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Abstract using several versions of a single learning rule that has many
of the properties claimed for image schemas. As it happens,
sensorimotor interaction with its environment. The method has Neo’s analysis is of temporal, not spatial, st,ructure. EV?—‘” SO,
much in common with the notion of image-schemas, which are we present Neo as eV|de'nc.e 'that Mandler_s theorylolf infant
central to Mandler's theory of conceptual development. We Cconceptual developmentis, inits broad outlines, sufficient for

show that Mandler’s approach is feasible in an artificial agent. ~ an artificial agent to learn concepts.

Baby World
Neo lives in a simulated environment called BabyWorld,

fant sensorimotor activity. The title of this paper borrows fromWhiCh implemen_ts Neo's ls_ensations, mental' represgntations,
two papers by Jean Mandler in which she discusses how thglental and physu_:al activities, and the behavior of objects and
development might work. Central to her theorpésceptual other agents that interact with Neo. BabyWorld has two parts:
analysis by image-schemaé (Mandler, 1988; Mandler, 1992; one, Neo, implements everything that Neo does, including
Johnson, 1987; Lakoff and Johnson, 1980; Lakoff, 1984): /€aming, moving, mouthing, looking, crying, and so on. The
propose that perceptual analysis results in redescriptions §iher part, called StreamsWorld, represents Neo's environ-
spatial structure in the form of image-schemas. These rd€nt. and itimplements events that happen around Neo and
descriptions constitute the meanings that infants use to creatB '¢SPOnse to Neo's actions. .

concepts of objects, such as animate and inanimate things, N€0 S€nses its environment through a collecticsireams,

and relational concepts, such as containment and suppo%{"‘h'Ch are divided into discrete time steps. In each time step

(Mandler, 1992, p. 587). As far as we know, nobody has? stream holds ¢&éoken. Tokens represersensations or pro-
i g@ssed percepts. For example, one tokeatite-shapeand

Jkis placed in the appropriate stream whenever Neo’s eyes
tures from sensorimotor interactions. This is the purpose oPCiNtatan object thatis shaped like a rattle. The streams that

the research reported here. A second aim of the research! resent Neo’s internal sensations include an affect stream
to show that very little prior structure is sufficient to acquire 112t contains tokens such as happy and sad, a pain stream, a
conceptual structures. This result causes us to think that tH&Nger stream, and somatic and haptic streams that are active
“models” of the physical world attributed to infants by Spelke, When Neo moves and grasps. i
Carey, Baillargeon, and others, might be learned, not innate, 1he Babyworld simulator is simple and probabilistic. For
What are image-schemas? Think of them as pattern d&X@mple, Neo gets hungry some time after eating, it cries
tectors or filters that map sensory streams onto redescriptior‘f&l"'en It '_S_Unhappy or in pain; when Neo cries, Mommy
or partial representations. For example, when we see a c4gu@lly Visits, unless she is angry at Neo for crying, in which
walk across the room, OWNIMATE MOTION image-schema C2S€ she stays away. Neo falls asleep intermittently; it can
produces a partial representation of the scene; similarly wheflove its arm and head, and grasp several objects, including
we see a person walking down the road. But when we sethree rattles, a bottle, a mobile, keys and a knife. The latter
a car zoom past, theNIMATE MOTION image-schema stays Causes pain. The rattles make noise when shaken. Currently,
quiet. ' Neo is incapable of anything we would call volition. If Neo’s
As minimalists we are leery of image-schematic theorie€YeS al!ghton a rattle then Neo will grasp t'he rattle with some
of conceptual development because they are unconstraing©Pability. However goal-directed this might appear, Neo’s
How many image-schemas are required? Are they all innat@ind contains nothing that could be interpreted as a goal.

or are some learned? Which aspects of sensory experience - .

should image-schemas analyze? One purpose of this paper Redescription of Sensations

is to propose a very few, well-motivated image schemas, an@hen Neo starts to run its experience is “blooming, buzzing

show that an artificial agent can use them to learn a lot abowtonfusion,” with no apparent structure. (We know this is

the states, objects and processes in its environment. probably not true of neonates, but we don't want to assume
We have implemented a simulated agent called Neo thairior mental models of the physical world if these might be

learns representations of objects, states and activities, andasquired through interaction, as we believe they can. Thus

poised to learn categories, by a process of perceptual analysige start with very minimal prior structure.) Neo goes through

We show how an agent can acquire conceptual knowledge by

Introduction
Itis a great mystery how adult concepts can develop fromin



five levels of redescription of its experience: 1) Changes in Scopes provide a mechanism for cross-modal perception:
token values: Tokens in streams are augmented by noticintpe same contingency table mechanism will detect cooccur-
when they change value. 2) Scopes: Neo finds pairs of corences in the visual and tactile streams, for example Rose
related streams called scopes. 3) Base fluents: Neo fing$990) and Spelke (1987).
common token-value pairs within scopes. 4) Context fluents;
Neo finds base fluents that tend to follow each other in timeF lU€Nts
5) Chains: These temporal dependencies are combined inkduents represent things that don’t change, or that change in
temporal chains, which represent activities. Chains are useulghly regular, predictable ways. The sound made by a rattle
for activity-based categorization. is a fluent, so is the sensation of holding the rattle, and so
Each level of redescription produces an intermediate repare the visual sensations of the shape and color of the rattle.
resentation. Representations are interned in Neo's memoi®f course, the concept “rattle” has all these components, so
when they have accrued sufficient evidence from Neo's exfluents for the color, shape, sound and texture of a rattle must
perience. The examples in this paper are from a single rube linked up in a single fluent.
of Neo, lasting 30,000 time steps, during which it created Although the simplest fluents represent sensations, fluents
thousands of intermediate representations. A single countingre not identical with sensations. This is an important point,
mechanism is responsible for deciding when to intern a repbecause the distinction between streams and fluents is how
resentation. Neo engages in all five levels of redescription age implement the distinction between sensory experience and
soon as it is able, but because each instance of intermediategnitive experience. Neo can experience the sensations as-
representation requires statistical support, instances of deepgdciated with looking at a red rattle without saying, mentally,
levels of representation are often created before instances %&h, | recognize a red rattle.” The sensory experience is

shallower levels. implemented as tokens for red and rattle-shaped in the ap-
- propriate streams, whereas the cognitive experience of a red
Noticing When Token Values Change rattle involves activating a fluent that represents the red rattle.

A streamo; is said to change state at titiedenotedA (3, ¢),

whene; ,_1 # 014, thatis,o; changes state at timavhen it~ Base Fluents

contains a different token at timethan it did at timet — 1. Neo’s smallest fluents, calldshse fluents, represent cooccur-
Conversely,A(z,t) means the stream doesn’t change statering tokens within scopes. Suppose streantontainse at
oit—1 = 05¢. Atthis level of redescription, we don't care timet—1 andbattimet. Then we say tokemstopsin stream
what the token values actually are, we only care whether thegttimet—1, denotedi(i,a,t-1), and tokeh startsin streamns at
change. As it happens, this reduction in information servesimez, denoted-(i,b,t). Now suppose Neo turns its head and
to reduce the combinatorial space of representations at deef&reyes alight on ared rattle. Neo will detect two simultaneous
levels (i.e., scopes, base fluents, context fluents and chainsyentst-(sight-color,red,t) andt(sight-shape,rattle-shape,t).
and so is an essential first level of redescription. Sometime later, Neo might look somewhere else, which will
generate two simultaneous stop eventight-color,red,v)
Scopes and-(sight-shape, rattle-shape,v). Simultaneous start events
Neo learns ascope, s;;, when streams; ando; change and stop events are evidence that a single object—in this case
together often. Said differently, Neo leamg when the joint  a red rattle—or a single activity, is making its presence felt
eventA(s, t) & A(j,t) occurs frequently relative to the joint in two streams. Of course, twerelated events could occur
eventsA(i, t) & A(j,t) andA(s, t) & A(j,t). To assess the simultaneously in two streams, but this sort of coincidence is
relative frequencies of these events, Neo uses contingendgss likely than the coincidence of related events. Contingency

tables like this one: tables like the one described earlier count the cooccurrences
A(sight-color,t) A(sight-color,t) total of start and stop events, and assess whether start and stop
A(sight-shape,t) 2006 945 3941 events happen simultaneously significantly often. Significant
A(sight-shape,t) 826 25232 26058 associations create base fluents.
total 3822 26177 29999 Some of the base fluents discovered by Neo are shown in

] ) . table 1. They make sense, given what we know about the
This says that the streansight-shapeand sight-color  Neo simulator. The first block of fluents in table 1 deals with
changed state simultaneoug§96 times, and one changed mouthing: When Neo is mouthing, its arm is rest{fmouth
when the other d|dn945 + 826 : 1771 times. TO assess the mouthing) (arm resting)) and its voice is quie((mouth
strength of association betwesight-shapeandsight-color  mouthing) (voice quiet)) When it isn’t mouthing, Neo can
Neo squares the frequency in the first cell of the Contingencynake noises_crying7 gurg"ng and screaming_and its arm
table (2996) and divides by the product of the first row andcan move.

first column margins (3941 and 3822, respectively). The max- The next block of base fluents in table 1 represents objects
imum value for this statistic is 1.0, and for the table above itin Neo’s environment, including the green rattle, the green
is 29962/(3941 x 3822) = .596. mobile, the metallic keys, the knife, and so on. Not all the ob-
!Neo could use other statistics, suchx@sandG, provided the jects have been learned because Neo ran for only 30,000 time
contingencytable is scaled to a constant total, preserving the propoﬁteps' The last fluent in this blogsight-color dark) (sight- .
tions. (Scaling is necessary becayeandG are not independent Shape none)yepresents what happens when Neo closes its
of sample size.) In practice, Neo learns the same scopes, and ranRY€sS.
them similarly, irrespective of how it measures association in its It is apparent to us, though not to Neo, that base fluents
contingency tables. collectively have structure. Note that the block(¢ound



((mouth mouthing) (arm resting)) ((mouth mouthing) (voice quiet))
((mouth not-mouthing) (arm move-If)) ((mouth not-mouthing) (voice cry))
((mouth not-mouthing) (voice gurgle)) ((mouth not-mouthing) (voice scream))

((sight-color green) (sight-shape rattle-like)) ((sight-color green) (sight-shape mobile-like))
((sight-color metallic) (sight-shape blob-like))  ((sight-color metallic) (sight-shape knife-like))
((sight-color orange) (sight-shape blob-like)) ((sight-color orange) (sight-shape rattle-like))
((sight-color red) (sight-shape rattle-like)) ((sight-color white) (sight-shape rattle-like))
((sight-color white) (sight-shape crib-like)) ((sight-color dark) (sight-shape none))

((sound cry) (mouth not-mouthing)) ((sound cry) (tactile-mouth none))
((sound cry) (voice cry))

((sound gurgle) (mouth not-mouthing)) ((sound gurgle) (tactile-mouth none))
((sound gurgle) (voice gurgle))

((sound quiet) (arm resting)) ((sound quiet) (arm-speed resting))
((sound quiet) (mouth mouthing)) ((sound quiet) (tactile-mouth skin))
((sound quiet) (tactile-mouth plastic)) ((sound quiet) (voice quiet))
((tactile-hand none) (hand open)) ((tactile-hand plastic) (hand close))

((tactile-hand wood) (hand close))

Table 1:Some of Neo’s Base Fluents

cry) ...) base fluents has exactly the same structure as the blogkoblem of attention is even clearer when we contemplate
of ((sound gurgle) ...)fluents: Neo is not mouthing, it has no building context fluents from other fluents, because fluents are
tactile sensations in its mouth, and it is doing something withrepresentations in memory. The start ever# really means,

its voice. Regularities like this are the basis for categorization;something happens in the streams, and as a result, the fluent
as we describe below. Tljg¢actile hand)...) fluentsillustrate  Fj is retrieved from memory.” We haven't explained exactly

similar regularities. how the event- F; is implemented. It is really too simple:
When all the token values in a scope change simultaneously,
Context Fluents Neo compares the new values to the base fluents ithas learned,

nd if it finds a match, it “activates” the associated base fluent.

activates a context fluent whenever one of its component
fluents is activated. As soon as a fluent is activated, its “level
of activation” begins to decline, and after a period of time
it becomes inactive even if the sensory events that activated
it are still present. This is how we implement a crude form
of habituation. We are unable to model complex patterns of
habituation and dishabituation. Neo’s attentional mechanism

(CONTEXT ((tactile-hand wood)(hand close)) is the focus of ongoing work.
((tactile-mouth wood)(do-mouth mouth))) .

The contingency table mechanism that learns scopes andsome of Neo’s context fluents are illustrated in table 2.
base fluents also Ie_arns context fluents. Specifically, whefine first block of fluents begins with the fluegsight-
fluent F, starts at time! + 7, Neo checks to see whether oyement resting) (arm resting)) In this context, Neo very
fluent F, is active, and if so, it updates the first cell of the 5ften observes the start of the flueg(to-hand close) (hand
contingency table,H F1,t & & Fp,t +12). If F; starts and  ¢oge)) ((tactile-hand plastic) (hand close)) and ((tactile-

Fy isn't active, then Neo updates the third cell of the table,,5nq wood) (hand close)) That is, Neo has learned three
(F F1,t & = Fy,t +4). If Fy is active butF; doesn't start  activitiesthat begin when its arm is resting. The firstis, “expe-
within a window of: time steps, then Neo increments the rience the intention to close the hand and the sensation of the
second cell of the tablel-(Fy,t & = Fa,t + 1). closed hand”; the second and third are, “experience the tactile

What's missing from this account is what it means for asensation of wood/plastic in the hand and the sensation of the
fluent to be “active.” In fact, we finessed this problem earlierhand closed.” The next two context fluents in table 2 have the
when we described how Neo learns base fluents, implyingame endpoints—the hand closing, and tactile sensations in
that every start and stop event within a scope is “active,'the hand—but they begin with Neo crying and not mouthing.
that is, contributes to the contingency table for some bas@he final two context fluents begin with the tactile sensation
fluent. A more psychologically plausible mechanism mightin the hand and end with quiet sound and a tactile sensation
include some sort of selective attention, so not all scope the mouth, and with the tactile sensation and mouthing,
are monitored for start and stop events all the time. Theespectively.

Suppose Neo is holding a rattle, and then it starts to mouth th
rattle. While it is holding the rattle, the fluef(tactile-hand
wood)(hand close))is active, and when it starts mouthing,
the fluent((tactile-mouth wood)(do-mouth mouth))will be-
come active. The latter fluent starts in the context of the for
mer. If this happens significantly often then Neo will form
the context fluent,




(CONTEXT ((sight-movement resting) (arm resting))
((do-hand close) (hand close)))
((sight-movement resting) (arm resting))
((tactile-hand plastic) (hand close)))
((sight-movement resting) (arm resting))

((tactile-hand wood) (hand close)))

(CONTEXT

(CONTEXT

(CONTEXT  ((sound cry) (mouth not-mouthing))
((do-hand close) (hand close)))
((sound cry) (mouth not-mouthing))

((tactile-hand plastic) (hand close)))

(CONTEXT

(CONTEXT ((tactile-hand plastic) (hand close))
((sound quiet) (tactile-mouth plastic)))
((tactile-hand plastic) (hand close))

((tactile-mouth plastic) (mouth mouthing)))

(CONTEXT

Table 2:Some of Neo’s Context Fluents

Chains and Classification

Neo aggregates context fluents irdlaains. For example,
given the context fluents,

(CONTEXT ((tactile-mouth none) (voice cry))
((tactile-hand wood) (hand close))
(CONTEXT ((tactile-hand wood)(hand close))

((tactile-mouth wood)(do-mouth mouth))),
Neo forms the chain,

(CHAIN  ((tactile-mouth none) (voice cry))
((tactile-hand wood) (hand close))
((tactile-mouth wood)(do-mouth mouth)) ) .
Here is another, very similar chain that Neo learned:

(CHAIN  ((tactile-mouth none) (voice cry))
((tactile-hand plastic) (hand close))
((tactile-mouth plastic)(do-mouth mouth)) ) .

features and form classes (Cohen, Oates and Atkin, 1996).
The first step is to match up chains that have the same stream
names in the same order, creatingghgract chain of scopes.

For example, the chains above are both described by the ab-
stract chair{tactile-mouth voice)— (tactile-hand hand) —
(tactile-mouth mouth). Now when we look at the token
values that can instantiate this abstract chain, we find that the
tactile-hand andtactile-mouth streams contains eitheone,

wood or plastic. In other words, the abstract chain identifies
an activity in which Neo has nothing in its mouth and is cry-
ing, and then has something wood or plastic in its hand and its
mouth. We know, because we builtthe Neo simulator, thatthe
wood or plastic objects include Neo's rattles and bottles, but
not the mobile, Mommy, or Neo’s own hand. Currently, this
class is “implicit.” Neo doesn’t have an ontology in its head,
nor declarative definitions of categories. Still, there is an im-
plicit class of objects that can participate in the abstract chain.
(See Cohen, Oates and Atkin, 1996, for further examples.)

Discussion

We have illustrated five levels of redescription of Neo’s sen-
sory experience, and suggested how the regularities in these
redescriptions can be the basis of classification. Each level
of redescription provides the opportunity to learn represen-
tations, and one simple mechanism produces all these repre-
sentations but chains. The mechanism maintains contingency
tables for pairs of start{) or stop () events, and when a
measure of association for the table achieves significance,
Neo interns a representation. The only thing that changes,
from one level of representation to the nextyisat starts and
stops, and whether a lag is allowed between these events.
Each version of this basic contingency-table mechanism
can be viewed as an image-schema, in the sense Mandler
(1992) intends: It produces a redescription and an intermedi-
ate level representation of raw sensory experience. It happens
that all Neo’s redescription takes place in the temporal do-
main, butthis is appropriate for an agent that is biased to learn

The only difference between these chains is the object that predictive model of events in its environment. Although
Neo grabs and mouths: in the first case it is wooden, in thé/andler presents image-schemas as processors of spatial in-
second, plastic. We may formdhass of things that Neo can formation, they are equally well described in temporal terms.
grab and mouth. The chains don’t say exactly which object&andler cites, for instanceELF MOTION, ANIMATE MOTION,

are in the class, but we know they are either wood or plasticcAUSED MOTION, andAGENCY as image schemas. We would

and they are graspable, and mouthable.
GRASPABLE and MOUTHABLE are interactional properties

argue that Neo has learned some of these predicates. For ex-
ample, the abstract chajdo-arm arm) — (sight-movement

(Johnson, 1987) that characterize Neo’s activities in its enviarm-speed)defines a class of actions in which, in the context

ronment. UnlikeTEXTURE—wood or plastic—they are in a ofanarm movement, Neo sees the arm moving fast. Arguably,
sensesubjective: What's graspable by one agent isn’t neces-this is aseLF MOTIONimage-schema.
sarily graspable by another. WhergaxTURE is an inherent This example raises the question of how many image-
property of an objectzRASPABLEis a property of the object schemas is a baby born with, and whether more are learned.
and the agent who may try to grasp it. Interactional proper- Mandler lists many image schemas in her paper; we suggest
ties likeGRASPABLE are the basis for categories in Lakoff and one for scopes, one for base fluents, and one for context fluents
Johnson’s theory of categorization (Johnson, 1987; Lakoff(applied recursively to produce chains). Another mechanism
1984; Lakoff and Johnson, 1980) and also in Mandler’s theis required to produce abstract chains. Still, we take a dis-
ory of conceptual development (Mandler, 1992). Howevertinctly minimalist position: If an image-schema suchsasF
we believe categories are best defined in termactifities,  MOTION can be learned as described above, we prefer not to
and the attractiveness of interactional features is due to themssume babies are born with it. We think it is very valuable
describing activities better than objective features such as texe implement agents such as Neo to find out how much or
ture (Cohen, Oates and Atkin, 1996). little is required in the way of innate structure, especially as
In fact, although Neo learns activities, represented asmage-schemas and the kinds of “models” discussed by Leslie
chains, we are responsible for using these chains to identiff1988), Spelke (1988), Carey and Spelke (1994), Keil (1994),



and others are informal (lacking interpretation as data strucPaul R. Cohen, Tim Oates, and Marc S. Atkin. (1996). Pre-
tures and processes) and their interactions with memory and liminary evidence that conceptual structure can be learned
attention are largely unspecified. by interacting with an environment.

Arelated questionis why particular relationships areimagemark Johnson. (1987)The Body in the Mind. University of
schemas. We offer two kinds of explanation. Scopes serve to Chicago Press.

reduce the combinatorial space of potential fluents, so perhapg ok Keil. (1994). The birth and nurturance of concepts by
some image-schemas have evolved for computational reasons o mains. In Lawrence A. Hirschfeld and Susan A.Gelman,
Base fluents are learned when tokens start and stop simultane-ggitors Mapping the Mind. Cambridge University Press.

ously. Simultaneity is rare among independent events, so . .
image-schema that detects simultaneity is ideal for associa _eJ)rge Lg{(Oﬁ% C(:thS4)V\meen, Fire, and Dangerous Things.
ing parts of a whole. (Thus it may not be necessary to positan niversity o Icago Fress.
innate and sophisticated understanding of the physical world>€0rge Lakoff and Mark Johnson. (1980)letaphors We
e.g., Spelke, 1988.) Context fluents are learned when one Live By. University of Chicago Press.
fluent follows another more often than would be expected byAlan M. Leslie. (1988). The necessity of illusion: perception
chance, which is a necessary though not sufficient condition and thought in infancy. In L. Weiskrantz, editdihought
to infer cause (Suppes, 1970; Cohen, 1995). So Neo has theWthout Language. Oxford University Press (Clarendon).
image-schemas it has because they help Neo identify statelksan M. Mandler. (1988). How to build a baby: Onthe devel-
objects and potentially causal sequences. opment of an accessible representational systeognitive
. Development, 3:113-136.

Conclusion Jean M. Mandler. (1992). Howto build a baby: Il. conceptual
Let us review what Neo learned: It learned that most of the primitives. Psychological Review, 99(4):587—-604.
regularity in its environmenttakes place in 30 pairs of streamsg. A. Rose. (1990). Cross-modal transfer in infants: What is
less than 10% of thg26 x 25) /2 = 325 pairs of streams thatit  peing transferred? In Adele Diamond, edit®he Devel-

might have focused on. It learned base fluents corresponding opment and Neural Bases of Higher Cognitive Functions.
to the shape and color of most objects in its environment. It New York Academy of Sciences.

learned the permanent locations of the green mobile (directlg|izapeth S. Spelke. (1987). The development of intermodal
overhead) and the crib bars (to the extreme left and right of ‘nerception. In P. Salapatek and L. Cohen, editdts

its field of view). It learned activities, such as grasping an  ysndoook of Infant Perception. Academic Press.

object and mouthing it, or moving its arm and seeing its amMe jizabeth S. Spelke. (1988). The origins of physical knowl-

move. It almost learned conditions. For example, itlearned a . !
. . ) ' - edge. In L. Weiskrantz, editorhought Without Language.
chain that includes.((do-hand open)(hand open))((tactile Oxford University Press (Clarendon).

mouth skin)(mouth mouthing)), but it has no way to learn i o ,
that the first) gluent isa conditigc221 for the second—that the hand>atrick Suppes. (1970R Probabilistic Theory of Causality.
must be open to be mouthed. It learned chains from which North-Holland Amsterdam.
we abstracted classes that make sense in Neo’s environment,
such as the class of objects that can be grasped and mouthed,
and the class of activities that end in seeing the arm moving
fast.
Keep in mind that Neo’s actions are largely random: when
it grabs an object itan mouth it, but it's just as likely to
drop it, or move its head. The only structure in Neo’s actions
is provided by conditions (e.g., it cannot mouth an object it
hasn't grasped, and it cannot mouth its hand unless the hand
is open) and by a handful of simple behavioral dependencies
built into the simulator (e.g., it sometimes grabs what it looks
at, and it cries if it gets hungry). Keeping in mind also that
Neo ran for only 30,000 time steps, it seems to us that it
learned quite a lot.
In conclusion, Neo provides preliminary evidence that
image-schematic redescription of raw sensations is probably
sufficient to form implicit, activity-based categories. Very
few image-schemas are required; more may be learned.
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