate compe-

tence, presumably largely inherited from less intelligent ancestor species, may

29. Here I refer to evolution itself as a learning system (for learning innate-behavior specifica-

tions), as opposed to whatever learning system may evolve in the brains of oganisms.



91 Modularity for leaming predictionvalue systems 18 3well involve situationaction implementations for example for visual trackingSuch implementations would not be amenable to augmentation by the centralleaming system which for reasons argued above needs instead to use a predictionvalue representation scheme Thus as argued in section 293 the centralsystem would need to recapitulate in its own tenns some of the innate knowledgealready embodied in peripheral modulesFor

 organisms with predictionvalue leaming systems evolution can implement innate predispositions by rigging the values associated with innatelysupplied state elements tuming those states into explicit goals to be pursued bywhatever means each organism can leam In contrast systems with only situationaction rules create goals that are only implicit in that the rules are rigged sothat their execution achieves the goals Without explicit representation of predictions such s

ystems will not easily leam novel paths to their goals913 Constants and variablesMany production systems allow variables to appear in production rules A rulesantecedent is checked for satisfaction with respect to any instantiation of thosevariables if some instantiation matches the consequent is asserted using the samevariable values that resulted in an antecedent matchThe schema mechanism does not support variables or matching for the elements of schemas But a suffi

ciently intelligent system must be able to expressand instantiate generalizations therefore some other method is needed to supportgeneralizations Chapter 7 raises the possibility that the mechanism might maintain virtual generalizations together with virtual machinery for their instantiation The reason to rely on this hope rather than building in a variablematchingimplementation of generalizations is just that there is no apparent way to supportsuch an implementation

 without abandoning the constructivist working hypothesis by including domainspecific buildin structure For example if each proprioceptive item were structured as say Prop Hand 3 2 with components that designate spatial coordinates then the mechanism might be augmented to expressgeneralizations of the form Prop Hand x y where x and y can be matched to particular coordinates Atomic elements however do not lend themselves to suchgeneralizationPerhaps the system itself 

could be designed to devise explicit structured representations to support variablized generalizations If virtual generalization tumsout to work the inclusion of such machinery might be gratuitous even if feasible
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well involve situation-action implementations (for example, for visual tracking).

Such implementations would not be amenable to augmentation by the central

learning system, which, for reasons argued above, needs instead to use a predic-

tion-value representation scheme. Thus, as argued in section 2.9.3, the central

system would need to recapitulate in its own terms some of the innate knowledge

already embodied in peripheral modules.

For organisms with prediction-value learning systems, evolution can imple-

ment innate predispositions by rigging the values associated with innately

supplied state elements, turning those states into explicit goals, to be pursued by

whatever means each organism can learn. In contrast, systems with only situa-

tion-action rules create goals that are only implicit, in that the rules are rigged so

that their execution achieves the goals. Without explicit representation of predic-

tions, such systems will not easily learn novel paths to their goals.

9.1.3 Constants and variables

Many production systems allow variables to appear in production rules. A rule's

antecedent is checked for satisfaction with respect to any instantiation of those

variables; ifsome instantiation matches, the consequent is asserted using the same

variable values that resulted in an antecedent match.

The schema mechanism does not support variables or matching for the ele-

ments of schemas. But a sufficiently intelligent system must be able to express

and instantiate generalizations; therefore, some other method is needed to support

generalizations. Chapter 7 raises the possibility that the mechanism might main-

tain virtual generalizations, together with virtual machinery for their instanti-

ation. The reason to rely on this hope, rather than building in a variable-matching

implementation of generalizations, is just that there is no apparent way to support

such an implementation without abandoning the constructivist working hypothe-

sis by including domain-specific build-in structure. For example, ifeach proprio-

ceptive item were structured as, say (PropHand32), with components that desig-

nate spatial coordinates, then the mechanism might be augmented to express

generalizations of the form (Prop Handxy) , where x and y can be matched to par-

ticular coordinates. Atomic elements, however, do not lend themselves to such

generalization.

Perhaps the system itself could be designed to devise explicit structured repre-

sentations to support variablized generalizations. If virtual generalization turns

out to work, the inclusion of such machinery might be gratuitous, even if feasible.



184 Chapter 9 ComparisonsBut if virtual generalization fails devising such machinery may be vital to theschema mechanism92 The schema mechanism and connectionismSchemas although different from production rules have in common with productions that they are a kind of qualitative symbolic construct This contrasts withconnectionist systems which pass numeric values through networks that have adjustable weightsYet the schema mechanisms architecture chapter 5 is connection

istsymbolic structures are composed by setting bits at connection points data pathstransmit only nonsymbolic infonnation consisting of numbers truth values or asmall number of atomic noncomposable tokens ie tokens that do not organizesyntactically into larger structures In fact as the next section argues a schemasextended context is essentially a connectionist network solving a classier problem The schema mechanism might be viewed as a kind of hybrid system inwhich s

ymbolic structures are created and maintained with the help of a connectionist substrate921 Extended context as connectionist networkA connectionist network divides a global computation into numerous simple local computations A singlelayer singleoutput connectionist network has a processing unit which computes a simple functiontypically a weighted sumofthe networks numeric input values A multilayer network includes hidden processing units whose inputs are other units

 outputsIf the inputs are restricted to the values 0 and 1 we can regard a connectionistnetwork as computing a boolean function of its inputs the functions value is taken to be  if the output value is below a specified threshold else 1 Equivalentlythe network classifies all possible input combinations into one of two sets corresponding to the two boolean outputsA classifying network can be trained by starting the network with arbitraryweights presenting a series of e

xample input combinations and adjusting theweights according to the correctness of the networks classification for each example There are various algorithms for this adjustment all share the propertythat on each example each units weight is adjusted according to 1 the sign of theunits contribution to the weighted sum and 2 whether the networks computation for that example gave the right answer A positive contribution to a correct
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But if virtual generalization fails, devising such machinery may be vital to the

schema mechanism.

9.2 The schema mechanism and connectionism

Schemas, although different from production rules, have in common with produc-

tions that they are a kind of qualitative, symbolic construct. This contrasts with

connectionist systems, which pass numeric values through networks that have ad-

justable weights.

Yet the schema mechanism's architecture (chapter 5) is connectionist—sym-

bolic structures are composed by setting bits at connection points; data paths

transmit only nonsymbolic information, consisting of numbers, truth values, or a

small number of atomic, noncomposable tokens (i.e., tokens that do not organize

syntactically into larger structures). In fact, as the next section argues, a schema's

extended context is essentially a connectionist network solving a classifier prob-

lem. The schema mechanism might be viewed as a kind of hybrid system, in

which symbolic structures are created and maintained with the help of a connec-

tionist substrate.

9.2.1 Extended context as connectionist network

A connectionist network divides a global computation into numerous simple, lo-

cal computations. A single-layer, single-output connectionist network has a pro-

cessing unit which computes a simple function—typically a weighted sum—of

the network's numeric input values. A multi-layer network includes hidden pro-

cessing units whose inputs are other units' outputs.

If the inputs are restricted to the values and 1 , we can regard a connectionist

network as computing a boolean function of its inputs; the function's value is tak-

en to be if the output value is below a specified threshold, else 1 . Equivalently,

the network classifies all possible input combinations into one of twp sets, corre-

sponding to the two boolean outputs.

A classifying network can be trained by starting the network with arbitrary

weights, presenting a series of example input combinations, and adjusting the

weights according to the correctness of the network's classification for each ex-

ample. There are various algorithms for this adjustment; all share the property

that, on each example, each unit's weight is adjusted according to 1 ) the sign ofthe

unit's contribution to the weighted sum; and 2) whether the network's computa-

tion for that example gave the right answer. A positive contribution to a correct



92 The schema mechanism and connectionism 18 5answer may be rewarded by increasing the weight s magnitude a negative contribution to a correct answer may be punished by decreasing the weight s magnitudeA singlelayer network can compute a variety of boolean functions of its inputs For example0 If a function is a conjunction of several inputs eg abc a network canrealize that function by having a positive threshold k and dividing thatthreshold among the weights for the 

nonnegated conjuncts Negated conjuncts receive negative weights all other weights are set to zero Then onlyif the nonnegated conjuncts are all 1 and the negated ones all 0 can thethreshold be reached0 If a function is a disjunction of nonnegated inputs eg abc then eachdisjunct can be given a weight that exceeds the positive threshold k0 If a function is a disjunction of possibly negated inputs eg abcthen the threshold is set to k where k is the number of negated inpu

ts Eachnegated input receives weight 1 1 k so that even if all nonnegated inputs are 0 the threshold will still be met unless all negated inputs are 1Each nonnegated input receives weight 1 so that even if all negated inputsare 1 any nonnegated input will cause the threshold to be reached if thatinput is 1If there exists a set of weights to compute a given function a convergence theorem [47] shows that a connectionist network can be trained to adjust its weights soas

 to compute that function Consequently a series of incremental adjustments tolocal computing elements can culminate in computing the appropriate overallcomputationBut singlelayer networks cannot compute arbitrary boolean formulae This ismade apparent by considering DNF disjunctive normal form formulae a DNFformula is a disjunction of clauses each a conjunction of possibly negated atomic terms Consider for example the formula abcd If ab and cd each exceed thethreshold

 then as weight or bs must be at least half the threshold as must eithercs or d s But then the larger weight from one conjunction plus the larger fromthe other also exceeds the threshold no assignment of weights to abc and d canallow ab and cd to exceed the threshold while preventing both acbd andadbc or both bcad and bdac from doing soThe problem is that inputs that satisfy the formula are not linearly separablefrom those that do not Multilayer connectionist network

s solve this problem by
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answermay be rewarded by increasing the weight's magnitude; a negative contri-

bution to a correct answermay be punished by decreasing the weight ' s magnitude.

A single-layer network can compute a variety of boolean functions of its in-

puts. For example:

• If a function is a conjunction of several inputs (e.g., a(~b)c, a network can

realize that function by having a positive threshold k, and dividing that

threshold among the weights for the non-negated conjuncts. Negated con-

juncts receive negative weights; all other weights are set to zero. Then, only

if the non-negated conjuncts are all 1 , and the negated ones all 0, can the

threshold be reached.

• If a function is a disjunction of non-negated inputs (e.g., a+b+c), then each

disjunct can be given a weight that exceeds the positive threshold k.

• If a function is a disjunction of possibly negated inputs (e.g., a+(~b)+c),

then the threshold is set to -k, where k is the number ofnegated inputs. Each

negated input receives weight -(1+1 /k), so that even if all non-negated in-

puts are 0, the threshold will still be met, unless all negated inputs are 1

.

Each non-negated input receives weight 1 , so that even if all negated inputs

are 1 , any non-negated input will cause the threshold to be reached if that

input is 1.

If there exists a set of weights to compute a given function, a convergence theo-

rem [47] shows that a connectionist network can be trained to adjust its weights so

as to compute that function. Consequently, a series of incremental adjustments to

local computing elements can culminate in computing the appropriate overall

computation.

But single-layer networks cannot compute arbitrary boolean formulae. This is

made apparent by considering DNF (disjunctive normal form) formulae; a DNF
formula is a disjunction ofclauses, each a conjunction of(possibly negated) atom-

ic terms. Consider, for example, the formula ab+cd. If ab and cd each exceed the

threshold, then a's weight or 6's must be at least half the threshold, as must either

c's or J's. But then the larger weight from one conjunction, plus the larger from

the other, also exceeds the threshold; no assignment of weights to a,b,c and d can

allow ab and cd to exceed the threshold, while preventing both ac~b~d and

ad~b~c (or both bc~a~d and bd~a~c) from doing so.

The problem is that inputs that satisfy the formula are not linearly separable

from those that do not. Multi-layer connectionist networks solve this problem by



186 Chapter 9 Comparisonshaving hidden units that compute functions in terms of which the formula is linearFor example two intemal units might compute the conjunctions ab and cd an output unit then computes the disjunction of those intemal units outputs Howeverthere is no demonstration that such networks converge to the appropriate weightswithin a practical number of training examples if the inputs number hundreds ormore and if there may be many say dozens of conjunc

tive clauses of severalterms eachMarginal attribution in the schema mechanism takes a different approach Aschemas extended context resembles a f1rstorder connectionist network it facesthe classification problem of distinguishing input combinations ie itemsstates that correspond to successful activations from those that correspond tofailures Of course extant items arent always adequate to make that distinction The classification problems to be tackled come from the me

chanism itselfrather than from the supervision of an external teachereach result spinoff posesa classification problem to be solved by the spinoff schemas extended contextEach extendedcontext slots correlation measure is roughly like a connectionistweight it adjusts after each trial to reflect the corresponding items contributionto the overall classification An items relevance is identified quickly the identification needs only a handful of successful trials to demon

strate a significant difference in the schemas success rate as a function of the items stateRather than using intermediate processing units to compute conjunctions theschema mechanism builds spinoff schemas whose contexts compute conjunctions Each such schema has its own extended contextin effect its own entireconnectionist network Having an entire such network support each small symbolic unit of representation is expensive though arguably section 51 withinneurophysi

ologically plausible bounds922 Backpropagation and empirical credit assignment\Section 91 s remarks about the modularity of learning and about credit assignment also apply to much connectionist work Ho1lands bucketbrigade algorithm in fact has dual citizenship as a production system and a connectionist system since Hollands rules antecedents require no variablematching and sinceall applicable rules are invoked in parallel a network of such rules is isomorphicto a con

nectionist circuit Suttons temporal cItffcremc methods [66] generalizethe bucket brigade algorithm and introduce an important distinction between rewarding that which leads to eventual success vs rewarding that which leads to a
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having hidden units that compute functions in terms ofwhich the formula is linear.

For example, two internal units might compute the conjunctions ab and cd\ an out-

put unit then computes the disjunction of those internal units' outputs. However,

there is no demonstration that such networks converge to the appropriate weights

within a practical number of training examples, if the inputs number hundreds or

more, and if there may be many (say, dozens) of conjunctive clauses of several

terms each.

Marginal attribution in the schema mechanism takes a different approach. A
schema's extended context resembles a first-order connectionist network; it faces

the classification problem of distinguishing input combinations (i.e., items'

states) that correspond to successful activations from those that correspond to

failures. (Of course, extant items aren't always adequate to make that distinc-

tion.) The classification problems to be tackled come from the mechanism itself,

rather than from the supervision ofan external teacher—each result spinoffposes

a classification problem to be solved by the spinoff schema's extended context.

Each extended-context slot's correlation measure is roughly like a connectionist

weight; it adjusts after each trial to reflect the corresponding item's contribution

to the overall classification. An item's relevance is identified quickly; the identi-

fication needs only a handful of successful trials to demonstrate a significant dif-

ference in the schema's success rate as a function of the item's state.

Rather than using intermediate processing units to compute conjunctions, the

schema mechanism builds spinoff schemas, whose contexts compute conjunc-

tions. Each such schema has its own extended context—in effect, its own entire

connectionist network. Having an entire such network support each small, sym-

bolic unit of representation is expensive, though arguably (section 5.1) within

neurophysiologically plausible bounds.

9.2.2 Back-propagation and empirical credit assignment

Section 9. 1 's remarks about the modularity of learning, and about credit assign-

ment, also apply to much connectionist work. (Holland's bucket-brigade algo-

rithm, in fact, has dual citizenship as a production system and a connectionist sys-

tem; since Holland's rules' antecedents require no variable-matching, and since

all applicable rules are invoked in parallel, a network of such rules is isomorphic

to a connectionist circuit.) Sutton's temporal difference methods [66] generalize

the bucket-brigade algorithm, and introduce an important distinction between re-

warding that which leads to eventual success vs. rewarding that which leads to a



93 The schema mechanism and search algorithms 187normally reliable precursor of eventual success Nonetheless temporal difference methods fall within the scope of the foregoing discussion93 The schema mechanism and Search algorithmsThe schema mechanism broadcasts messages in parallel through chains of schemas section 5 12 Backward broadcasts from a goal state find paths to that goalforward broadcasts from the current state find accessible states Such broadcastsimpleme

nt a breadthfirst traversal of the statespace described by schemas Suchsearches are prominent in conventional Al they appear for example in classicgameplaying programs eg [59] which do a minimax search eg [77_] in aheuristically limited portion of state space and in SOAR [37] which uses productions that chain to describe series of transformationsCompared to these other statespace searches schema mechanism broadcastsare faster but more limited Both properties derive f

rom the fact that a broadcastmerely propagates messages in parallel through existing structures whereas general statespace searching requires computing at each step a new total world statefrom which the next step can proceedConsider for example a goal of placing two toy blocks on a table It is notenough for there to be a schema for placing each of the blocks figure 9] a Eventhough activating them in succession would indeed reach the goal state thoseschemas do not cha

in to the goal state because neither schemas result shows twoblocks on the table each shows only one This matters since for example anyother schema whose context required two blocks on the table could not be chainedto by either of these schemas Chaining to the goal is possible only if one of theschemas has a result that designates both blocks on the table and if a schemasaction is to place a single block then a twoblock result can only follow reliably ifthat schemas 

context asserts that the other block is already there Such a schemais chained to by a singleblockplacement schema figure 9 lb thus chaining tothe goalIn short each link along the chain must explicitly designate all aspects of theworld state that are still needed further down the chain In contrast conventionalstatespace searches can generate that information on the y by applying successive transformations each of which designates only that part of the world that isloc

ally relevant to that transformation This difference makes the conventionaltransformations far more general because the links in a schema chain must involve not only a widely applicable transformation eg placing a block but alsoa specic version of it that is relevant to the goal of the particular situation eg
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normally reliable precursor of eventual success. Nonetheless, temporal differ-

ence methods fall within the scope of the foregoing discussion.

9.3 The schema mechanism and search algorithms

The schema mechanism broadcasts messages in parallel through chains of sche-

mas (section 5. 1 .2). Backward broadcasts from a goal state find paths to that goal;

forward broadcasts from the current state find accessible states. Such broadcasts

implement a breadth-first traversal ofthe state-space described by schemas. Such

searches are prominent in conventional AI; they appear, for example, in classic

game-playing programs (e.g., [59]), which do a minimax search (e.g., [77]) in a

heuristically limited portion of state space; and in SOAR [37], which uses produc-

tions that chain to describe series of transformations.

Compared to these other state-space searches, schema mechanism broadcasts

are faster but more limited. Both properties derive from the fact that a broadcast

merely propagates messages in parallel through existing structures, whereas gen-

eral state-space searching requires computing at each step a new total world state

from which the next step can proceed.

Consider, for example, a goal of placing two toy blocks on a table. It is not

enough for there to be a schema for placing each of the blocks (figure 9. 1 a). Even

though activating them in succession would indeed reach the goal state, those

schemas do not chain to the goal state, because neither schema's result shows two

blocks on the table; each shows only one. This matters, since, for example, any

other schema whose context required two blocks on the table could not be chained

to by either of these schemas. Chaining to the goal is possible only if one of the

schemas has a result that designates both blocks on the table; and if a schema's

action is to place a single block, then a two-block result can only follow reliably if

that schema's context asserts that the other block is already there. Such a schema

is chained to by a single-block-placement schema (figure 9. 1 b), thus chaining to

the goal.

In short, each link along the chain must explicitly designate all aspects of the

world state that are still needed further down the chain. In contrast, conventional

state-space searches can generate that information on the fly by applying succes-

sive transformations each of which designates only that part of the world that is

locally relevant to that transformation. This difference makes the conventional

transformations far more general, because the links in a schema chain must in-

volve not only a widely applicable transformation (e.g., placing a block), but also

a specific version of it that is relevant to the goal of the particular situation (e.g.,



133 Chapter 9 Comparisons  413bl k 1          Od putleftb  ckleft  bloccleftputleft P3h blockrightFigure 91 Con junctive planning Achieving each result separatelya does not chain to the conjunctive goal The schemas in b do chainby noting the intermediate state placing a block when another has already been placed But such onthey generation cannot be done in parallel by propagating a fixed set of tokens throughpreestablished links hence the greater expense of the conve

ntional paradigmSubactivation the extension to the schema mechanism proposed in section713 offers the possibility of performing the more general and more expensivekind of search Subactivating say one of the blockplacement schemas in figure91a would produce a simulated world state in which the block is on the table subactivating the other placement schema would then yield a simulated state in whichboth blocks are there From such subactivations or from actual activatio

ns of thesame schemas the mechanism can derive the dualblockplacement schema offigure 9]b either by marginal attribution or perhaps by a faster process suggested in section 94 that schema is thereafter available for rapid parallel chaining to the goalAs with conventional statespace search subactivation steps are serial Alsoas with conventional search there needs to be some systematic or heuristic basisfor selecting the next subactivation step since the action is not 

yet known to chainto the goal rather the discovery of that chain will be a consequence of the subactivation What is needed is the development by the schema mechanism of a virtualmechanism implemented with the aid of schemas that promote the appropriatesearch steps in an appropriate sequence Such a development is at this point entirely speculative and undemonstrated
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Figure 9.1 Conjunctive planning. Achieving each result separately

(a) does not chain to the conjunctive goal. The schemas in (b) do chain,

by noting the intermediate state.

placing a block when another has already been placed). But such on-the-fly gen-

eration cannot be done in parallel by propagating a fixed set of tokens through

pre-established links; hence, the greater expense of the conventional paradigm.

Subactivation, the extension to the schema mechanism proposed in section

7.1.3, offers the possibility of performing the more general and more expensive

kind of search. Subactivating, say, one of the block-placement schemas in figure

9. la would produce a simulated world state in which the block is on the table; sub-

activating the other placement schema would then yield a simulated state in which

both blocks are there. From such subactivations (or from actual activations of the

same schemas), the mechanism can derive the dual-block-placement schema of

figure 9.1b (either by marginal attribution, or perhaps by a faster process sug-

gested in section 9.4); that schema is thereafter available for rapid, parallel chain-

ing to the goal.

As with conventional state-space search, subactivation steps are serial. Also,

as with conventional search, there needs to be some systematic or heuristic basis

for selecting the next subactivation step, since the action is not yet known to chain

to the goal; rather, the discovery ofthat chain will be a consequence ofthe subacti-

vation. What is needed is the development by the schema mechanism of a virtual

mechanism implemented with the aid of schemas that promote the appropriate

search steps in an appropriate sequence. Such a development is, at this point, en-

tirely speculative and undemonstrated.



94 The schema mechanism and explanationbased leaming 13994 The schema mechanism and explanationbasedlearningAs noted in section 7 13 having multiple levels of representation means that subactivated schemas at a given level might combine to predict results at another level which can then be described at that level Were there but one level of representation subactivation would just reenact what is already known without derivinganything newOne way for the schema mechani

sm to leam from subactivated events is by using the marginal attribution machinery just as for actual events But this is needlessly inefficient for it requires several trials despite the fact that repeating a sequence of subactivations with the same structures will have the same result therepeated subactivated trials convey no more information than a single such trialConceivably though I propose no details here the mechanism could keeptrack of the aspects of the worl

d state that the subactivated result depended on andbuild a schema on the basis of a single subactivated trial putting the dependedonstate elements in the context of the new schema Such a technique would resemblechunking in SOAR [57] which like other explanationbased leaming mechanisms identifies and records the dependencies in a search process and abbreviates subsequent searches by recording what follows from those dependencies sothat that search need not be recapit

ulated The recording of proximity information in a composite actions controller was also likened to SOAR broadcastingsection 43 1but with respect to the more primitive search process carriedout by parallel chaining Or in lieu of explicit dependency tracking the mechanism might simply grant a subactivated trial exaggerated impact on correlationstatistics having the same effect as several actual trialsSection 342 raised the possibility that the hysteresis of schemas ac

tivationvaluea tendency to reactivate schemas recently activatedmight promote imitation by inducing the mechanism to explicitly activate a schema that had just activated implicitly Explanationbased leaming by means of subactivation mightexploit a tendency toward imitation a subactivated imitation of an event just observed might include a derivation of an explanation of the event by deriving schemas that predict the observed outcome
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9.4 The schema mechanism and explanation-based

learning

As noted in section 7. 1 .3, having multiple levels ofrepresentation means that sub-

activated schemas at a given level might combine to predict results at another lev-

el, which can then be described at that level. Were there but one level ofrepresen-

tation, subactivation wouldjust re-enact what is already known, without deriving

anything new.

One way for the schema mechanism to learn from subactivated events is by us-

ing the marginal attribution machinery just as for actual events. But this is need-

lessly inefficient, for it requires several trials, despite the fact that repeating a se-

quence of subactivations with the same structures will have the same result; the

repeated subactivated trials convey no more information than a single such trial.

Conceivably (though I propose no details here) the mechanism could keep

track ofthe aspects ofthe world state that the subactivated result depended on, and

build a schema on the basis of a single subactivated trial, putting the depended-on

state elements in the context ofthe new schema. Such a technique would resemble

chunking in SOAR [57], which, like other explanation-based learning mecha-

nisms, identifies and records the dependencies in a search process, and abbrevi-

ates subsequent searches by recording what follows from those dependencies, so

that that search need not be recapitulated. (The recording of proximity informa-

tion in a composite action's controller was also likened to SOAR broadcast-

ing—section 4. 3. 1—but with respect to the more primitive search process carried

out by parallel chaining.) Or, in lieu of explicit dependency tracking, the mecha-

nism might simply grant a subactivated trial exaggerated impact on correlation

statistics, having the same effect as several actual trials.

Section 3.4.2 raised the possibility that the hysteresis of schemas' activation

value—a tendency to reactivate schemas recently activated—might promote imi-

tation, by inducing the mechanism to explicitly activate a schema that hadjust ac-

tivated implicitly. Explanation-based learning by means of subactivation might

exploit a tendency toward imitation: a subactivated imitation of an event just ob-

served might include a derivation ofan explanation ofthe event, by deriving sche-

mas that predict the observed outcome.
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9.5 The schema mechanism and rational learning

Biological entities are self-constructing and self-maintaining. To be sure, suit-

ably nurturing environments are essential. But the eventual structure of a newly

conceived organism is determined primarily from within, by its genetic endow-

ment; likewise, repair of injuries is guided from within.

Artificial machines, in contrast, are built and repaired from without—for ex-

ample, by technicians at a factory. It is not clear that the biological approach is

advantageous if factories (or the like) are readily available to provide synthesis

and maintenance. But if they are not available, self-organization is the only possi-

ble choice; systems that bootstrap themselves from scratch, as in the case of bio-

logical evolution, must therefore organize from within.

In the cognitive domain, the dichotomy of empirical vs. rational learning [36]

parallels the distinction between building from within vs. from without. Rational

learning analyzes representations in light of their internal structure and their rela-

tions to other structures—forming analogies, noticing dependencies, and so on.

The building or modifying of a particular structure is determined mostly by the

knowledge implemented by myriad other structures; in that sense, the construc-

tion and elaboration is directed from without, not from within the structure that is

affected.

In contrast, empirical learning proceeds locally; each structure (for example, a

schema) maintains its own statistics, and spawns variations of itself. True, the

schema's behavior depends in part on its connections to other structures (for ex-

ample, via the extended context and result). But those structures do not imple-

ment an understanding of the subject matter of the schema they connect to; the

connections do not allow those structures to analyze the schema, but rather the

connections pass data to the schema, which processes the data (e.g., by maintain-

ing correlation statistics), again without having any representation ofthe meaning

of the structures.

Doing empirical learning—having structures that learn from within, rather

than from without—is crucial to constructivist bootstrapping, much as self-repli-

cation is to evolutionary bootstrapping. Just as evolution had no factories to set it

in motion, constructivist systems include no built-in domain-specific knowledge

to guide earliest learning. This is most evident with regard to the invention ofnew
concepts by the assembly ofautonomously developed precursor fragments ofthat

concept (recall the discussion of this Piagetian theme in section 2.9. 1 ).



96 Virtual mechanisms and selfmodification 191Forexample in conventional systems of representation an object s presence atsome location is designated by some notation such as ATPOSITION OBJ25925 16 the systems domain knowledge and deductive resources combine withthis notation to derive for example that to grasp OBJ259 the hand should moveto 2516 and that to see it the glance should be directed there In contrast theschema mechanism has to construct the very concept of

 atposition from whatother systems would regard as derived fragments of the concept This is not merely a matter of reasoning in the other direction the mechanism invents the conceptin the first place from the underlying fragments rather than just discovering therelation between an alreadyformed concept and its alreadyforrned fragmentsThis having been done the system indeed reasons both from the fragments to theconcept by using verification conditions to judge the con

cepts applicabilityand vice versa by the concepts designation in schemas contexts and resultsThese considerations do not argue for empirical leamin g to the exclusion of rational leaming Indeed explanationbased leaming is a form of rational leamingand as the previous section suggests subactivation may allow the schema mechanism to support such leamingafter an adequate substrate of knowledge has beenlaid down by another process Analogously biologically evolved systems

 thatbuild from within eventually do implement factories which build from withoutthe two systems are thereafter symbiotic Empirical rather than rational learningis needed to get off the ground both at the very origin of individual developmentand upon introduction to drastically novel domains conceivably even routine situations often require some onthey finetuning of skills at levels for which norational analysis is readily available Conventional AI proclaims that in 

theknowledge lies the power the constructivist rejoinder to paraphrase awellknown adage is that leaming will get you through times of no knowledgebetter than knowledge will get you through times of no learning3396 Virtual mechanisms and selfmodicationThere are two ways that a mechanism might change as it learns As discussed insection 721 a mechanism might operate in conjunction with its acquired datastructures to form a virtual mechanism that evolves as the structure

s evolve Altematively the mechanism might actually modify itself For example Lenatsleaming system Eurisko [38] represents its own implementation in a format thatthe system itself can modify though not with great usefulness see Haase [30] Similarly in SOAR aspects of the mechanisms control structure are represented
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Forexample, in conventional systems ofrepresentation, an object' s presence at

some location is designated by some notation such as (AT-POSITION OBJ-259

25 16); the system's domain knowledge and deductive resources combine with

this notation to derive, for example, that to grasp OBJ-259, the hand should move

to (25, 16) (and that to see it, the glance should be directed there). In contrast, the

schema mechanism has to construct the very concept of at-position from what

other systems would regard as derived fragments ofthe concept. This is not mere-

ly a matter of reasoning in the other direction; the mechanism invents the concept

in the first place from the underlying fragments, rather than just discovering the

relation between an already-formed concept and its already-formed fragments.

This having been done, the system indeed reasons both from the fragments to the

concept (by using verification conditions to judge the concept's applicability),

and vice versa (by the concept's designation in schemas' contexts and results).

These considerations do not argue for empirical learning to the exclusion ofra-

tional learning. Indeed, explanation-based learning is a form of rational learning;

and, as the previous section suggests, subactivation may allow the schema mecha-

nism to support such learning—after an adequate substrate ofknowledge has been

laid down by another process. (Analogously, biologically evolved systems that

build from within eventually do implement factories, which build from without;

the two systems are thereafter symbiotic.) Empirical rather than rational learning

is needed to get off the ground, both at the very origin of individual development,

and upon introduction to drastically novel domains; conceivably, even routine sit-

uations often require some on-the-fly fine-tuning of skills at levels for which no

rational analysis is readily available. Conventional AI proclaims that "in the

knowledge lies the power;" the constructivist rejoinder, to paraphrase a

well-known adage, is that learning will get you through times of no knowledge

better than knowledge will get you through times of no learning.

9.6 Virtual mechanisms and self-modification

There are two ways that a mechanism might change as it learns. As discussed in

section 7.2.1, a mechanism might operate in conjunction with its acquired data

structures to form a virtual mechanism that evolves as the structures evolve. Al-

ternatively, the mechanism might actually modify itself. For example, Lenat's

learning system Eurisko [38] represents its own implementation in a format that

the system itself can modify (though not with great usefulness; see Haase [30] }).

Similarly, in SOAR, aspects of the mechanism's control structure are represented



192 Chapter 9 Comparisonsin a format that the system can change making the system partially selfmodifying30In my view it is implausible for a constructivist Piagetian system to modify itsown implementation by the same principles it uses to modify its other data structures the systems just mentioned are not Piagetian systems so this objection doesnot apply to them Representing the systems implementation in structures amenable to elaboration by the system itself is vas

tly more difficult than thus representing say the rudiments of physical objects It would make no apparent senseto design a system that starts with the far more sophisticated builtin knowledgebut has to reinvent the much more basic knowledge97 The schema mechanism and situated activityThe schema mechanism follows Piaget in emphasizing that an individual s physical activity is the foundation for acquired knowledgeeven eventual abstractknowledge far removed from physica

l domains A recent trend in Al highlightedby the work of Suchman [65] Agre and Chapman [3  2 14] Brooks [10] and Wilson [75] also addresses activity that is said to be situated in the physical worldBrooks offers an intriguing methodological rationale for his line of researchBrooks designs robot systems with roughly insectlike abilities he argues that onthe scale of biological evolution insects are most of the way to humans so articial replication of humanlike intelli

gence might arise from gradual elaboration ofartificial insectlike intelligence Wilson puts forth a similar rationale thoughWilson maintains that using simulated organisms in simulated worlds work aswell as building real insectrobots Brooks argues that using the real world is vitalsince microworlds may fail to pose problems that their designers did not knowabout In my view infants are a more fruitful point of departure than insectsbut this like many methodological di

sagreements is probably most quickly re30 Iven a self modifying mechanism can be described as an invariant mechanism operating inconjunction with variable data to produce a variable mechanism at a higher level of abstractionI or example any computer implementation of Eurisko runs on digital hardware that remains consldllll the hardware maintains data which describe the implementation and which change But thelevel of abstraction at which there is an invariant mechanis

m is one that describes a gcneralpurpose computer not one that describes anything specific to Euriskos leaming apparatus In conlrztsl the schema meclianism separates into a fixed mechanism and mutable data at an abstractionlo\el that does correspond to the substance of the learning mechanismL I IlEt\ vt 1tl1 Brooks criticism olsi1nulated domains but maintain that realworld robotic don1uns an as \llllIL1thlL to the same problem In both cases a learning system faces ch
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in a format that the system can change, making the system partially self-modify-

ing.30

In my view, it is implausible for a constructivist, Piagetian system to modify its

own implementation by the same principles it uses to modify its other data struc-

tures (the systemsjust mentioned are not Piagetian systems, so this objection does

not apply to them). Representing the system's implementation in structures ame-

nable to elaboration by the system itself is vastly more difficult than thus repre-

senting, say, the rudiments of physical objects. It would make no apparent sense

to design a system that starts with the far more sophisticated built-in knowledge,

but has to reinvent the much more basic knowledge.

9.7 The schema mechanism and situated activity

The schema mechanism follows Piaget in emphasizing that an individual ' s physi-

cal activity is the foundation for acquired knowledge—even eventual abstract

knowledge far removed from physical domains. A recent trend in AI, highlighted

bytheworkofSuchman[65],AgreandChapman[3,2, 14], Brooks [10], and Wil-

son [75] also addresses activity that is said to be situated in the physical world.

Brooks offers an intriguing methodological rationale for his line of research.

Brooks designs robot systems with roughly insect-like abilities; he argues that, on

the scale of biological evolution, insects are most of the way to humans, so artifi-

cial replication of humanlike intelligence might arise from gradual elaboration of

artificial insectlike intelligence. (Wilson puts forth a similar rationale, though

Wilson maintains that using simulated organisms in simulated worlds work as

well as building real insect-robots; Brooks argues that using the real world is vital,

since microworlds may fail to pose problems that their designers did not know
about. 31

) In my view, infants are a more fruitful point of departure than insects;

but this, like many methodological disagreements, is probably most quickly re-

30. .Even a self-modifying mechanism can be described as an invariant mechanism operating in

conjunction with variable data to produce a variable mechanism at a higher level of abstraction.

For example, any computer implementation of Eurisko runs on digital hardware that remains con-
stant; the hardware maintains data which describe the implementation, and which change. But the

level of abstraction at which there is an invariant mechanism is one that describes a general-pur-

pose computer, not one that describes anything specific to Eurisko s learning apparatus. In con-
trast, the schema mechanism separates into a fixed mechanism and mutable data at an abstraction

level that does correspond to the substance of the learning mechanism.

31. I agree with Brooks' criticism of simulated domains, but maintain that real-world robotic do-
mains are as vulnerable to the same problem. In both cases, a learning system faces challenges
defined by whatever interface has been constructed between it and its problem domain. In both
cases, that interface imposes some challenges on the mechanism, and glosses over others; and in

both cases, the designer may not anticipate all the challenges posed, or all the challenges not posed.



97 The schema mechanism and situated activity 193solved by investing the necessary years of work on both approaches and seeingwhich if either succeedsA central theme of situatedactivity work is the use of what Agre and Chapmancall leaning on the world as opposed to relying on an explicit intemal model of thestate of the world Their sense of leaning on the world has I belive two primarycomponents0 Their systems do not represent the expected results of actions rather t

heyhave what amount to situationaction rules and of course machinery foradj udicating among them Section 9 1 argues that such an approach is likelyto preclude effective empirical leaming Agre and Chapmans systems donot attempt to learn Also not representing results prevents being able toleam from thought experiments as well as from real activity0 Their systems do not build perspectiveinvariant representations of objectsrather the representations of situations are tig

htly bound to rather sophisticated perceptual inputs to the systemThe latter point is similar to the Piagetian view but with a different emphasisSensorimotor schemas which do not represent an object apart from its perceptualmanifestations indeed provide a basis for the infants early activity But evenmore importantly such schemas and activity also form a scaffold for the creationof explicit representations apart from perception which in turn support more sophisticated

 activity The emphasis on perceptionbased activitys role in bootstrapping up to explicit perceptionindependent representations distinguishesconstructivist AI from situatedactivity AIAgre and Chapman Brooks and Wilson present three distinct innovative architectures to support situated activity Agre and Chapmans system is organizedaround the use of visual routines [70] to direct action Brookss system is organized in a subsumption hierarchy [1 1] that allows progressive

 elaboration of thesystems behavior and Wilsons animats artificial animals use a Hollandlikegenetic algorithm [35] to evolve situationaction rules All three systems avoidexplicit models of the predicted state of the world Agre and Chapmans primaryargument against using world models that make explicit predictions is the intractability ofconventional planning [13] based on maintaining world models particularly in the presence of uncertainty but the schema mechanisms co

ntrol structure which implements a special case of planning by chaining schemas isefficient and like some systems without explicit world models supports the def
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solved by investing the necessary years of work on both approaches, and seeing

which (if either) succeeds.

A central theme of situated-activity work is the use of what Agre and Chapman
call leaning on the world, as opposed to relying on an explicit internal model ofthe

state of the world. Their sense of leaning on the world has, I belive, two primary

components:

• Their systems do not represent the expected results of actions; rather, they

have what amount to situation-action rules (and, of course, machinery for

adjudicating among them). Section 9. 1 argues that such an approach is likely

to preclude effective empirical learning; Agre and Chapman's systems do

not attempt to learn. Also, not representing results prevents being able to

learn from thought experiments as well as from real activity.

• Their systems do not build perspective-invariant representations of objects;

rather, the representations of situations are tightly bound to (rather sophisti-

cated) perceptual inputs to the system.

The latter point is similar to the Piagetian view, but with a different emphasis.

Sensorimotor schemas, which do not represent an object apart from its perceptual

manifestations, indeed provide a basis for the infant's early activity. But, even

more importantly, such schemas and activity also form a scaffold for the creation

of explicit representations apart from perception, which in turn support more so-

phisticated activity. The emphasis on perception-based activity's role in boot-

strapping up to explicit, perception-independent representations distinguishes

constructivist AI from situated-activity AI.

Agre and Chapman, Brooks, and Wilson present three distinct, innovative ar-

chitectures to support situated activity. Agre and Chapman's system is organized

around the use of visual routines [70] to direct action; Brooks's system is orga-

nized in a subsumption hierarchy [11] that allows progressive elaboration of the

system's behavior; and Wilson's animats (artificial animals) use a Holland-like

genetic algorithm [35] to evolve situation-action rules. All three systems avoid

explicit models of the predicted state of the world. Agre and Chapman's primary

argument against using world models that make explicit predictions is the intrac-

tability ofconventional planning [13] based on maintaining world models (partic-

ularly in the presence of uncertainty); but the schema mechanism's control struc-

ture (which implements a special case of planning, by chaining schemas) is

efficient; and, like some systems without explicit world models, supports the def-



194 Chapter 9 Comparisonserral of lowlevel aspects of a plan that depend on yetunknown details of theworld and can respond seamlessly to unanticipated problems and opportunitiesAgre and Chapmans deictic originally irzdexzcalfuncti0nal representationhas much in common with virtual generalization in the schema mechanism Likevirtual generalization deictic representation expresses a general rule by mappingan instance to a particular perceptual view and then having a rout

ine that appliesto that view for example moving the hand to the position of object X can be expressed as look at object X then move the hand to wherelooking But the schema mechanism in keeping with its philosophy of transcending leaning on theworld can go on to build explicit instantiations of virtual generalizations obviating the subsequent need to physically enact the mapping step section 711Agre and Chapman propose deictic representation as an efficient altemative

 tovariable binding lam unpersuaded and do not make a similar claim for the schema mechanisms virtual generalizations Variable binding is indeed intractablewhen done exhaustively but it need not be intractable when good heuristics guidethe matching of variables to constants The mapping step for virtual generalizations and for deictic representations effectively embodies such heuristics thetechniques of virtual generalization and deictic representationalong with theco

nventional technique of variable bindingwill stand or fall on the development of heuristics that indeed converge to the correct sliver of an exponentiallylarge search space98 The schema mechanism and the society of mindVIinskys Society of Mind theory [46] is an ingenious portrait of the human mindas a huge intricate agglomeration of perhaps thousands of disparate moduleseach fairly simple and unintelligent some acting as managers for others In contrast the schema mec

hanism is a comparatively simple uniform mechanismTo some extent the apparent dichotomy between these two approaches exagtgerates the actual difference The schema mechanism if indeed present in the hu5 Also I believe Agre and hapman illustrate the adequacy of the deictic altemative to variahit hllltllngl only for purposes ol the execution ofplans not for purposes ofplan generation Sincetheir tnierovmrlds ineludt nondeterministie unpredictable events their systems emb
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erral of low-level aspects of a plan that depend on yet-unknown details of the

world, and can respond seamlessly to unanticipated problems and opportunities.

Agre and Chapman's deictic (originally indexical-functionat) representation

has much in common with virtual generalization in the schema mechanism. Like

virtual generalization, deictic representation expresses a general rule by mapping

an instance to a particular perceptual view, and then having a routine that applies

to that view (for example, moving the hand to the position of object X can be ex-

pressed as: look at object X; then move the hand to where-looking). But the sche-

ma mechanism, in keeping with its philosophy of transcending leaning on the

world, can go on to build explicit instantiations of virtual generalizations, obviat-

ing the subsequent need to physically enact the mapping step (section 7.1.1).

Agre and Chapman propose deictic representation as an efficient alternative to

variable binding. I am unpersuaded, and do not make a similar claim for the sche-

ma mechanism's virtual generalizations. Variable binding is indeed intractable

when done exhaustively; but it need not be intractable when good heuristics guide

the matching of variables to constants. The mapping step for virtual generaliza-

tions, and for deictic representations, effectively embodies such heuristics; the

techniques of virtual generalization and deictic representation—along with the

conventional technique of variable binding—will stand or fall on the develop-

ment of heuristics that indeed converge to the correct sliver of an exponentially

large search space. 32

9.8 The schema mechanism and the society of mind

Minsky's Society of Mind theory [46] is an ingenious portrait of the human mind
as a huge, intricate agglomeration of perhaps thousands of disparate modules,

each fairly simple and unintelligent, some acting as managers for others. In con-

trast, the schema mechanism is a (comparatively) simple, uniform mechanism.

To some extent, the apparent dichotomy between these two approaches exag-

gerates the actual difference. The schema mechanism, if indeed present in the hu-

32. Also, I believe, Agre and Chapman illustrate the adequacy of the deictic alternative to vari-

able binding only for purposes of the execution of plans, not for purposes of plan generation. Since
their microworlds include nondeterministic, unpredictable events, their systems embody a gener-
alized kind of plan. A traditional plan says, unconditionally, what next action to take (and can
therefore specify the entire sequence of actions in advance), whereas Agre and Chapman's systems
conditionally specify the next action to take, as a function of the current state. (Calling their condi-
tional specifications generalized plans is my own description; Agre and Chapman would not neces-
sarily agree.) A traditional planner generates a plan from a description of the rules of the problem
domain, and a specification of the goal state. Agre and Chapman fc systems have no facility for

generating plans, generalized or otherwise; their systems' situation-action rules are hand-coded to

converge to the goal.



99 Other Piagetian or sensorimotor leaming systems 195man mind in some form undoubtedly coexists with many other modules someinvolving sensorimotor interfaces some strictly intemal Whether one regardsthese modules as peripheral units hanging off the side of the schema mechanismwhich is the perspective suggested by this book or as coequal components ofthe mind is largely a matter of descriptive convention rather than being a contentful claim although some statement of

 the relative importance of these modules may be implicit in the choice of description Thus the schema mechanismcould be seen as but one agency in a Minskylike societyMoreover even within the schema mechanism there is a huge intricateagglomerationalthough it is an agglomeration of acquired structure rather thana builtin agglomeration I fully agree with Minsky that human intelligence requires a plethora of techniques and representations and of competing agenciessome o

f which may manage others However the strong need for such featuressays nothing a priori about whether they characterize the innate architecture oronly its constructs The schema mechanism shows a rudimentary ability for example to construct and choose among differently formulated representations ofthe same thing section 633 And one can readily imagine the development ofschemas whose activation systematically puts the mechanism into situations fromwhich it can leam us

efullya kind of selfmanagerial expertise The hypothetical virtual mechanisms of chapter 7  for example involve such management andsection 433 for example speculates about the mechanisms development ofcompositeaction pathways that reliably get into trouble thereby systematicallyprompting the mechanism to figure out how to repair a path to a goal state Theseearly steps and speculations are far from a demonstration of societal developmentbut they at least hint at the po

ssibility that a uniform underlying mechanism canbuild and use a society of diverse agencies99 Other Piagetian or sensorimotor learning systemsThe previous sections have characterized the schema mechanism with respect tobroad paradigms of AI This section instead compares the schema mechanismwith specific research projects that attempt to model Piagetian leaming or sensorimotor leaming that resembles early Piagetian leaming I make no attempt to beexhaustive in citing 
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man mind in some form, undoubtedly coexists with many other modules, some

involving sensorimotor interfaces, some strictly internal. Whether one regards

these modules as peripheral units hanging off the side of the schema mechanism

(which is the perspective suggested by this book), or as co-equal components of

the mind, is largely a matter of descriptive convention, rather than being a cont-

entful claim (although some statement of the relative importance of these mod-

ules may be implicit in the choice of description). Thus, the schema mechanism

could be seen as but one agency in a Minsky-like society.

Moreover, even within the schema mechanism, there is a huge, intricate

agglomeration—although it is an agglomeration ofacquired structure, rather than

a built-in agglomeration. I fully agree with Minsky that human intelligence re-

quires a plethora of techniques and representations, and of competing agencies,

some of which may manage others. However, the strong need for such features

says nothing, a priori, about whether they characterize the innate architecture, or

only its constructs. The schema mechanism shows a rudimentary ability, for ex-

ample, to construct and choose among differently formulated representations of

the same thing (section 6.3.3). And one can readily imagine the development of

schemas whose activation systematically puts the mechanism into situations from

which it can learn usefully—a kind of self-managerial expertise. The hypotheti-

cal virtual mechanisms ofchapter 7, for example, involve such management; and

section 4.3.3, for example, speculates about the mechanism's development of

composite-action pathways that reliably get into trouble, thereby systematically

prompting the mechanism to figure out how to repair a path to a goal state. These

early steps and speculations are far from a demonstration of societal development,

but they at least hint at the possibility that a uniform underlying mechanism can

build and use a society of diverse agencies.

9.9 Other Piagetian or sensorimotor learning sys-

tems

The previous sections have characterized the schema mechanism with respect to

broad paradigms of AI. This section instead compares the schema mechanism

with specific research projects that attempt to model Piagetian learning, or senso-

rimotor learning that resembles early Piagetian learning. I make no attempt to be

exhaustive in citing such systems, but rather try to present a representative sam-

ple.
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9.9.1 Cunningham

Cunningham's work [18] was the proximal inspiration of my own effort; that

work first suggested to me the idea of trying recapitulate sensorimotor develop-

ment, and the mechanism Cunningham proposed served as a point of departure

for the schema mechanism. Cunningham presents a hypothetical sensorimo-

tor-level scenario for his unimplemented mechanism. His scenario emphasizes

the development of the typical stages of intelligent strategy (the various circular

reactions, etc), rather than the development ofobject concepts. Cunningham does

not propose a viable mechanism for empirical learning; his bipartite schemas sim-

ply tie together all simultaneously active elements, and there is no other provision

for creating new representations.

9.9.2 Becker

Becker [6] proposes a mechanism and microworld for sensorimotor-level

learning (though he does not explicitly cast this in a Piagetian context, and he pres-

ents no scenario ofexpected development). Becker 's mechanism examines an ex-

haustive record of serial primitive events. An event designated as a goal is found

in the sequence. A sequence starting with this event is taken to be a result, and a

sequence of events preceding it is proposed as its cause. Different event se-

quences leading to a common result are compared, and irrelevant events (and ir-

relevant ordering-constraints on the events) are discarded. This creates schemas

such as

[a] -> [b][c] -> [d] -> [e][f][g] => [h][i] -> |j] .

The sequence to the left of the double arrow is a cause, the sequence to the right

a result; a single arrow designates an ordering constraint, while events not sepa-

rated by an single arrow are mutually unordered. The double arrow is placed so

that no actions lie in the result sequence. Elements of the cause sequence include

actions, and non-actions that serve serve as context conditions, which, as in the

schema mechanism, assure that the result will follow the action. Becker argues

for this context-action-result structure on the grounds ofbeing able to chain sche-

mas to lead to a goal (although, as argued in section 9. 1 , two-part rules can be used

for that purpose as well).

The state elements that appear in event sequences are structured rather than

atomic. His system includes machinery for comparing and generalizing over parts

of these structures, but the structuring itself is built in; there is no provision for the

system to acquire such structuring of its own. There is no abstraction facility apart
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 light source to recharge its batterywhen it ran low Despite its being situated in the real world the robot s trivial sensorimotor interface ensured that recognized events were serial and were typicallyrelated when contiguous993 BAIRNBAIRN a program by Wallace Klahr and Bluff [71] is a productionsystemmodel of cognitive development BAIRN organizes its declarative and procedural knowledge in structures called nodes A node comprises a set of productionssome of which ex

press procedural knowledgewhat action to take given particular circumstances and goals others express declarative knowledgewhat follows from current factsInsofar as nodes compete for activation resulting in the invocation of their constituent productions a node is somewhat like a schema with a composite actionthough a nodes productions need not converge to a goal state In addition a token corresponding to a node s activation can appear as a condition in a productionr

ule The nodes activation thus effectively defines a state element in this regardnodes are like synthetic itemsBut nodes and synthetic items represent differently A schema designates aspecific assertion the counterfactual proposition that a given action under specified circumstances would have a particular effect and a synthetic item representsthe validity conditions of a schema the conditions under which the schemas assertion is true In contrast a node need not corre

spond to a succinct assertionthough it might depending on the productions in the nodeWallace et al report an impressive synopsis of BAIRNs acquisition of conservation of number the developmental progression closely follows the sequenceshown by children [28] The progression culminates in BAIRN s construction ofnodes designating the cardinality of collections with productions that embodythe understanding that a collection of a number of objects keeps its cardinalitydes

pite any rearrangement of the objects unless something is added or removed
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from discarding irrelevant components (or orderings) from a compound struc-

ture.

Becker's system does not address the chicken-and-egg problem of empirical

learning. Rather, the combinatorial problem of associating events is glossed over

by considering only serial events. A variant of Becker 's unimplemented mecha-

nism was implemented by Bond and Mott [7]. Their system used a simple robot,

which learned to turn towards and approach a light source to recharge its battery

when it ran low. Despite its being situated in the real world, the robot's trivial sen-

sorimotor interface ensured that recognized events were serial, and were typically

related when contiguous.

9.9.3 BAIRN

BAIRN, a program by Wallace, Klahr, and Bluff [71], is a production-system

model ofcognitive development. BAIRN organizes its declarative and procedur-

al knowledge in structures called nodes. A node comprises a set of productions,

some ofwhich express procedural knowledge—what action to take given particu-

lar circumstances and goals; others express declarative knowledge—what fol-

lows from current facts.

Insofar as nodes compete for activation, resulting in the invocation oftheir con-

stituent productions, a node is somewhat like a schema with a composite action

(though a node's productions need not converge to a goal state). In addition, a to-

ken corresponding to a node's activation can appear as a condition in a production

rule. The node's activation thus effectively defines a state element; in this regard,

nodes are like synthetic items.

But nodes and synthetic items represent differently. A schema designates a

specific assertion, the counterfactual proposition that a given action, under speci-

fied circumstances, would have a particular effect; and a synthetic item represents

the validity conditions of a schema, the conditions under which the schema's as-

sertion is true. In contrast, a node need not correspond to a succinct assertion,

though it might, depending on the productions in the node.

Wallace et al. report an impressive synopsis ofBAIRN's acquisition ofconser-

vation of number; the developmental progression closely follows the sequence

shown by children [28]. The progression culminates in BAIRN's construction of

nodes designating the cardinality of collections, with productions that embody

the understanding that a collection of a number of objects keeps its cardinality,

despite any rearrangement of the objects, unless something is added or removed.
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The construction of these nodes is particularly striking in view of the amor-

phous nature of what a node represents. The key to BAIRN's ability to build such

nodes is the presence ofhighly structured built-in nodes that serve as predecessors

to the eventual number-representing nodes. In particular, Wallace et al. postulate

built-in subitizing nodes, which perceive the numerosity of a small collection of

objects that are in the system's focus of attention. When BAIRN counts actual

objects, its differentiation and generalization machinery builds variants of the

primitive nodes, appropriately modifying the variants' constituent production

rules. A complicated derivation leads eventually to the number nodes.

Wallace et al. cite compelling evidence for the existence of innate subitizing

abilities in infants (e.g., Strauss and Curtis [64]); hence, their built-in subitizing

nodes are not at all ad hoc. Still, it is an open question how such innate compe-

tence might be embodied with respect to the central system. In the spirit of the

schema mechanism, for example, there might be a primitive item whose meaning

is There are two objects in view that resemble the object I'mfocusing on, another

item that means There are three ofthem, etc. These primitive items could enable a

system's behavior to give evidence of subitizing abilities before the system reca-

pitulates any actual understanding ofnumber. In contrast, BAIRN's built-in sub-

itizing nodes have extensive internal structure that is in the same format that

BAIRN itself uses, and that is fully accessible to BAIRN; without this accessibil-

ity, the construction of number-representing nodes could not proceed. Thus,

BAIRN's invention of the number concept does not accord with a constructivist

account of human development; whether it accords with the actuality of human
development remains to be seen.

9.9.4 Darwin I, II, and III

Gerald Edelman [24, 56] argues for the importance of neurophysiological verisi-

militude in models of intelligence (beyond the superficial neural resemblance of

connectionist systems and so-called neural nets). In particular, Edelman main-

tains 1) that the development of the brain—both the maturation of its circuitry,

and the adjustment ofsynaptic weights as the individual learns—follows a Darwi-

nian paradigm of a selection process that takes a set of random variants and repli-

cates or amplifies those which turn out to win some kind of experiential contest;

and 2) that in the brain, as in biological evolution, this selection culminates in

adaptation to the conditions imposed by the contest. As discussed in section 4.2.5

,

Edelman maintains that this adaptation leads the organism to autonomously de-

velop categories of experiences, rather than (like many artificial learning sys-
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g or avoiding examining visually etc The coreleamin g machinery has in common with neural networks the fact that it alters connection strengths among quasineura1 assemblies to punish or reward these assemblies for their role in causing positive stimuli the initial assemblies howeverare more complex and less uniform than is typical for neural netsEdelmans appeal to biology and evolution as models for intelligence are reminiscent of Piagets approach Edelman however car

ries the appeal further notonly taking evolution as a metaphor for leaming but taking neurobiology literallyas a detailed basis for a leaming system As just noted Edelman criticizes conventional symbolic AI systems for grounding their symbols in the categories intended by the programmer rather than autonomously and although connectionism has been put forth as a solution to that problem Edelman criticizes thissolution by saying that its appeal to neurophysiology is ha

lfhearted and ultimately unrealistic But Edelman does not explain why neurophysiological realism is important to solving the problem His own mechanism while differentand more neurophysiologically realisticin its details than other connectionistsystems nonetheless shares the basic paradigm of training subsystems bystrengthening or weakening their responses based on their accord with some indicator of a concept that is to be leamed And as argued in section 425 that par
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terns) presuming that primitive symbols come pre-grounded in the categories of

interest.

Edelman's Darwin I, II, and III programs engage in classification and recogni-

tion of patterns in the environment. Darwin III, the most advanced of these ef-

forts, includes a simulated organism in a simulated world; the organism catego-

rizes the objects it encounters, and its categorizing is manifested in its behavior

toward the objects (grasping or avoiding, examining visually, etc.). The core

learning machinery has in common with neural networks the fact that it alters con-

nection strengths among quasi-neural assemblies to punish or reward these as-

semblies for their role in causing positive stimuli; the initial assemblies, however,

are more complex and less uniform than is typical for neural nets.

Edelman's appeal to biology and evolution as models for intelligence are remi-

niscent of Piaget's approach. Edelman, however, carries the appeal further, not

only taking evolution as a metaphor for learning, but taking neurobiology literally

as a detailed basis for a learning system. As just noted, Edelman criticizes con-

ventional symbolic AI systems for grounding their symbols in the categories in-

tended by the programmer, rather than autonomously; and, although connection-

ism has been put forth as a solution to that problem, Edelman criticizes this

solution by saying that its appeal to neurophysiology is half-hearted, and ulti-

mately unrealistic. But Edelman does not explain why neurophysiological real-

ism is important to solving the problem. His own mechanism, while different

—

and more neurophysiologically realistic—in its details than other connectionist

systems, nonetheless shares the basic paradigm of training subsystems by

strengthening or weakening their responses based on their accord with some indi-

cator of a concept that is to be learned. And, as argued in section 4.2.5 , that para-

digm per se is missing the crucial step—creating an indicator of a radically novel

concept in the first place, before being able to train a subsystem to recognize it.
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omeone more theoretically inclined might be content with a less efficient mechanism if it mirrored human capabilities in an interesting wayOn the other hand these two goals can be mutually supportive as indicated bythe last motivation cited above for each of the two Our theories of how humans

10 Conclusions

10.1 Methodological underpinnings of constructivist

AI

Research in artificial intelligence has two basic goals:

• The scientific goal is to understand human intelligence, which in turn has

several motivations; for instance:

• As a naturalist, one wonders about the workings of the human mind,

just as one explores any significant phenomenon in nature.

• As a philosopher, one seeks to comprehend such things as the structure

and limits of our knowledge, and the nature and origins of our feelings

and values, our thoughts, beliefs, attitudes, and conscious experiences.

• As a practicing human being, one wishes to understand one's mind,

and others', to help oneself and others achieve fulfillment.

• As an engineer, one may want to design and build human-like intelli-

gence; this task would be aided by knowing just what human intelli-

gence is.

• The engineering goal is to endow computers with intelligence, for two kinds

of reasons:

• One may promote the practical applications of intelligent machines.

Depending on the researcher, these applications may range from en-

hancing the quality ofpeople's lives to profitable technologies ofdeath

and destruction.

• One may experiment with artificial intelligences as a source of ideas as

to how human intelligence might work.

Different emphases on these goals can lead to different AI methods. A practi-

cal-minded researcher might be happy with a machine that works efficiently, but

in a patently nonhuman way; someone more theoretically inclined might be con-

tent with a less efficient mechanism if it mirrored human capabilities in an inter-

esting way.

On the other hand, these two goals can be mutually supportive, as indicated by

the last motivation cited above for each of the two. Our theories of how humans
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accomplish a given feat of intelligence are informed by knowing various ways

that it can be accomplished. Conversely, insight as to how humans do work—der-

ived from introspection, observation, conversation, experiment, dissection,

etc.—may provide a fresh idea as to how a task can be accomplished. Specula-

tions about the machinery ofhuman intelligence can be tested and revised by engi-

neering a mechanism that works the way humans are thought to, and improving it

until it performs adequately; which in turn creates new speculations about how

humans might work, and so on in a cycle of refinement. Different cycles, for dif-

ferent pieces of the puzzle, influence one another.

10.1.1 Levels of explanation

The scientific and engineering goals for AI support one another to the extent that

the artificial mechanisms under consideration do things the way humans do. But

this concept suffers from a serious ambiguity. For a mechanism to usefully re-

semble the human mind, does it suffice for the mechanism to correspond only

functionally, performing the same computation from input to output as humans

do; or must it implement the computation as humans do—and, if so, down to what

level of abstraction?

Probably the human mind, like other parts of any biological system, is orga-

nized in a hierarchy of levels of abstraction. There may be something analogous

to a logic-gate level in electronic computers, with a higher level designating

something like registers and data busses, perhaps followed by several layers of

virtual machines, some of which (if intelligence is indeed constructivist) are built

by the mechanism itself, as discussed in chapter 7 . At the highest level of abstrac-

tion, only external behavior—actions as a function of cumulative sensations—is

described.

Simulating intelligence at the highest level is often without explanatory value

for natural intelligence. Consider, for example, a program like Weizenbaum's

ELIZA [73], which carries on trivial conversations in English by triggering on

key words and performing simple grammatical transformations (e.g., rephrasing

a sentence that was spoken to it, changing first-person phrases to the third person).

ELIZA roughly approximates the computation—the function from input to out-

put—that is executed in a superficial human conversation; people naively con-

versing with ELIZA sometimes fail to notice that ELIZA's responses are vacuous.

But unlike a human in the same situation, ELIZA lacks the slightest comprehen-

sion of what it is talking about. It sheds virtually no light on how (even trivial)
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erform little explicit search of thegame space relying instead for example on noticing analogies between the current board position and other familiar onesOn the other hand simulation at a very low levelsay that of individual neurons or even individual atomsis unnecessary and prohibitively impractical Byanalogy to understand how a particular Lisp program performs a certain calculation one need not know how the structures in the computation map onto the underlying tra

nsistor physics of the machine running the program Admittedlythere are some purposes for which understanding to substantial depth is important As a clinician one must understand implementation on a variety of levels ofabstraction since problems might arise on any level Though even for clinicalpurposes understanding the higher levels alone is not without value that oftensuffices for addressing issues that arise at those levels And as a naturalist onecan be curious abo

ut all the various levels of implementation But as an engineeror philosopher one neednt always care which of several ways some mundanemodule happens to be implemented as long as one understands what the moduledoes and how it can be doneFor purposes of engineering and philosophy then specification at the most superficial level of abstraction provides an inadequate explanation of intelligencebut very deep levels pose too strict a requirement Some intermediate level isn

eeded The following section proposes criteria for identifying the appropriatelevel1012 Foundational fragmentsIf we are addressing human adult intelligence as a wh0lein contrast to someminute subset like the ability to add numbers or play chess or exchange verbalsalutationsthen it would be valuable to know any mechanism that matched the33 Weizenbaum does not dispute the superficiality of his simulation In contrast Colby regarded his own program PARRY [16]an ELIZAlike 

simulation of paranoid conversationasan explanatory model of human paranoia Colby performed a Tumingtestlike controlled experiment in which a number of psychiatrists communicating via teletype with a paranoid patient orwith PARRY were unable to determine which was which Putting this nding in perspective V\izenbaum [74] described a program which simulated a form of infantile autism he speculated confidently that no psychiatrist working via a teletype could distinguish

 this programwhich gives noresponse to anything you sayfrom an actual autistic patient
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human conversation works; it would not even serve as a useful point of departure

for an effort to model the machinery of human conversation. 33

Other such examples abound. For instance, a program might play good chess

by doing very fast brute-force search of the game space, pruned by very simple

heuristics. But this may have little to do with how a person accomplishes a similar

level of play; human chess players apparently perform little explicit search of the

game space, relying instead, for example, on noticing analogies between the cur-

rent board position and other, familiar ones.

On the other hand, simulation at a very low level—say, that of individual neu-

rons, or even individual atoms—is unnecessary and prohibitively impractical. By
analogy, to understand how a particular Lisp program performs a certain calcula-

tion, one need not know how the structures in the computation map onto the un-

derlying transistor physics of the machine running the program. Admittedly,

there are some purposes for which understanding to substantial depth is impor-

tant. As a clinician, one must understand implementation on a variety of levels of

abstraction, since problems might arise on any level. (Though even for clinical

purposes, understanding the higher levels alone is not without value; that often

suffices for addressing issues that arise at those levels.) And as a naturalist, one

can be curious about all the various levels of implementation. But as an engineer

or philosopher, one needn't always care which of several ways some mundane

module happens to be implemented, as long as one understands what the module

does, and how it can be done.

For purposes ofengineering and philosophy, then, specification at the most su-

perficial level of abstraction provides an inadequate explanation of intelligence,

but very deep levels pose too strict a requirement. Some intermediate level is

needed. The following section proposes criteria for identifying the appropriate

level.

10.1.2 Foundational fragments

If we are addressing human adult intelligence as a whole—in contrast to some

minute subset, like the ability to add numbers or play chess or exchange verbal

salutations—then it would be valuable to know any mechanism that matched the

33. Weizenbaum does not dispute the superficiality of his simulation. In contrast, Colby re-

garded his own program, PARRY [16]—an ELIZA-like simulation of paranoid conversation—as

an explanatory model of human paranoia. Colby performed a Turning-test-like controlled experi-

ment in which a number of psychiatrists, communicating via teletype with a paranoid patient or

with PARRY, were unable to determine which was which. Putting this finding in perspective, VNei-

zenbaum [74] described a program which simulated a form of infantile autism; he speculated confi-

dently that no psychiatrist working via a teletype could distinguish this program—which gives no
response to anything you say—from an actual autistic patient.



204 Chapter 10 Conclusionshuman mind even at the topmost level of abstraction without concern for lowerlevel similarities This is so for two reasons0 N 0 one can yet characterize except in the vaguest terms what intelligenceis at the topmost level ie what computation is performed except indexicallywe point to intelligent beings and say that intelligence is like thatAny artificial implementation of that computation would be if nothing elsea specification of the comput

ation0 It is quite possible that there are not many radically different reasonableways to implement whatever it is that intelligence as a whole does To theextent that this is so one can zero in on how our intelligence works by settingout to discover any way it reasonably could workThis claim may seem contrary to the remarks above about the inadequacy of themost superficial level of explanation as illustrated by ELIZA But the apparentinconsistency can be resolved by c

onsidering fragments of the task of intelligenceby fragment 1 mean some partial specification of the computation performedby the system There are several different dimensions along which fragments of asystem can be delineated including0 Domain A fragment can be a module that performs a subset of the task performed by the entire system0 Precision A fragment can be a vague sketch of the computation performedby the entire system as for example Piagets theory sketches a 

proposedconstructivist mechanism but not with enough precision to say just whatstructures are created next or just what action is to happen0 Accuracy A model of the system might be very preciseany implementation is precise for examplebut below a certain resolution its detailsmight be inaccurate failing to match the original systemELlZAs task for example is fragmented both by domainbeing able to holda banal conversation is a very small aspect of human intelligence and

 by accuracyELlZAs conversation seems realistic only by the most casual and naive inspeetionWhen a fragment is severely limited in its precision accuracy or domain itmay have a much more parsimonious implementation by itself than as a component of what the larger system does In that case the most reasonable implementa
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human mind even at the topmost level of abstraction, without concern for low-

er-level similarities. This is so for two reasons:

• No one can yet characterize (except in the vaguest terms) what intelligence

is at the topmost level (i.e., what computation is performed), except indexi-

cally—we point to intelligent beings and say that intelligence is like that.

Any artificial implementation of that computation would be, if nothing else,

a specification of the computation.

• It is quite possible that there are not many radically different reasonable

ways to implement whatever it is that intelligence, as a whole, does. To the

extent that this is so, one can zero in on how our intelligence works by setting

out to discover any way it reasonably could work.

This claim may seem contrary to the remarks above about the inadequacy ofthe

most superficial level of explanation, as illustrated by ELIZA. But the apparent

inconsistency can be resolved by considering/ragm<?/7fs of the task of intelligen-

ce—byfragment, I mean some partial specification ofthe computation performed

by the system. There are several different dimensions along which fragments of a

system can be delineated, including:

• Domain. A fragment can be a module that performs a subset of the task per-

formed by the entire system.

• Precision. A fragment can be a vague sketch of the computation performed

by the entire system, as, for example, Piaget's theory sketches a proposed

constructivist mechanism, but not with enough precision to say just what

structures are created next, or just what action is to happen.

• Accuracy. A model of the system might be very precise—#/ry implementa-

tion is precise, for example—but, below a certain resolution, its details

might be inaccurate, failing to match the original system.

ELIZA's task, for example, is fragmented both by domain—being able to hold

a banal conversation is a very small aspect of human intelligence; and by accura-

cy—ELIZA's conversation seems realistic only by the most casual and naive in-

spection.

When a fragment is severely limited in its precision, accuracy, or domain, it

may have a much more parsimonious implementation by itself than as a compo-

nent ofwhat the larger system does. In that case, the most reasonable implementa-



102 Directions for future work 305tion of the task in isolation may bear little resemblance to its most reasonable implementation in the context of the entire system the former then teaches little ornothing about the latter severing the symbiosis between studying a natural implementation of the entire system and an artificial implementation of the fragmentedtaskBut this does not mean that one must attack the whole system at once A fragment of the system may have the 

same reasonable implementation in isolation as ithas as part of the whole systems behavior Such a fragment can be calledf0zmdational Identifying foundational fragments of intelligence is useful because it affords the methodological value of exploring natural intelligence via artificialmodels and vice versawhile focusing on a tractable subset of the systemInsofar as a systems implementation cleaves into cleanly separated moduleswhose effects show through at top level 

each module will tend to perform a foundational fragment of the systems taskthe very separation of the modules tendsto assure that how each one can best implement its interface to the rest of the system is unaffected by the intemal details of the rest of the system In particular ifthere is a module of the human mind devoted to Piagetian leaming e g a schemamechanism then Piagetian leaming is a foundational fragment of the minds behavior the toplevel manifestation of 

the leaming module consists of the changesto the individuals behavior as knowledge is acquired Constructivist Al is the enterprise of working backward from that manifestation to reverseengineer the underlying module And by thus working backward from a manifestation to themanifested entity the enterprise exemplifies its own content and converges withitself102 Directions for future workSuggestions for extensions of this work are scattered through preceding chaptersFirs

t as noted in the introduction to chapter 6 the present implementation resultsare best viewed as a pilot effort validation of the implementation results presented here requires replication and quantitative characterization of those resultsSecondly some further progress through the Piagetian sequence might beachieved just by moving the existing implementation to a larger machine andmaking trivial microworld extensions such as providing for visually obscuredobjects Thi

rdly several extensions to the basic mechanism appear worthy of exploration some of which have been mentioned above
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tion of the task in isolation may bear little resemblance to its most reasonable im-

plementation in the context of the entire system; the former then teaches little or

nothing about the latter, severing the symbiosis between studying a natural imple-

mentation of the entire system and an artificial implementation of the fragmented

task.

But this does not mean that one must attack the whole system at once. A frag-

ment ofthe system may have the same reasonable implementation in isolation as it

has as part of the whole system's behavior. Such a fragment can be caWedfounda-

tional. Identifying foundational fragments of intelligence is useful because it af-

fords the methodological value of exploring natural intelligence via artificial

models, and vice versa—while focusing on a tractable subset of the system.

Insofar as a system's implementation cleaves into cleanly separated modules

whose effects show through at top level, each module will tend to perform a foun-

dational fragment of the system's task—the very separation of the modules tends

to assure that how each one can best implement its interface to the rest of the sys-

tem is unaffected by the internal details of the rest of the system. In particular, if

there is a module of the human mind devoted to Piagetian learning (e.g., a schema

mechanism), then Piagetian learning is a foundational fragment of the mind' s be-

havior; the top-level manifestation of the learning module consists of the changes

to the individual 's behavior as knowledge is acquired. Constructivist AI is the en-

terprise of working backward from that manifestation to reverse-engineer the un-

derlying module. (And by thus working backward from a manifestation to the

manifested entity, the enterprise exemplifies its own content and converges with

itself.)

10.2 Directions for future work

Suggestions for extensions ofthis work are scattered through preceding chapters.

First, as noted in the introduction to chapter 6, the present implementation results

are best viewed as a pilot effort; validation of the implementation results pres-

ented here requires replication and quantitative characterization of those results.

Secondly, some further progress through the Piagetian sequence might be

achieved just by moving the existing implementation to a larger machine, and

making trivial microworld extensions, such as providing for visually obscured

objects. Thirdly, several extensions to the basic mechanism appear worthy of ex-

ploration, some of which have been mentioned above:



206Chapter 10 Conclusions0 Subar tivation As discussed in section 713 subactivation would allow themechanism to leam from thought experiments as well as from actual physical events Furthermore the leaming mechanism might be augmented section 94 to learn from a single subactivated trial rather than having to dostatistical learning based on several identical repetitionsC onnectionisr contexts A schemas extended context data proposes spinoffschemas and also maintains ov

erride conditions for the schema The latterfunction could be generalized by allowing the extended context to act as aconventional connectionist network adjusting its weights to compute somefunction of its inputs the state of all items that corresponds to the validityconditions of the schema Such a function might usefully complement thevalidity conditions computed by the contexts of spinoff schemasClustering Certain primitive items designate states which are special c

asesofother primitively represented states e g fovx20 is a special case of vf22ractd2 is a special case of tactl Representing states at different resolutionsfacilitates the representation of statespaces at different levels having coordinated coarse and finegrained spaces mitigates the combinatorics ofshowing the path from one negrained place to another because the pathcan be represented as a coarse segment to get in the right vicinity followedby a netuning segment It

 would be helpful if constructed state elementsas well as primitive ones could avail themselves of such organization Thismight be accomplished by noticing states that cluster together in the sensethat they are mutual near neighbors in a network of schemas for transforming among them A new item might then be defined as the disjunction ofseveral clustered itemsCnnzbinamricxv and garbage cuIlr1uIz Marginal attribution does a creditable job of picking out reliable schema

s and their precursors from the exponential space of expressible schemas But even among such schemasthere can be combinatorial proliferations of schemas that are useless variations of one another eg schemas expressing the cooccurrence of fovealevents there may also be many schemas that explore useless and sterilecomers of statespace The schema mechanism may benefit from being ableto recognize and purge such structuresthat is to garhagecollect them Iborrow the term ga

rbage collection from programming languages that fealure automatic reclamation of memory that stores pemianently inaccessi
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• Subactivation. As discussed in section 7.1.3, subactivation would allow the

mechanism to learn from thought experiments, as well as from actual physi-

cal events. Furthermore, the learning mechanism might be augmented (sec-

tion 9.4) to learn from a single subactivated trial, rather than having to do

statistical learning based on several identical repetitions.

• Connectionist contexts. A schema's extended context data proposes spinoff

schemas, and also maintains override conditions for the schema. The latter

function could be generalized by allowing the extended context to act as a

conventional connectionist network, adjusting its weights to compute some

function of its inputs (the state of all items) that corresponds to the validity

conditions of the schema. Such a function might usefully complement the

validity conditions computed by the contexts of spinoff schemas.

• Clustering. Certain primitive items designate states which are special cases

of other primitively represented states (e.g.,fovx20 is a special case of v/22;

tactd.2 is a special case of tactl). Representing states at different resolutions

facilitates the representation of state-spaces at different levels; having coor-

dinated coarse- and fine-grained spaces mitigates the combinatorics of

showing the path from one fine-grained place to another, because the path

can be represented as a coarse segment to get in the right vicinity, followed

by a fine-tuning segment. It would be helpful if constructed state elements,

as well as primitive ones, could avail themselves of such organization. This

might be accomplished by noticing states that cluster together, in the sense

that they are mutual near neighbors in a network of schemas for transform-

ing among them. A new item might then be defined as the disjunction of

several clustered items.

• Combinatorics and garbage collection. Marginal attribution does a credit-

able job of picking out reliable schemas (and their precursors) from the ex-

ponential space of expressible schemas. But even among such schemas,

there can be combinatorial proliferations of schemas that are useless varia-

tions of one another (e.g., schemas expressing the co-occurrence of foveal

events); there may also be many schemas that explore useless and sterile

corners of state-space. The schema mechanism may benefit from being able

to recognize and purge such structures—that is, to garbage-collect them. (I

borrow the term garbage collection from programming languages that fea-

ture automatic reclamation of memory that stores permanently inaccessi-



102 Directions for future work 207bleand therefore unusablestructures The metaphor is used looselyhere in the present sense the reclaimed structures are estimated to be oflesser value but need not be atly unusableThe most straightforward garbage collection technique is to purge the leastuseful schemas where usefulness increases with the frequency of a schema s activation and with the goalvalue of the result achieved by activating it Dependingon actual activation make

s the usefulness measure responsive to all factors thatcontribute to a schemas selection for activation including the availability of other competing schemas in the situations that make a given schema applicableThe value of actions and items might derive from the value of the schemas inwhich they appear Care must be taken when purging a structure to either purgethose structures that contain it as a component or to change such them to removetheir reference to that str

uctureGarbage collection based on actual use is infeasible until a large enough set ofstructures has amassed The threshold is determined by the amount of structureneeded to do interesting and useful things the schema mechanisms basic ratherthan applied learning section 9 1 causes it to build fragments of skills that willnot become useful until the rest of the necessary fragments also arise Only thencan the usefulness of the useful structures become apparent supportin

g an infonned choice of which structures to purgeOther possible garbage collection criteria involve recognizing particular kindsof unnecessary proliferations and purging the proliferating structures0 Building up to a context conjunction one item at a time leaves behind a trailof precursor structures with incomplete contexts If these structures extended contexts fail over a number of trials to make any progress towardspawning further spinoffs they might be purged9 The

 mechanism might keep track of how often a given schema would bespun off if it didnt already exist If recreating circumstances arise muchmore frequently than the schemas activation the schema might be purgedin the expectation that it is likely to be recreated before it is next needed orat least before the next several times This reclamation would have theplausible consequence that the mechanism might become rusty at unusedskills due to the need to recreate some compo

nents on the y when the skillis resurrected
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ble—and therefore unusable—structures. The metaphor is used loosely

here; in the present sense, the reclaimed structures are estimated to be of

lesser value, but need not be flatly unusable.)

The most straightforward garbage collection technique is to purge the least

useful schemas, where usefulness increases with the frequency ofa schema' s acti-

vation, and with the goal-value of the result achieved by activating it. Depending

on actual activation makes the usefulness measure responsive to all factors that

contribute to a schema's selection for activation (including the availability of oth-

er, competing schemas in the situations that make a given schema applicable).

The value of actions and items might derive from the value of the schemas in

which they appear. Care must be taken when purging a structure to either purge

those structures that contain it as a component, or to change such them to remove

their reference to that structure.

Garbage collection based on actual use is infeasible until a large enough set of

structures has amassed. The threshold is determined by the amount of structure

needed to do interesting and useful things; the schema mechanism's basic rather

than applied learning (section 9. 1 ) causes it to build fragments of skills that will

not become useful until the rest of the necessary fragments also arise. Only then

can the usefulness of the useful structures become apparent, supporting an in-

formed choice of which structures to purge.

Other possible garbage collection criteria involve recognizing particular kinds

of unnecessary proliferations, and purging the proliferating structures:

• Building up to a context conjunction one item at a time leaves behind a trail

of precursor structures with incomplete contexts. If these structures' ex-

tended contexts fail over a number of trials to make any progress toward

spawning further spinoffs, they might be purged.

• The mechanism might keep track of how often a given schema would be

spun off, if it didn't already exist. If re-creating circumstances arise much

more frequently than the schema's activation, the schema might be purged,

in the expectation that it is likely to be re-created before it is next needed (or

at least before the next several times). This reclamation would have the

plausible consequence that the mechanism might become rusty at unused

skills, due to the need to re-create some components on the fly when the skill

is resurrected.



208 Chapter 10 ConclusionsIn addition to further extending and experimenting with the schema mechanism itself the schema mechanisms developmental progression might suggestexperiments to perform with actual infants to find evidence for or against corresponding details of their development103 Evaluation and summaryIt is important that at attempt to engineer a constructivist mechanism be guidedby a plausible theory of constructivism in humans this provides both a point 

ofdeparture for the mechanisms design and a road map of target abilities by whichthe mechanism can be appraised and revised Moreover taking such a theory asa working hypothesis for the design of an artificial mechanism provides an elaboration and appraisal of the original theory The schema mechanism is built uponPiagets theory of cognitive development the focus is on sensorimotorperiod development since the underlying mechanism is easiest to discem when acquiredstruc

ture is still simpleThe schema mechanism is a selfextensible system that constructs schemasactions and items The mechanism uses these constructs to represent the state ofthe world to discover regularities in the world and to organize sequences of actions in the pursuit of goals The schema mechanism tackles basic problems aboutempirical leaming and concept invention0 Empirical leaming poses the chickenandegg problem of identifying an actions results before knowing the

 corresponding context conditions the solution is to distinguish relevance from reliability and to use an exhaustivecrossbar to look for relevance0 Concept invention poses a deeper problem the need to invent concepts thatdo not resemble prior ones and that may indeed be inexpressible hence undefinable as any fixed function of prior ones Here the solution is to workbackward from a previouslyconceived manifestation to postulate the previouslyunconceived thing that is m

anifested the newly conceived entity isdefined as the potential to evoke the manifestationThe mechanisms empiricallearning and conceptinvention facilities sharethe uncommon feature that both take counterfactuals seriously By making counterfactual assertions schemas promote a useful modularity for leaming by separating the question of what would happen from the question of what should happen And synthetic items by reifying the validity conditions of their host
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In addition to further extending and experimenting with the schema mecha-

nism itself, the schema mechanism's developmental progression might suggest

experiments to perform with actual infants, to find evidence for or against corre-

sponding details of their development.

10.3 Evaluation and summary

It is important that at attempt to engineer a constructivist mechanism be guided

by a plausible theory of constructivism in humans; this provides both a point of

departure for the mechanism's design, and a road map of target abilities by which

the mechanism can be appraised and revised. Moreover, taking such a theory as

a working hypothesis for the design ofan artificial mechanism provides an elabo-

ration and appraisal of the original theory. The schema mechanism is built upon

Piaget's theory ofcognitive development; the focus is on sensorimotor-period de-

velopment, since the underlying mechanism is easiest to discern when acquired

structure is still simple.

The schema mechanism is a self-extensible system that constructs schemas,

actions, and items. The mechanism uses these constructs to represent the state of

the world, to discover regularities in the world, and to organize sequences of ac-

tions in the pursuit ofgoals. The schema mechanism tackles basic problems about

empirical learning and concept invention:

• Empirical learning poses the chicken-and-egg problem of identifying an ac-

tion 's results before knowing the corresponding context conditions; the so-

lution is to distinguish relevance from reliability, and to use an exhaustive

crossbar to look for relevance.

• Concept invention poses a deeper problem: the need to invent concepts that

do not resemble prior ones, and that may indeed be inexpressible (hence un-

definable) as any fixed function of prior ones. Here, the solution is to work

backward from a previously-conceived manifestation to postulate the pre-

viously-unconceived thing that is manifested; the newly conceived entity is

defined as the potential to evoke the manifestation.

The mechanism's empirical-learning and concept-invention facilities share

the uncommon feature that both take counterfactuals seriously. By making coun-

terfactual assertions, schemas promote a useful modularity for learning by sepa-

rating the question of what would happen from the question of what should hap-

pen. And synthetic items, by reifying the validity conditions of their host



103 Evaluation and summary 29schemas counterfactual assertions gain the power to make conservation discoveries acquiring representations of previously unconceivedof aspects of theworld that remain invariant when their manifestations change or ceaseRelying on counterfactuals may seem odd given the relative novelty and obscurity of the concept of counterfactual assertion in contrast with the far more familiar and far better understood concept of logical implication As 

noted in section 88 counterfactuals pose subtle problems that are related to the problems ofnonnaive induction and which perhaps have related solutions Clearly thoughcounterfactuals are fundamental to what an organism needs to leam Its most useful predictions are contingent on its actions which are in turn contingent on itsactioncontin gent predictionsthe organism should take that action which if it istaken predicts the best result and that is an inherently counterfa

ctual criterionThe difficulty and obscurity of the concept of counterfactuals is I suspect a reason that its fundamental importance for leaming systems has been late to be recognized rather than a reason to consider it an implausible basis for leaming1031 Evaluating the mechanisms performanceThe achievements of the schema mechanisms implementation are on target butpreliminary The mechanism does use plausibly designed domainindependentleaming machinery to recapitulate

 some early milestones of Piagetian development including the anticipation of visual effects of hand motions leaming howto bring the hand into view discovering interrnodal coordination e g touchingwhat s seen and vice versa conceiving of persistent visible and palpable objectsand discovering their coextension However the mechanism just barely reachesthe point of constructing some such representations and does not go so far as toput them to practical use say to grasp 

an object in order to do something with itAnd even its rudimentary abilities are acquired in the context of a microworld andsensorimotor interface that are far simpler than what the human environment providesThe Piagetian milestones accomplished by the schema mechanism do not alloccur in the same order as in actual Piagetian development For example themechanism gains facility with recovering hidden objects before it masters intermodal coordination as noted in section

 633 although the mechanism succeedsin building schemas that anticipate say tactile contact resulting from moving thehand next to where an object is seen the mechanism does not happen to developchains of schemas that enable it to move the hand there though it does leam how
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schemas' counterfactual assertions, gain the power to make conservation discov-

eries, acquiring representations of previously unconceived-of aspects of the

world that remain invariant when their manifestations change or cease.

Relying on counterfactuals may seem odd, given the relative novelty and ob-

scurity of the concept of counterfactual assertion, in contrast with the far more fa-

miliar (and far better understood) concept of logical implication. As noted in sec-

tion 8.8, counterfactuals pose subtle problems that are related to the problems of

nonnaive induction (and which perhaps have related solutions). Clearly, though,

counterfactuals are fundamental to what an organism needs to learn. Its most use-

ful predictions are contingent on its actions, which are in turn contingent on its

action-contingent predictions—the organism should take that action which, if it is

taken, predicts the best result, and that is an inherently counterfactual criterion.

The difficulty and obscurity of the concept of counterfactuals is, I suspect, a rea-

son that its fundamental importance for learning systems has been late to be rec-

ognized, rather than a reason to consider it an implausible basis for learning.

10.3.1 Evaluating the mechanism's performance

The achievements of the schema mechanism's implementation are on target, but

preliminary. The mechanism does use plausibly designed domain-independent

learning machinery to recapitulate some early milestones of Piagetian develop-

ment, including the anticipation of visual effects of hand motions, learning how
to bring the hand into view, discovering intermodal coordination (e.g., touching

what's seen, and vice versa), conceiving ofpersistent visible and palpable objects,

and discovering their coextension. However, the mechanism just barely reaches

the point of constructing some such representations, and does not go so far as to

put them to practical use (say, to grasp an object in order to do something with it).

And even its rudimentary abilities are acquired in the context of a microworld and

sensorimotor interface that are far simpler than what the human environment pro-

vides.

The Piagetian milestones accomplished by the schema mechanism do not all

occur in the same order as in actual Piagetian development. For example, the

mechanism gains facility with recovering hidden objects before it masters inter-

modal coordination; as noted in section 6.3.3, although the mechanism succeeds

in building schemas that anticipate, say, tactile contact resulting from moving the

hand next to where an object is seen, the mechanism does not happen to develop

chains of schemas that enable it to move the hand there (though it does learn how



210 Chapter 10 Conclusionsto move the hands image elsewhere Thus it can predict tactile contact in thatsituation but cannot intentionally bring it aboutThis outofsequence achievement of some milestones are at odds with an interpretation of Piagetian stages that regards them as necessarily uniform eachstage as a whole requiring the structure of the last as a whole But the more exible view of stages espoused in section 292 is compatible with a variable order ofachievem

ent intermodal coordination is not logically prerequisite to persistenceso the order may well depend on contingencies of a learning systems environment In particular the schema mechanisms microworld tends to conne theavailable objects to a small set of home positions four such positions apiececompared to a larger number of visualfield regions 25 that reason alone mightexplain why persistence of objects at those positions is more quickly leamed thanknowledge formulate

d in part in terms of a visual representationThe example of leaming intermodal coordination raises another point As justnoted the schema mechanism can predict the tactile results of visible hand motions before being able to purposefully achieve those results If an experimenterwere restricted to observing the actions of the schema mechanisms simulated robot as Piaget and other early investigators were restricted to observing infantsovert behavior there would be no app

arent indication of the mechanism s anticipation of tactile contact The invisibility of that anticipation is reminiscent of theresults of recent investigators such as Baillargeon section 293 who demonstrates by monitoring subtle indicators of surprise that infants anticipate morethan they can act on The schema mechanism illustrates how a leaming systemthat operates according to Piagetian themes might indeed know more than itsovert behavior indicates leading to an ove

rly conservative attribution of knowledge if such behavior were the only evidence availableA concluding caveat is in order concerning several major features of the schema mechanism whose usefulness has been argued for here but has not been demonstrated by the implementation even though the features are part of the implementation First of all the chickenandegg problem tackled by marginalattribution is not seriously posed by the schema mechanisms microworld Themicrowor

ld does allow for actions whose reliable effects may be rare without thecorrect context conditions still few events occur at once and they are almost always the result of the action just performed so that more naive leaming techniques may well suffice to solve the chickenandegg problem here Secondlyalthough the purpose of the mechanism is to build structures that are both predictive and useful only the former has been demonstrated the mechanism puts its
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to move the hand's image elsewhere). Thus, it can predict tactile contact in that

situation, but cannot intentionally bring it about.

This out-of-sequence achievement of some milestones are at odds with an in-

terpretation of Piagetian stages that regards them as necessarily uniform, each

stage as a whole requiring the structure of the last as a whole. But the more flex-

ible view of stages espoused in section 2.9.2 is compatible with a variable order of

achievement; intermodal coordination is not logically prerequisite to persistence,

so the order may well depend on contingencies of a learning system's environ-

ment. In particular, the schema mechanism's microworld tends to confine the

available objects to a small set of "home positions" (four such positions apiece),

compared to a larger number of visual-field regions (25); that reason alone might

explain why persistence of objects at those positions is more quickly learned than

knowledge formulated in part in terms of a visual representation.

The example of learning intermodal coordination raises another point. As just

noted, the schema mechanism can predict the tactile results of visible hand mo-

tions before being able to purposefully achieve those results. If an experimenter

were restricted to observing the actions of the schema mechanism's simulated ro-

bot (as Piaget and other early investigators were restricted to observing infants'

overt behavior), there would be no apparent indication ofthe mechanism' s antici-

pation of tactile contact. The invisibility of that anticipation is reminiscent of the

results of recent investigators such as Baillargeon (section 2.9.3), who demon-

strates, by monitoring subtle indicators of surprise, that infants anticipate more

than they can act on. The schema mechanism illustrates how a learning system

that operates according to Piagetian themes might indeed know more than its

overt behavior indicates, leading to an overly conservative attribution of knowl-

edge if such behavior were the only evidence available.

A concluding caveat is in order concerning several major features of the sche-

ma mechanism whose usefulness has been argued for here, but has not been dem-

onstrated by the implementation, even though the features are part of the imple-

mentation. First of all, the chicken-and-egg problem tackled by marginal

attribution is not seriously posed by the schema mechanism's microworld. The

microworld does allow for actions whose reliable effects may be rare without the

correct context conditions; still, few events occur at once, and they are almost al-

ways the result of the action just performed, so that more naive learning tech-

niques may well suffice to solve the chicken-and-egg problem here. Secondly,

although the purpose of the mechanism is to build structures that are both predic-

tive and useful, only the former has been demonstrated; the mechanism puts its



103 Evaluation and summary 21 1structures to so little use that the very existence of those structures probably wouldnot be inferable from the mechanisms behavior Thirdly along the same linesthe elaborate control criteria built into the mechanism including the facility fordelegated value contributes little to its performance The mechanisms onlyachievement has to build structures that represent aspects of its worldstructureswhich at present are revealed to observers o

nly by monitoring the intemal workings of the mechanism1032 Extrapolating from the implementations performanceAs with any AI effort the question arises as to whether we might expect this system ever to go significantly further than it already has Here is a roundabout argument for such extrapolationPrior to its most advanced acquisitions the schema mechanism weaves networks of spatial knowledge the visual and proprioceptive networks that are notpredicted by Piaget Nor

 do these acquisitions contradict Piaget there is no conspicuous extemal manifestation of their presence or absence so their development is not extemally evident Nonetheless their development proceeds according to the same themes as explicitly Piagetian acquisitions and in the schemamechanism obtains from the same machinery Doubtless much of this microPiagetian knowledge as we might call it is also built in to innate cognitivemodules this may be true of much Piagetia

n knowledge as well as discussed insection 293 But as argued there a general leaming mechanism may need to recapitulate what is built in elsewhere in order to represent that knowledge in theformat that the leaming mechanism can operate on to then transcend what wasbuilt in34Indeed such eventual transcendence is the only apparent reason for any system natural or artificial to be designed to rely on recapitulating what is alreadybuilt in Thus if infant cognitive develo

pment is in fact a form of leaming there isgood reason to expect that later development involves similar leaming so that theprinciples of the early leaming extrapolate to more advanced performanceI think this argument offers the strongest reason to suspect that somethingalong the lines of the schema mechanism may be capable of more advancedachievements As just noted the mechanisms performance so far while on the34 The design of the schema mechanism makes no attempt t

o incorporate in its peripheral modules the sort of innate competence that exists in those modules in human beings For one thingnot enough is known of this innate competence to support a reasonable job of replicating it Alsoit is unclear what influence if any the peripheral competence has on centralsystem developmentIf the peripheral competence does help then not having it in the schema mechanism makes themechanism s task even more formidable
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structures to so little use that the very existence ofthose structures probably would

not be inferable from the mechanism's behavior. Thirdly, along the same lines,

the elaborate control criteria built into the mechanism, including the facility for

delegated value, contributes little to its performance. The mechanism's only

achievementhas to build structures that represent aspects of its world—structures

which, at present, are revealed to observers only by monitoring the internal work-

ings of the mechanism.

10.3.2 Extrapolating from the implementation's performance

As with any AI effort, the question arises as to whether we might expect this sys-

tem ever to go significantly further than it already has. Here is a roundabout argu-

ment for such extrapolation.

Prior to its most advanced acquisitions, the schema mechanism weaves net-

works of spatial knowledge (the visual and proprioceptive networks) that are not

predicted by Piaget. Nor do these acquisitions contradict Piaget; there is no con-

spicuous external manifestation of their presence or absence, so their develop-

ment is not externally evident. Nonetheless, their development proceeds accord-

ing to the same themes as explicitly Piagetian acquisitions, and, in the schema

mechanism, obtains from the same machinery. Doubtless much of this mi-

cro-Piagetian knowledge (as we might call it) is also built in to innate cognitive

modules; this may be true of much Piagetian knowledge as well, as discussed in

section 2.9.3. But, as argued there, a general learning mechanism may need to re-

capitulate what is built in elsewhere in order to represent that knowledge in the

format that the learning mechanism can operate on, to then transcend what was

built in.
34

Indeed, such eventual transcendence is the only apparent reason for any sys-

tem, natural or artificial, to be designed to rely on recapitulating what is already

built in. Thus, if infant cognitive development is in fact a form of learning, there is

good reason to expect that later development involves similar learning, so that the

principles of the early learning extrapolate to more advanced performance.

I think this argument offers the strongest reason to suspect that something

along the lines of the schema mechanism may be capable of more advanced

achievements. As just noted, the mechanism's performance so far, while on the

34. The design of the schema mechanism makes no attempt to incorporate in its peripheral mod-
ules the sort of innate competence that exists in those modules in human beings. For one thing,

not enough is known of this innate competence to support a reasonable job of replicating it. Also,

it is unclear what influence, if any, the peripheral competence has on central-system development.

If the peripheral competence does help, then not having it in the schema mechanism makes the

mechanism's task even more formidable.
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en the behavior of young humans is notconvincingly extrapolableit would never occur to us when we watched an infant that the infant might eventually attain adult competence had we not alreadyknown that to happen to othersThe schema mcchanismagain like other Al and natural systemsfacescombinatorial problems that threaten its ability to scale up to more advanced abilities Although the schema mechanism incorporates a number of features designed to mitigate aspects of th

e combinatorial assault there is no theoretical argument or practical demonstration that these features are necessary or sufficientBut the core features of the schema mechanismthe machinery for empiricallearning marginal attribution abstraction composite actions and conceptualinvention synthetic itemsarguably help explain Piagetian development Tothe extent that an artificial system resembles a natural system the natural systemis an existence proof that something rese

mbling the artificial system can indeedwork And if the natural system has a way to keep its combinatorics in checkasit must since it worksthen such an ability can be built into the artificial systemas wellWithout Piagets elaborate observations of actual development one mightreact to the schema mechanism by saying that yes it looks potentially powerfulbut the mechanism s early object representations for example seem too strangefor us to be comfortable with the idea of

 an intelligence having to pass throughthat Similarly given Piaget alone one might acknowledge the force of his description of major developmental themes but be skeptical of how or why a sensibly engineered mechanism would exhibit for example the odd bugs evident inearly objectunderstanding The schema mechanism and Piagets theory takentogether explain how the strange early representations may support the eventualinvention ofsensible concepts and explain why a leaming

 mechanism would exhibit some of the odd bugs encountered along the way in Piagetian developmentWhen a mechanism figures out for itself that there are objects out there itdramatically demonstrates an ability to invent new concepts The schema mechanism implementation has taken preliminary but promising steps in that directionIf this success continuesif it is shown that more of the Piagetian sequence of
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right track, is far too rudimentary to convincingly demonstrate extrapolability to

adultlike (or even childlike) intellectual capabilities. I think this is true of all arti-

ficial intelligence systems to date; extant AI programs either have expert-like abi-

lities in very narrow domains, general methods that work only on toy problems, or

are virtual programming languages whose generality and power derive from their

specific programming. For that matter, even the behavior ofyoung humans is not

convincingly extrapolable—it would never occur to us, when we watched an in-

fant, that the infant might eventually attain adult competence, had we not already

known that to happen to others.

The schema mechanism—again, like other AI (and natural) systems—faces

combinatorial problems that threaten its ability to scale up to more advanced abi-

lities. Although the schema mechanism incorporates a number of features de-

signed to mitigate aspects of the combinatorial assault, there is no theoretical ar-

gument or practical demonstration that these features are necessary or sufficient.

But the core features of the schema mechanism—the machinery for empirical

learning (marginal attribution), abstraction (composite actions), and conceptual

invention (synthetic items)—arguably help explain Piagetian development. To

the extent that an artificial system resembles a natural system, the natural system

is an existence proof that something resembling the artificial system can indeed

work. And if the natural system has a way to keep its combinatorics in check—as

it must, since it works—then such an ability can be built into the artificial system

as well.

Without Piaget's elaborate observations of actual development, one might

react to the schema mechanism by saying that yes, it looks potentially powerful,

but the mechanism's early object representations (for example) seem too strange

for us to be comfortable with the idea of an intelligence having to pass through

that. Similarly, given Piaget alone, one might acknowledge the force of his de-

scription of major developmental themes, but be skeptical ofhow or why a sensi-

bly engineered mechanism would exhibit (for example) the odd bugs evident in

early object-understanding. The schema mechanism and Piaget's theory, taken

together, explain how the strange, early representations may support the eventual

invention of sensible concepts, and explain why a learning mechanism would ex-

hibit some of the odd bugs encountered along the way in Piagetian development.

When a mechanism figures out for itself that there are objects "out there," it

dramatically demonstrates an ability to invent new concepts. The schema mecha-

nism implementation has taken preliminary but promising steps in that direction.

If this success continues—if it is shown that more of the Piagetian sequence of



103 Evaluation and summary 213achievements and mistakes would indeed follow from this machinery designedto construct and use novel representationsthen I think it likely that such machinery is actually involved in the infants developmentIn sum to the extent that the schema mechanism might approximate the actualmechanism of early Piagetian development and to the extent that the mechanismof early Piagetian development might be responsible for later development aswell it

 is plausible that something like the schema mechanism can account for aspects of later development as well The most ambitious hope for the present research is that it may be an early step towards an eventual such accountone moreverse in the long strange song of who and how we are
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achievements, and mistakes, would indeed follow from this machinery designed

to construct and use novel representations—then I think it likely that such ma-

chinery is actually involved in the infant's development.

In sum, to the extent that the schema mechanism might approximate the actual

mechanism of early Piagetian development, and to the extent that the mechanism

of early Piagetian development might be responsible for later development as

well, it is plausible that something like the schema mechanism can account for as-

pects of later development as well. The most ambitious hope for the present re-

search is that it may be an early step towards an eventual such account—one more

verse in the long, strange song of who and how we are.

QThe End
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