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Perceiving and reasoning about objects:
Insights from infants

Elizabeth S. Spelke and Gretchen A. Van de Walle

Introduction

The human environment is populated by a rich variety of material objects, from rocks,
to spoons, to pocket calculators, to animals and people. To act on our surroundings
cffectively, we must apprehend these objects and anticipate their behaviour. Some of
this task appears to be accomplished by perceptual mechanisms: a cup stands before us
and we see its shape, colour and texturc. Even in this case, however, perception goes
beyond the immediately visible, for we appear to *see’ the complete cup, not just the
surfaces reflecting light to our eyes. To act on the cup, moreover, we must apprehend
object properties that are not obviously visible at all, such as the cup's weight and
centre of mass. As our encounters with objects become extended over ime, object per-
ception appears to become increasingly inferential in character. We look at the cup a1
different places and times and apprehend a body that has persisted between those
encounters. We drop the cup and anticipate its behaviour. The cup falls from view, and
we infer how it will continue to move and where, approximately, it will come to rest.
These last activities seem to reflect not an ability to perceive visible objects but an
ability to represent hidden objects and to reason about their behaviour.

How do humans perceive surrounding layours of spatially extended, bounded objects?
How do we reason about objects so as to anticipate their future behaviour or infer their
unsecen states and motions? Are object perception and physical reasoning related activi-
ties? How does each depend on, and illuminate, human conceptions of the physical
world?

Studies in computational vision and philosophy suggest discouraging answers
to these questions. There may be no basic process of object perception, dependent on
general constraints on objects’ behaviour. Rather, perception of objects may depend on
processes of object recognition. Based on a computational analysis of human vision, for
example, Marr (1982, pp. 270-1) suggests that perceptual mechanisms, artuned to general
constraints on the arrangement and behaviour of the visible environment, cannot segment
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the surface layout into objects.! Based on an analysis of human intuitions about object
persistence over change, Wiggins (1980) arrives at a similar conclusion,

Research in cognitive and educational psychology further suggests there is no basic
process of physical reasoning, guided by knowledge of general constraints on objects’
behaviour. High school and college students show striking inconsistencies in their
common-sense reasoning about objects {e.g. Halloun and Hestenes, 1985; McCloskey,
1983). For example, one person may judge that a ball set in horizontal motion by
striking will move both forward and downward after Josing its support, whereas a ball
sct in motion by a carricr will move only downward (McCloskey, 1983). Similarly, one
person may judge that water leaving a curved tube will follow a straight path, whereas
a ball leaving a curved tube will follow a curved path (Kaiser, Jonides and Alexander,
1986). These and other findings suggest that humans reason about ohjects by exploit-
ing a collection of expectations about the behaviour of particular kinds of objects in
particular circumstances.

In philosophy and in psychology, little consensus has emerged concerning the rela-
tion between perception and rcasoning, or concerning the existenve and nature of
general conceptions of the physical world. In the light of the above characterization of
ubject perception and physical reasoning, the apparent intractability of these questions
is not surprising. If perceiving and rcasoning each depend on a wealth of acquired
information about particular kinds of objects, then one would expect these processes
to resemble one another in some respects (because the objects we must perceive and
reason about are the same) and to diverge in other respects (because the appearance of
an object, so useful for purposes of recognition, is not always the most useful guide to
reasoning about its behaviour). One also would expect the quest for general conceptions
of the physical world to remain unfulfilled, either because basic conceptions are buried
under a wealth of more specialized conceptions, or because no basic conceptions exist.

Against these conclusions, we will sketch a different picture. There is a basic process
of object perception, according with general and pervasive constraints on the behaviour
of the material world. This process begins to operate before children have developed
knowledge of particular kinds of objects; it enables children and adults 1o single out the
things about which they develop knowledge. There is also a basic process of reasoning
about objects, according with the same physical constraints. This process enables
children and adults to trace objects through time and to anticipate their future states
and positions. It provides a framework within which humans can gain further knowledge
about the behaviour of objects of particular kinds.

If these suggestions are correct, then studies of carly development may shed light
on processes of object perception and physical reasoning. Studies of infants and young
children could serve to reveal the operation of these processes at the time when the
processes are most needed, and before they are overlaid by a wealth of specific knowledge.

In what follows, we review some research on infants' perception and reasoning about
certain simple, inanimate objects.! For purposes of exposition, we consider studies of
object perception and studies of physical reasoning separately, but we will suggest that
this division ig artificial. Neither perceiving objects nor reasoning about objects fits
comfortably within the common-sense distinction between observing the world and
thinking abour it. They fit poorly within these categorics, we believe, because object
perception and physical reasoning are aspects of a single human competence, centring
on a single system of knowledge.
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! Object perception in infancy

Psychologists' understanding of perception in infancy has grown greatly over the last
three decades, owing in large part to the development of a set of useful experimental
methods. In particular, preferential looking methods, focusing on systematic differ-
ences in infants’ looking time to different visual patterns (Fantz, 1961), have served to
assess a broad spectrum of perceptual abilities, including perception of hue (e.g. Teller
and Bornstein, 1987), orientation (Atkinson, ch. 14, Braddick, ch. 15 of this volume),
form {c.g. Schwartz and Day, 1979), depth (e.g. Kellman, Van de Walle, Hofsten and
Condry, 1990; Slater, Mattock and Brown, 19%0) and intermodal correspondences (e.g.
Meltzoff, ch. 9 of this volume; Streni, 1990). A number of investigators have used these
methods to investigate infants’ ability to divide the perceived layout into unitary,
buunded objects. Because these studics have heen reviewed elsewhere, we summarize
only a sampling of studies here (see Spelke, 1990, for 2 more detailed summary).

1.1 Infant perception of the unity and boundaries of visible objects Let us begin with a
simple situation: A three-dimensional object is presented in front of a uniform back-
ground. Can infants perceive the unity of this object and its separateness from the
background? Experiments using four different methods provide evidence that infants
perceive object unity as early as three months of age (Spelke and Born, 1983; Spelke,
1985a; Hofsten and Spelke, 1985; Kestenbaum, Termine and Spelke, 1987; Spelke,
Hofsten and Kestenbaum, 1989; Spelke, Breinlinger, Jacobson and Phillips, 1993a).
The most recent of these studies {Spelke et al., 1993a) serves as an example.

In this experiment, three-month-old infants were presented with one of four coni-
cally shaped objects in an otherwise empty display (Figure 5.1, aand b). The experiment
used a habituation of looking time method, in order to investigate whether infants
perceived each of the objects as a unit that should move as a whole. On a series of trials,
infants in an experimental condition saw a hand enter the display and tap the object,
which remained at rest. Looking time was recorded until the infant Jooked away from
the display, ending the trial. Trials continued until the infant's spontaneous looking
time declined to half its initial level: the criterion of habiruation.

A sequence of alternating test trials followed. On each trial, the hand entered the
display and then grasped and lifted the top of the object. On the three whole-object test
trials, the object rose as a single body; on the three half-object test trials, the object
broke apart and only its upper half rose into the air (Figure 5.1, c and d). Looking time
to the event outcomes was recorded, beginning when the display ceased to move and
continuing until the infant looked away.

l.soking times to the two event outcomes were compared to the looking times
of infants in a scparate bascline condition, who viewed the raised half- and whole-object
displays with no prior exposure to the objects, Since the infants in the baseline con-
dition viewed exactly the same displays as those in the experimental condition throughout
the time that looking was recorded, the bascline condition controlled for differences in
the intrinsic attractiveness of the two displays.

In habituation studies, infants tend to look longer at novel or surprising events (sce
Baillargeon, 1986; Bornstein, 1985; Spelke, 1985b; Atkinson, ch. 14, Braddick, ch. 15
of this volume). If the infants in the experimental condition perceived each of the four
ohjects as a unit, then the event outcome in which the object broke apart should have

Percerving and reasoning about objects 135

Habituation

{a) (1]

Test

{c) ()

Figure 5./ Schematic depiction of displays from an experiment on inflants’ perception
of object boundaries. (After Spelke et al., 1993a )

appeared more novel or surprising to them. The results supported this prediction: the
infants in the experimental condition showed a significantly greater looking preference
for the half-object display than those in the baseline condition, providing evidence that
infants perceived the objects as unitary wholes.

Let us now complicate the situation and ask whether infants perceive object bounda-
ries of scenes containing several objects. Adults typically are able to perceive the
distinctness of each object in a complex scene. Studies of young infants provide
evidence that they also can perceive the distinctness of objects, under two conditions.
First, young infants perceive two objects as distinct if the objects are spatially scparared
by a gap (Figure 5.2, a-c). T'wo objects are perceived as distinct not only when the
objects are separated vertically so that the gap is visible (Spelke et al., 1989; Kestenbaum
et al., 1987), but also when the objects are separated in depth, so that the gap cannot
be seen directly (Hofsten and Spelke, 1985; Kestenbaum et al., 1987). Second, young
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Figure 5.2 Schematic depiction of displays from experiments on object perception in

infancy. Arrows indicate the direction and extent of object motion. The objects in (b),

(c) and (j) were separated in depth; those in (d) and (g) were adjacent in depth. (After

Hofsten and Spelke, 1985 (d, j); Kestenbaum, et al., 1987 (a, b, f, g); Prather and
Spelke, 1982 (c); Spelke, et al., 1989 {e, h, i)).

infants perceive two objects as distinct if the objects undergo separate motions, even if
the objects remain in contact throughout the time that they move (Figure 5.2, d and ¢).
Two adjacent objects are perceived as distinet if one object moves while the other
is stationary (Hofsten and Spelke, 1985) and also if each object moves rigidly in a
different direction (Spelke et al., 1989)." In contrast, infants do not appear to perceive
the boundary between two objects that are stationary and adjacent, even if the objects
differ in colour, texture and form (Figure 5.2, fand g). In the experiment by Spelke et
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al. (1991a), for example, three-month-old infants’ perception of object unity appeared
tu be equally strong, regardless of whether infants viewed an object with a uniform
colour and simple shape (Figure 5.1a) or an object with a top and bottom thar differed
in colour and were irregular in shape (Figure 5.1b). The Gestalt relativnships that
specify the boundaries of stationary objects for adults - colour similarity, smoothness
of edges and figural goodness — do not appear to be effective for infants.

The above findings suggest that young infants are sensitive to two symmetrical
constraints on object motion: cohesion and boundedness. First, a single object is a spa-
tially connected body that retains its connectedness as it moves. When two surfaces can
be seen nof to be connected (because they are separated by a detecrable gap or because
their connectedness is broken as they move), the cohesion constraint dictates that the
surfaces lic on different objects. Second, distinet objects are not connected, and they
do not become connected when they move. When no spatial gap or relative motion can
be seen to separate two surfaces, the boundedness constraint dictates thar the surfaces
lie on a single object. Infants® sensitivity to these two constraints can be encompassed
by a single principle of cohesion: surfaces lie on a single object if and only if they are
connected. This principle accounts for all the findings described above,

Let us turn to the case in which two objects undergo a common rigid motion.
Infants’ perception of commonly moving objects has been studied with configurations
similar to those described above (Figure 5.2, h-j). Perception of object boundaries has
been found to depend on how the objects are arranged in space.

When two objects are adjacent and move together, infants appear to perceive one
connected body (Hofsten and Spelke, 1985; Spelke ct al., 1989). This finding is not
surprising, since the objects also are seen as one body when they are stationary. When
two objects are separated by a visible gap and move together, infants appear to perceive
two distinct bodies, despite the common pattern of motion (Spelke et al, 1989), This
finding follows from the cohesion principle: two parts of a single object cannot be
wholly unconnected. When two objects are separated in depth, however, a different
finding is obtained. Although the objects are perceived as distinet when they are
stationary, they are perceived as a single body when they move together (Hofsten and
Spelke, 1985). This perception does not follow from the cohesion principle alone,
What accounts for it?

One possible account is suggested by the intuitions of adults. If two partly hidden
surfaces move rigidly together, we infer that the surfaces are in contact somewhere out
ol view. This inference follows from the physical constraint of me action ar a distance:
distinct objects do not move together if they arc separated by a gap. Conversely, if two
partly hidden surfaces move independently, adults infer that they are separated by
a hidden gap. This inference follows from the physical constraint of action on contact:
objects do not move independently when they are in contact. Both constraints can be
captured by a single principle of contact: surfaces move together if and only if they are
in contact. Once two partly hidden surfaces are inferred to be continuously in coneact,
the display is perceived as a single object, like the display in Figure 5.2h, in accord with
the cohesion principle. Therefore, these cohesion and contact principles together specify
that commonly moving, partly hidden surfaces lie on a single object.

Do infants perceive partly hidden objects in this way? This possibility may appear
remote. In order for infants to perceive two commonly moving, partly hidden surfaces
as adults do, they must perceive occlusion: infants must represent surfaces as hiding
parts of other surfaces. In addition, infants must make inferences about the surfaces
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Figure 5.3 Schematic depiction of displays from an experiment on infants’ perception
of a progressively occluded object. Arrows indicate the direction of motion of the disk,
which continued moving until it was fully hidden. (After Craton and Yonas, 1990.)

that lie in occluded parts of the layout. Finally, infants’ inferences must follow from
an analysis of the motions of visible surfaces, in accord with both the contact and the
cohesion principles. We now turn to research that provides evidence for all these
abilities.

1.2 Infant perception of partly occluded objects  When a visible object moves partly out
of view, young infants appear to perceive a persisting, unchanging body. Evidence for
this ability comes from a variery of experiments (e.g. Baillargeon, 1987a; Bower, 1967;
Craton and Yonas, 1990; Kellman and Spelke, 1983; Leslie, 1991; Spelke, Breinlinger,
Macomber and Jacobson, 1992). An experiment by Craton and Yonas (1990) serves
as an example. Four-month-old infants were habituated to a disk that moved in and
out of view behind a screen (Figure 5.3). The disk underwent a fairly complex motion
such that it was rarely fully visible or fully hidden: for most of the habituation period,
the disk was partly occluded by the screen. Following habituation, the infants were
shown test displays consisting of either a half disk or a whole disk. Four-month-old
infants looked significantly longer at the half disk. This finding suggests that the
infants did not perceive the occluding edge of the screen as a boundary of the disk, and
that they did not perceive the disk to change shape as it moved from view. Rather, the
infants appeared to perceive an object of constant form that was progressively hidden
and revealed.
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What do infants perceive when an object moves rigidly behind a surface that oc-
cludes its centre: can they infer that the visible surfaces are in contact behind the
occluder throughout the event, and therefore perceive the object as one connected
body? A number of experiments provide evidence for this ability. In one study (Kellman
and Spelke, 1983), four-month-old infants in an experimental condition were habituared
tir a rod moving laterally behind a central vecluding block. Following habituation, the
infants were shown two test displays: a connected rod and a broken rod consisting of
two aligned parts of the rod with a gap where the occluder had been (Figure 5.4). Their
looking times were compared to those of infants in a baseline condition, who viewed
the same test displays. The infants in the experimental condition looked significantly
longer at the broken rod, relative to bascline. This experiment thus provided cvidence
that infants perceived the partly hidden rod as a connected object.

Subsequent experiments further investigated the conditions under which infants
perceive the unity of a centre-occluded object. First, the object must move: infants do
not infer contact between the visible surfaces of an object thar is stativnary {Kellman
and Spelke, 1983). Second, any rigid motion in three-dimensional space leads infants
to perceive object unity: motion in depth and vertical motion are as effective as lareral
motion (Kellman, Spelke and Short, 1986). Third, retinal displacements produced by
an object's motion are neither necessary nor sufficient for perception of abject unity. 1f
infants are in motion and view a centre-occluded object that moves conjointly with
them, effectively eliminating any retinal displacement caused by the motion of the
abject, they infer contact between the object’s partly occluded surfaces. Infants fail o
infer contact between the surfaces of a stationary centre-occluded object during self
mation, despite the fact that their own displacement produces substantial retinal dis-
placement of the display (Kellman, Gleitman and Spelke, 1987). It appears that real,
three-dimensional surface motion is necessary for perception of partly hidden objects.
Fourth, in all the above studies, the Gestalt relations of colour similarity, smoothness
of edges and figural goodness have no detectable influence on infants” perception of
centre-occluded objects. In stationary displays, Gestalt relations fail w specify, for
infants, that surfaces lie on one connected, partly hidden object (Kellman and Spelke,
1983; Schmidt and Spelke, 1984; Schmidr, 1985; Schwartz, 1982). In muving displays,
these relations fail to influence either the strength of infants’ perception of object unity
{Kellman and Spelke, 1983) or the form of the objects that infants perceive (Craton and
Baillargeon, personal communication). Infants’ perception of centre-occluded objects
accords only with the principles of contact and cohesion.

The above studies were conducted with infants at least three months old. Ir is
interesting to ask whether younger infants would perceive partly occluded objects in
the same way. Recent experiments by Slater, Morison, Somers, Matock, Hrown and
Taylor (1990) suggest that they do not. Unlike four-month-olds, newborn infants may
pereeive the surfaces of a rigidly moving, centre-occluded object as separated by a gap.

In these studies, newborn infants were habituated to a rigidly translating, centre-
ocluded object (either an outline square or a rod). Following habituation, the infants
were presented with paired test stimuli consisting of a broken and a connected figure.
With both the outline square and the rod, newborn infants showed a significant preference
fur the connected rather than the broken test display, suggesting that they perceived
the centre-occluded object as two spatially separated bodies bounded by the occluder.
Additional studies provided evidence that these looking patterns were not produced
either by a preference for a familiar object or by a failure of attention 1o the occluder
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Figure 5.4  Schematic depiction of displays frum an experiment on infants’ perception
of partly occluded objects. Arrows indicate the direction and relative extent of the rod’s
motion. (After Kellman and Spelke, 1983.)
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during habituation. A final study directly compared newborn and four-month-old
infants’ performance using displays differing only in size. This study replicated Kellman
and Spelke’s (1983) original findings with four-month-old infants; newborns again
cxhibited the opposite visual preferences.

The above findings could be interpreted in at least four ways. First, newborn infants
may be insensitive to the motion relations that are critical to the perception of partly
vccluded objects in infancy. This possibility is consistent with research on the ncural
mechanisms of motion processing and their development in infancy (Johnson, 1990).
Second, developmental changes in depth perception may allow four-month-old in-
fants, but not newborns, to perceive the correct depth relations berween the occluder
and the partly hidden object. Very young infants may fail to see a centre-occluded object
as occluded because they fail to perceive its surfaces as standing behind the occluder,
Consistent with this possibility, a wealth of research provides evidence that sensitivity
to depth increases dramatically over the first four months (c.g. Held, Birch and Gwiazda,
1980; Kellman et al., 1990). Third, the neural pathways allowing cognitive control over
visual attention may mature over the first four months. Newborn infants therefore may
fail to exhibit, in their looking preferences, cognitive capacities that are present and
otherwise functional ( Johnson, 1990). Fourth, young infants may perceive occlusion,
depth and motion relations correctly but may fail to perceive object unity in accord
with the contact and cohesion principles. Current research is attempting to test these
possibilities,

Whatever processes account for developmental changes in the first months of life, it
appears that three- and four-month-old infants perceive visible objects in accord with
the principles of cohesion and contact. For such infants, perception of visible objects
evidently depends on processes that operate quite late in perceptual analysis. These
processes take as input a representation of arrangements and motions of surfaces in
the three-dimensional visible layout, not lower level representations of arrangements
and displacements of images in the two-dimensional visual field. We now ask whether
these processes are more central still: does object perception depend on distinct visual
mechanisms, haptic mechanisms and the like, or does it depend on a single mechanism
operating on representations of the layour obtained from any perceptual mode? If
perception of objects depends on an amodal mechanism, then infants might perceive
objects when they encounter surfaces through other perceprual modes, and their
perception should accord with the same principles as perception of visible objects.

1.3 Infant perception of haptically presented objects Research on haptic perception
provides evidence that infants perceive object unity and boundaries from active touch
{Streri and Spelke, 1988). Infants aged four and a half months were given two rings 1o
hold, one in each hand, under a bib that blocked their view of the rings and of their
bodies. In one condition, the rings were constrained to move rigidly twgether; in
another condition, the rings could be moved independently.® Infants explored the rings
at will, without touching the area between the rings or bringing the rings into view.
The experiments investigated whether, in each condition, infants perceived one con-
nected object or two scparate objects.

Perception of the unity or distinctness of the objects was tested through a haptic
habituation and visual transfer test (Figure 5.5). In past research, infants were found to
look more at a visible object that differed from the object they had felt during habituation
(Streri and Pécheux, 1986; Streri, 1987). After exploring the rings haptically to a
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Figure 5.5 Schematic depiction of displays from an experiment on infants' haptic
perception of object boundaries. (After Streri and Spelke, 1988.)

criterion of habiruation, infants were presented with two visual displays consisting of
two rings that were either connected or separated by a gap. Their looking preferences
between the displays were compared to the preferences of infants in a separate baseline
condition, who were presented with the same visual displays after no habituation
sequence. The infants who had explored the rigidly movable rings looked significantly
longer at the separated rings, providing evidence that they perceived the haptically
presented rings as connected. Conversely, the infants who explored the independently
movable rings looked longer at the connected rings, providing evidence that they
perceived the rings as distinct. These perceptions accord with the contact principle and
with the findings of studies of object perception in the visual mode.

Further experiments varied properties of the rigidly movable assembly such as the
similarity of the two rings in form, texture and weight, and the simplicity of the overall
shape of the assembly (Streri and Spelke, 1989). In contrast to adults, infants’ percep-
tion of the rings was not affected by these properties. As in the case of vision, Gestal
relations evidently fail to influence infants’ perception of haptically presented objects.

Most recently, experiments have investigated infants’ perception of haptically pre-
sented objects that remain in contact but that undergo distinct rigid motions (Streri,
Spelke and Rameix, 1993). In different conditions, the two rings either underwent
separate horizontal motions (they could by pushed together and pulled apart) or separate
vertical motions (they could be slid up and down with respect to one another). Infants
either explored the rings actively, producing the relative motions, or they held the
rings passively while an experimenter produced the motions. Like adults (Gibson,
1962), infants perceived the objects effectively only when they manipulated the assembly
actively. In the active motion conditions, infants’ looking preferences provided evidence
that each haptic assembly was perceived as two distinet objects. These findings acoord
with the cohesion principle and with the findings of studies of visual object perception
{(Hofsten and Spelke, 1985; Spelke et al., 194Y).

Percerving and reasoning abour objects 143

Experiments on haptic object perception thercfore provide evidence that infants
perceive haptically presented objects in accord with the cohesion and contact principles
and not in accord with the Gestalt principles of similarity and figural goodness. Object
perception appears to accord with the same principles in the haptic and the visual
modes. It may depend on a single, amodal mechanism.

1.4 Principles of object perceprion  In summary, infants appear to organize the perceived
layout into bodies that are cohesive, that are bounded, that move independently of
bodies from which they are spatially separated, and that move together with bodies
with which they are in contact. Infants’ perception of objects can be encompassed by
two principles: the principle of cohesion (surfaces lie on one object if and only if they
are connected) and the principle of contact (surfaces move together if and only if they
are in contact).’

The above studies suggest that object perception accords with physical constraints
on objects’ behaviour. The research described in the next section investigated whether
sensitivity to such constraints also allows infants to reason about objects. We ask
whether infants can use knowledge of physical constraints in objects’ behaviour 1o
make sensc of the motions of objects that are visible, and 1o make inferences about the
motions of objects that are hidden.

2 Physical reasoning in infancy

2.1 Infants’ representations of hidden objects Perceptual encounters with objects are
sporadic: objects enter and leave the field of view whenever the perceiver, or other
objects, move. Adults nevertheless represent each object as existing and moving con-
tinuously over space and time. These representations partly reflect our sensitivity to
a basic physical constraint on object motion. According to the continuity consiraint,
objects move only on connected paths from one place and time to another. We now
ask whether infants represent hidden objects in accord with this constrain.

First, consider whether infants represent the continued existence of an object that
leaves their view, in accord with one aspect of the continuity constraint: objects exist
continuously. Studies using three different methods, and quite different situations,
provide evidence for this ability. In one series of studies, Clifton, Rochat, Litovsky and
Perris (1991) presented six-month-old infants with two visible objects that differed in
size and made distinctive sounds. Infants were allowed to reach for the objects. As is
often observed (e.g. Bruner and Koslowski, 1972), infants reached in different ways for
the large and small objects. After this familiarization, the room lights were extin-
guished, such that no object could be seen, and the sounds that had accompanied the
large and small objects were presented in alternation, Presented with each sound,
subjects tended to engage in the reaching movements elicited by an object of the
appropriate size. Analyses of the reaching patterns of individual infants suggested that
these reactions were not attributable to response learning during the period when the
object was visible. Rather, infants appeared to represent each object’s position and size,
and these representations guided infants’ reaching.

Further evidence for object representations comes from research using prefercntial
looking methods and objects that move fully from view behind an vccluder. Although
we have already described one such study (Craton and Yonas, 1990), the most extensive
studies come from the laboratory of Baillargeon (1986; 1987a; 1947b; Baillargeon,
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Spelke and Wasserman, 1985). In Baillargeon's first experiments, infants were familiar-
ized with a ecreen that rotated 180" on a table, in the manner of a drawbridge. After
habituation to this event, a stationary object was placed behind the screen. The posi-
tion and dimensions of the object were such that the object was fully visible when the
screen lay flat on the table, was progressively occluded as the screen rose and was fully
hidden by the time the screen had rotated #0°. The screen’s rotation then continued.
On alternating trials, the screen stopped when it reached the place occupied by the
object (a novel but possible motion) or it rotated 180" through the place occupied by
the object, revealing nothing in its path (a familiar but impossible motion). Infants as
young as four and a half months looked longer at the latter motion (Baillargeon, 1987a).
This finding provides evidence that infants represented the existence and location of
the hidden object.

Given only the above findings, one could question the richness, robustness and
accessibility of young infants’ representations (Fischer and Biddell, 1991). Further
studies by Baillargeon provide evidence that five- to seven-months-old infants' repre-
sentations of objects are quite rich, incorporating information not only about the
existence of a hidden object, but also about its location, size and rigidity (Baillargeon,
1987b; Baillargeon and Graber, 1987). In one serics of studies, infants were presented
with objects of different heights behind a rotating screen. Preferential looking to screen
rotations of different extents depended reliably on the height of the hidden object: the
taller the object, the less extensive the screen rotation that elicited a novelty reaction
{Baillargeon, 1987b). This finding, like the findings of Clifton et al. (1991}, of Craton
and Yonas (1990) and of a further experiment by Baillargeon (Baillargeon and Graber,
1987), provides evidence that infants represented the size and shape of the hidden
object and inferred that these propertics would not change while it was hidden. In
other studics, infants were presented with objects differing in rigidity. An extensive
screen rotation evoked novelty reactions only for the rigid object (Baillargeon, 1987h).
This finding suggests that infants can represent the permissible transformations of a
hidden object: in this case, change in shape (see also Baillargeon, Graber, DeVos and
Black, 1990).

If an object moves fully out of view in one location and returns to view in another
location, it must have traced a connected path from the first location to the second. An
experiment by Spelke and Kestenbaum (1986) suggests that four-month-old infants,
like adults, represent the identity or distinctness of successively hidden objects in
accord with this aspect of the continuity constraint.

Infants were presented with a display in which two objects passed successively
behind two spatially separated screens (Figure 5.6): an object that stood to the left of
the left screen moved behind it, and after a pause, an object emerged to the right of the
right screen. At the right end of the display, the second object changed direction and
the same motions were presented in reverse. This event occurred repeatedly, as long as
the infant looked at it. Although only one object is visible at 2 time in this event, adults
describe the event as containing two objects moving in succession, one on each side
of the gap between the screens. This perception follows from the continuity constraint:
objects move only on connected paths.

To investigate infants’ perception of this event, a group of infants was habituated o
it. Other infants were habiruated to an event in which a single object moved continuously
behind the two screens, to an event in which one or two objects moved behind a single
wide screen, or to no event (baseline condition). Then all the infants were presented,
on alternating trials, with displays of either one or two fully visible objects. Infants
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Figure 5.6 Schematic depiction of displays from an experiment on infants’ apprehension

of object identity. Arrows indicate the path of the object’s motion from its initial

position (solid lines) to its final position (broken lines). {After Spelke and Kestenbaum,
1986.)

habituated to the discontinuous motion showed a preference for the one-object event.
This preference differed reliably from the preferences of infants habituated to continu-
ous motion and from baseline, The experiment provides evidence that infants appre-
hended two continuously moving objects in the discontinuous event, in accord with the
constraint that objects move only on connected paths. Research by Baillargeon and
Graber (1987) supports the same conclusion.

2.2 Infants’ inferences about hidden object motion The above experiments suggest that
infants represent hidden objects and their motions, and that their representarions
accord with the continuity constraint. The next experiments extend these findings in
two directions (Spelke et al., 1992; 1993b). First, they investigate whether infants are
able to infer how a hidden, moving object continues to move and where it comes
to rest. Second, they investigate whether infants’ representations of the motions of
hidden objects accord with a second physical constraint on object motion. The solidiry
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Figure 5.7 Schematic depiction of displays from an experiment on infants’ inferences

about hidden object motion. Broken lines indicate the position of the screen. Arrows

indicate the direction and path of visible motion in the experimental condirion. In the

control condition, the ball was moved forward in depth to its final position. (After
Spelke er al., 1992.)

consiraint dictates that objects move only on non-intersecting paths, such that no parts
of distinct objects ever coincide in space and time. If infants represent hidden object
motion in accord with the continuity and solidity constraints, then they should infer
that 2 hidden moving object will neither ‘jump over' nor ‘pass through’ any obstacle in
its path.*

'!Eihcsc experiments used a modified preferential looking method so as to present
young infants with a task devised by Piaget: an ‘invisible displacement task’. In the first
experiment (Spelke et al., 1992), four-month—old infants were first presented with an
open stage with a brightly coloured floor (Figure 5.7). A screen was lowered to cover
the lower half of the stage, including the floor, a ball was introduced above the screen
and dropped behind it, and then the screen was raised to reveal the ball on the floor:
an expected outcome for adults. Looking time to this event outcome was recorded,
beginning with the raising of the screen. The event was repeated on a series of trials,
until looking time declined by 50 per cent.

Afiter this habituation sequence, a second, brightly coloured surface was introduced
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into the display above the floor, the screen was lowered to cover both surfaces and the
ball was dropped as before, On alternating test trials, the screen was raised to reveal the
ball at rest cither in a new position on the upper surface or in its familiar position
on the floor. Whereas the new position was consistent with all constraints on object
motion, the familiar position was inconsistent with the continuity and solidiry constraints.
Given that the upper surface neither moved nor ruptured, the ball could only have
reached the lower surface by ‘jumping over' or *passing through' the upper surface, in
violation of the continuity or solidity constraints,

Looking times to the two test outcomes were recorded, beginning with the raising of
the screen, and were compared to the looking times of infants in 2 control condition.
In the control condition, infants were presented with the same outcome displays,
preceded by events in which the ball was moved forward in depth to its final position,
and then the screen was lowered and raised. As in the studies of Spelke et al. (1993a),
therefore, infants in the two conditions viewed exactly the same displayvs throughout
the time that looking was recorded.

If infants inferred thar objects would move in accord with the continuity and solidity
constraints, then the infants in the experimental condition were expected 1o look longer
at the inconsistent event, relative 1o those in the control condition. The findings con-
firmed this prediction. The experiment thus provided evidence that four-month-old
infants inferred that the hidden object would move on a connected path that inter-
sected no other object, in accord with solidity and continuity constraints.

This finding complements the findings of research by Baillargeon (1986), using a
different preferential looking method. It was replicated and extended by Spelke et
al. (1992; 1993b) in four further studies. In these studics, reasoning in accord with the
continuity and solidity constraints was tested with events in which an object fell
through the air toward a surface with a gap, rolled on a horizontal surface in the frontal
plane or rolled on a horizontal surface in depth. Experiments were conducted ar four
ages: two and a half months, four months, six months and ten months, Ar all these ages
and for all the events, infants looked longer at event outcomes that were inconsistent
with the continuity and solidity constraints,

Continuity and solidity are symmetrical constraints on object motion. The continu-
ity constraint dictates that a single object travels on a connected path over space and
time: its path can contain no gaps (Figure 5.8b). The solidity constraint dictates that
distinct objects travel on separate paths over space and time: paths cannot intersect
such that the objects coincide in space at any moment in time (Figure 5.8c), These two
constraints, therefore, can be encompassed by a single principle of conrinuity: an object
traces exactly one connected path over space and time. The above research provides
evidence that this principle guides young infants' reasoning about hidden objects.

The continuity principle does not permit fully specific predictions about the motion
or the final position of a hidden object. For example, an object that falls from view
toward an obstacle might cease moving before reaching the obstacle. If the object does
reach the obstacle, it might come to rest, rebound, displace the obstacle, break the
uvbstacle or itself be broken. All these event outcomes are consistent with the continuity
and solidity constraints:” adults distinguish between these outcomes by applying
knowledge of other constraints on object motion and knowledge of the behaviour of
objects of particular kinds. The next experiments have begun to investigate whether
infants distinguish among some of these outcomes, and infer thar objects will move in
accord with two further physical constraints on object motion: gravity and inertia.
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Figure 5.8 Schematic depiction of events that accord with, or violate, the continuiry

and solidity constraints. Solid lines indicate each object’s path of motion, expressed as

changes in its position over time. Each object traces (a) exactly one connected path over

gpace and time, (b) no connected path over space and time or (c) two connected paths
over space and time.
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Figure 5.9 Schematic depiction of displays from an experiment on infants' inferences
about hidden object motion. Arrows indicate the direction and path of visible motion
in the experimental and the control condition. In the control condition, the hand held

the ball throughout the event. (After Spelke et al., 1992))

A number of experiments have tested whether infants infer that an ohject that moves
from view will move downward to a supporting surface on a smooth path, in accord
with the constraints of gravity and incrtia (Spelke et al., 1992; 1993b; 1993c). One
experiment by Spelke er al. (1992) serves as an example. This study used the same
method and nearly the same events as the above studies of continuity and solidity
{Figure 5.9). Four-month-old infants were habituated to a ball that fell behind a screen
covering two surfaces and was revealed at rest on the first surface in its path. Then the
upper surface was removed, the ball was dropped behind the screen as before, and it
was revealed either in a new position on the lower surface or in its former position, now
in midair, The latter position was inconsistent with gravity and with inertia; the ball
appeared to stop falling in the absence of support and to change its motion in the
absence of obstacles.
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Looking time to these two outcomes was compared to the looking time of infants
in a control condition, presented with a hand-held ball that was lowered to its resting
position before the lowering and raising of the screen. Except for the hand, the infants
in the control condition viewed the same outcome displays as those in the experimental
condition, but with outcomes that were consistent with gravity and inertia. Infants in
the experimental condition looked non-significantly longer at the consistens outcome.
Their preferences differed reliably from the preferences of infants in the corresponding
studies of continuity and solidity. These findings provide no evidence for sensitivity
either to gravity or to inertia.

In further experiments using the invisible displacement method, sensitivity to gravity
and inertia has been tested with other events and at other ages, ranging from threc
to twelve months. Infants under six months of age have shown no sign of sensitivity to
either constraint in any situation tested. Sensitivity to both constraints appears 1o
emerge at older ages, although it appears to emerge in a piecemeal fashion, with con-
siderable variability across infants (Spelke et al., 1992; 1993b; 1993c), Comparisons
across experiments have revealed that infants respond more strongly and consistently
to the violations of the continuity and solidity constraints than to violations of the
gravity and inertia constraints (Spelke et al., 1992; 1993b). These studies suggest that
infants do not make fully specific inferences about the motion of hidden objects. They
suggest, morcover, that sensitivity to continuity and solidity is more deeply rooted in
human development than sensitivity to gravity and inertia. Sensitivity to gravity may
not, however, be fully absent in early infancy (see Baillargeon, 1990; Baillargeon and
Hanko-Summers, 199}, Needham and Baillargeon, 1991),

The next experiments investigate whether infants represent the motions of hidden
objects in accord with one more physical constraint on objects’ behaviour: no action at
a distance. Experiments by Ball (1973), Borwon (1979) and Baillargeon, DeVos and
Black (in Baillargeon, 1992) provide evidence that they do. Infants reason about hidden
interactions between objects in accord with the constraint that surfaces move together
only on contact.

Ball's (1973) experiment may have been the first to use a preferential looking method
to investigate young infants’ inferences about hidden object motion. Infants ranging in
age from nine to 122 weeks were familiarized with an event in which one object moved
behind an occluding screen and, after an appropriate temporal delay, a second object
emerged from the other side of the screen (Figure 5.10). Separate groups of infants
then were presented with a fully visible display in which one of two events occurred.
In one condition, the first object came to a halt on contact with the second object, and
the second object immediately began to move in the same direction. In the second
condition, the first object came to a halt before it reached the second object, and afier
a delay, the second object began to move. Looking times to the two event outcomes
were recorded and compared to the looking times of infants in a no-habituation baseline
condition.

Ball's analysis treated all the infants in each condition as a single group. He found
that the infants in the experimental condition looked significantly longer ar the display
in which the objects were separated by a spatial and temporal gap, relative 1o baseline.
Because Ball reported the data for each subject in an appendix to his paper, we were
able to re-analyse his data separately for the youngest infants. The looking preference
for the display in which the object motions were spatially and temporally separated
differed significantly between the two conditions, among the subset of infants tested
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Figure 5.10  Schematic depiction of displays from an experiment on infants’ inferences
about hidden object motion. Each arrow indicates the direction and extent of motion

of the object below it. (After Ball, 1973.)

at less than 28 weeks of age {Wilcoxon-Mann-Whitney = = 2.48, p < .01). Ball's ex-
periment therefore provides evidence that by six and a half months of age, infants infer
contact between the surfaces of the hidden objects, in accord with the constraint of no
action at a distance.”

Two further experiments provide additional evidence for this ability (Baillargeon et
al., 1991; in Baillargeon, 1992; Borton, 1976). In Baillargeon et al.'s study, six-month-
old infants were shown a long narrow platform with a toy bear that either sat on the left
end of the platform or sat next to the platform without touching it. The display was
then hidden from view by a screen, a hand reached behind the screen and pulled the
platform to the right and the bear moved rightward into view through an aperture in
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the screen. Infants looked longer at the event in which the bear had been shown sitting
next to the platform. This finding suggests that infants understood that the bear would
move together with the platform only if it was in contact with the platform’s surface.

2.3 Infants’ apprehension of causal relations between objects When adults view two
objects that collide and immediately change their motion, we tend to experience cach
object as causing the other object’s change in motion (Michotte, 1963). This impres-
sion accords with the constraint of action on contact. Adults’ impression of a causal
relation is removed, moreover, if a spatial gap or a temporal delay separates the two
objects’ motion (Michotte, 1954). The absence of an impression of causality berween
spatially or temporally separated objects accords with the constraint of no action at
a distance. As noted above, these geometrical constraints can be captured by a single
principle of contact.

We conclude this section by considering whether infants infer causal relations in
accordance with this principle. Using preferential looking methods, Alan Leslie (1985;
Leslie and Keeble, 1987) presented infants with animated film sequences in which two
objects moved in succession (Figure 5.11). In one condition, the first object came into
contact with the second object, and the second object immediately began to move in
the same direction. The objects therefore moved together at the moment of contact. In
other conditions, the motions of the two objects were separated in space or in time. To
assess whether infants apprechended a causal relation in any of these events, Leslic
familiarized separate groups of infants with one of the events and then presented the
same event in reverse. He reasoned that in conditions where the familiarization event
was pereeived as causal, a reversal of that event would reverse not only the direction of
the objects’ motion, but also the causal relation between the objects. The infants who
perceived a causal relation in the familiarization event therefore should recover their
looking to the reversal of that event more than the infants who saw an event evoking
no impression of a causal relation.

Leslie’s experiments provided evidence that infants perceive causal relations as
adults do. The infants presented with the objects that moved together at the moment
of contact reacted to the event reversal with reliably longer looking than those presented
with the objects whose motions were separated by a spatial or temporal gap.

In one respect, Leslie’s findings go beyond the scope of this chapter: we offer no
account of the mechanisms underlying impressions of causality in infants or adults (see
Leslie, 1988; Michotte, 1954)." We believe it is significant, nevertheless, that infants’
causal impressions accord with the contact principle. This finding converges with the
findings from studies of infants’ inferences about hidden object motion (Baillargeon et
al., 1991; Ball, 1973; Borton, 1976). Infants may make sense both of visible and of
hidden object motions in accord with a small set of general constraints on the behaviour
of material bodies.

2.4 Principles guiding physical reasoming  In summary, young infants appear to reason
about the existence and the motions of both visible and hidden objects. Under certain
conditions, infants represent the persistence of an object that is fully hidden, they trace
object identity over successive encounters, they infer how a hidden, moving object
continues to move and where it comes to rest, and they apprehend the causes of an
object’s motion. Early reasoning about object motion appears to accord with four
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Figure 5.11  Schematic depiction of displays from an experiment on infants’ ':mp:l-c:u:i.:‘:ns
of causal relations between object motions. Arrows indicate the presence and direction
of motion of the object(s) below. (After Leslic and Keeble, 1987.)

constraints: continuity, solidity, action on contact and no action at a distance. These
constraints, in turn, can be captured by the principle of continuity (an object moves on
a unique, connected path) and the principle of contact {abjects move mgcthur :I_‘ ;Eml
only if they are in contact). How do these principles relate to the principles guiding

object perception?

3 Object perception and physical reasoning in infancy

Infants’ abilities to reason about objects resemble their abilities to perceive objects.
First, object perception and physical reasoning both depend on an unalysi_ﬁ af t!uw
surfaces are arranged in space, and how surface arrangements change over time. Sec-
ond, the relevant spatio-temporal arrangements apply in both cases to surlaces in _thu
three-dimensional layout, not to images in the two-dimensional visual field. Third,
processes of object perception appear to depend on amodal mechanisms. [t seems very
likely that the same is true for the process of physical reasoning, although to our
knowledge, this issue has not been investigated directly. We suggest now that there is
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a stronger relation between object perception and physical reasoning: the principles
that encompass object perception and physical reasoning are closely connected, and
possibly identical. This relation suggests that a single system of knowledge guides
perceiving and reasoning about objects.

Consider first the contact principle. One could propose distinct and relatively restricted
principles to encompass infants’ perception of the simultaneously moving ends of one
centre-occluded object, infants’ inferences about the hidden motions of two succes-
sively moving objects, infants’ impression of a causal relation between two objects that
make contact, and infants’ impression of no causal relation between two objects that do
not make contact. The contact principle could, however, figure in all these abilities.
When two surfaces move together, either throughout an event or at one point in an
event, this principle dictates that the surfaces are in contact. When two surfaces maove
independently, this principle dictates that the surfaces are not in contact. Conversely,
when two surfaces come into contact, this principle dictates that their motions are not
independent. When two surfaces are separated by a spatial or temporal gap, finally, this
principle dictates that their motions are independent; neither motion therefore could
cause the other.

We now turn to the relation between the cohesion principle, specifying the condi-
tions for object unity over space, and the continuity principle, specifying the conditions
for object persistence over time. These principles are not identical: non-solid substances
such as sand and water behave in accord with the continuity principle (a pile of sand
moves on a connected, unobstructed path) but not in accord with the cohesion prin-
ciple {a sand pile does not retain cither its connectedness or its boundaries as it moves
in relation to other objects and substances). Nevertheless, the principles are related.
The necessary and sufficient condition for object unity, over space and time, is that the
(spatial) parts and (temporal) appearances of an object be connected. Moreover, cohesion
implies continuity: only continuously movable bodies could behave in accord with the
cohesion principle.

The relation between the cohesion principle and the continuity principle can be
discerned if one focuses on the separate constraints of boundedness and solidity, on onc
hand, and cohesion and continuity, on the other. According to the boundedness con-
straint, no parts of two distinct objects are connected. That is, every path from a part
of one object to a part of the other object contains one or more boundary points, where
at least one of the objects ends. This condition cannot be satisfied if points on distinct
objects occupy the same location: no boundary scparates a point from itself. It follows
that ne parts of distinct objects ever coincide in space and time, and therefore that the
paths of two distinct, persisting objects can never intersect. Boundedness can only be
satisfied by bodies whose behaviour accords with the solidity constraint.

Consider next the constraints of cohesion and continuity. According to the cohesion
constraint, the parts of a single object are linked by enduring connections: connections
that persist as the object moves. This condition cannot be met if there are gaps in the
object’s path through space or time. Cohesion can only be satisfied by bodies whose
behaviour accords with the continuity constraint. :

These considerations suggest that there is a close relationship between object per-
ception and physical reasoning. It is pussible, indeed, that the same principles govern
perception and reasoning. Infants may infer that a hidden object moves not only
continuously but also cohesively; infants may infer that two hidden, moving objecis
not only do not intersect but also do not merge. Ongoing research supports both these
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possibilities (Carey, personal communication). During infancy, object perception and
physical reasoning may depend on a single system of knowledge."

If object perception and physical reasoning are based on a single system of know-
ledge, then it is fair to ask whether this knowledge is embedded in ‘perceprual’ or
‘reasoning systems'. We question both characterizations.

One of us has suggested that apprehending objects does not depend on ‘perceprual
processes’ akin to those underlying the apprehension of colour, distance or motion
{Spelke, 1988). This suggestion was based on a consideration of three aspects of object
perception: the nature of its input, its amodal character and its accordance with physical
constraints on objects’ behaviour, The suggestion contrasted with the common view
that object representations are produced by input systems operating independently
of reasoning (e.g. Fodor, 1983; see also Gibson, 1966; 1979; Koffka, 1935, Michotte,
Thinés and Crabbé, 1964) and echoed Marr's (1982) propesal that in moving from the
representation of surfaces to the representation of objects, one passes the limits of *pure
perception’ (see footnote 1). We believe the findings of the present studies cast strong
doubt on the view that object perception depends on an input system operating in-
dependently of physical reasoning. Indeed, perceiving and reasoning about objects
appear to be inseparable processes. In this respect, the present findings support Marr's
view."!

Mevertheless, representing hidden objects and inferring their motions do not appear
to depend on ‘reasoning processes’ akin to the processes involved in calculating one’s
income tax or solving crossword puzzles. For adults, inferences in accord with the
constraints of continuity and contact appear to be immediate, effortless and uncon-
scious. In some cases, these inferences are unaffected by specific knowledge of the
objects being viewed: they occur even when such knowledge indicates thar they are
inappropriate (Michotte, 1963). Prototypical reasoning processes, in contrast, tend to
be slow, effortful, deliberate and responsive to knowledge from any source (Fodor,
1983). These considerations led Michotte to propose that humans perceive the motions
of hidden objects and the causal relations among visible objects. The present findings
support aspects of Michotte's view (see also Leslie, 1988). Contrary to Michotte, how-
ever, the findings suggest that object perception and physical reasoning are based on a
system of knowledge of physical objeets, not on general perceptual principles such as
those proposed by the Gestalt psychologists.

The processes that underlie perceiving and reasoning about objects therefore appear
to lie at the border of whar is traditionally considered *perception’ and what is tradi-
tionally considered ‘thought'. An appreciation of the unique position of these processes
may shed light both on the nature and on the development of physical knowledge.

4 Physical conceptions in infancy and adulthood

The above experiments suggest answers to the four questions that began this chapter,
as those questions apply to infants. There appears to be a general process of object
perception in infancy, applicable 1o all material bodies. Infants perceive the unity and
boundaries of objects by analyzing the spatial arrangements and motions of surfaces, in
accord with the principles of cohesion and contact. There also appears to be a general
process of physical reasoning in infancy. Infants reason about the behaviour of material
bodies in accordance with the principles of contact and continuity. The close relation
between the principles guiding object perception and those guiding physical reasoning



156 Elizabeth 5. Spelke and Gretchen A. Van de Valle

suggests a connection between these psychological processes. In infancy, perceiving
and reasoning about objects may be guided by one system of knowledge: a single con-
ception of material bodies comprising, at least in part, the principles of cohesion,
contact and continuity. :

What might these findings with infants suggest about object perception, physical
reasoning and physical knowledge in adulis? It is conceivable that studies of infants
reveal nothing about mature perception, reasoning or knowledge. Studics of infants
could be uninformative for either of two reasons. First, mature processes of object
perception and physical reasoning might depend on mechanisms that emerge after
infancy. Second, mature processes of perception and reasoning may result from de-
velopmental processes that bring radical change to physical conceptions (Carey, 1991;
Gopnik, 1988; Kuhn, 1977; Piaget, 1954),

Contrary to these possibilities, we suggest thar the principles guiding perception and
reasoning in infancy are central to the physical conceptions of adults. This suggestion
arises from a consideration of how one learns spontaneously about the physical world,
It is supported, we believe, by a variety of observations, both from psychology and
from philosophy, concerning adults’ physical conceptions.

Insofar as humans develop knowledge by learning, and learn about objects by observing
their behaviour, we suggest that the system of physical knowledge found in infants will
tend to be enriched, not overturned, by the further development of knowledge (Spelke,
1991). This suggestion hinges on the claim that a single system of knowledge underlies
infants’ physical reasoning and object perception. If the principles of cohesion and
contact underlie object perception, then infants will single out objects whose behaviour
accords with those principles. As children learn about the bodies they single out, their
learming may well enrich their initial conceptions. Children may learn, for example,
that material bodies tend to have simple shapes, to move smoothly and to fall when
unsupported. Children will not learn, however, that the behaviour of material bodies
violates the cohesion and contact principles, even if the world that surrounds them
containg myriad violations of the principles. Such learning will not occur, because
cntities that violate the cohesion and conrtact principles will not be singled out as
objects."? Spontaneous learning will tend to decpen, not dislodge, the initial conception
of material bodies.

A number of observations in philosophy and in psychology appear to support the
view that cohesion, contact and continuity are central to mature conceptions of material
bodies. Consider mature, common-sense intuitions about object identity over change.
Intuitions about the persistence of a material body are clearest when the body’s behaviour
accords with all of these constraints; intuitions about the non-persistence of a body are
clearest when the body’s behaviour violates all the constraints, In contrast, intuitions
about physical identity appear to become least certain, and decisions most problematic,
when the behaviour of a body accords with some constraints and violates others: for
example, when two particles fuse or one object is disassembled and reassembled (see
Hirsch, 1982).

Consider next the sortal concepts that children acquire: concepts such as ‘chair’
or ‘tiger’. These concepts tend strongly, although not universally, to apply to bodics
whose behaviour accords with the principles guiding object perception and physical
reasoning. In English, there are sortal terms such as ‘lock’, ‘cup’, ‘bolt’ and *bee’, but
not one term for ‘lock-and-key', ‘cup and saucer’, *nut-and-bolt’ or ‘bee colony’, des-
pite the functional coherence of the latter notions. The accordance of sortal conceprs
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with the principles guiding object perception and physical reasoning may not be
accidental. Initial conceptions of material bodies may underlie the acquisition of sortal
concepts and sortal terms (sce Markman, 1989; Mervis, 1987, Shipley and Shepperson,
1990; Soja, Carey and Spelke, 1991).

In contrast, the constraints on material bodies that infants fail to recognize may
be weaker and less central to the physical conceptions of adults. To be sure, adults
recognize that objects tend to have simple and regular shapes, that ubjects tend to fall
when unsupported and that objects tend to move smoothly. Nevertheless, adults quite
readily perceive, reason about and learn sortal terms for objects that are irregular in
shape (e.g. rocks), that can rest without apparent support (e.g. kites) and that can
change direction abruptly and spontaneously (e.g. animals). Moreover, adults’ sensitiv-
ity to physical constraints such as gravity and inertia is incomplete, at best (McCloskey,
1983; Proffitt and Gilden, 1989).

These observations suggest that the earliest developing conceptions of physical
objects are the most central conceptions guiding mature object perception and physical
reasoning. For adults, such conceptions are overlaid by a wealth of knowledge about
the appearances and the behaviour of particular kinds of objects. Even this more
specific and limited knowledge, however, reflects the core knowledge from which it
grew. Both for adults and for children, cohesion, contact and continuity may be central
to our understanding of the material world. Through studies of early development,
psychologists may investigate the nature of this core knowledge.
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NOTES

1 More specifically, Marr suggests that perceptual mechanisms recover from retinal images a
description of the visible surface layout: the *2.5D sketch’. This description does not indi-
cate where an object ends and the next begins. According to Marr, it is likely to mark “the
limits of what one might call pure perception — the recovery of surface information by purely
data-driven processes without the need for particular hypotheses about the nature, use or
function of the objects being viewed' (Marr, 1942, p. 269),

2 Woe intend our sccount of ohject perception and physical reasoning to apply to all material
bodies, including machines, animals and persons. Unfortunately, few studies exist concern-
ing infants’ perceiving or reasoning about objects in the lamer categories. The chapter
therefore focuses on objects such as balls and blocks.

3 We do not know what infants perceive when visible objects undergo nun-rigid motions that
preserve their connectivity, such as uniform bending or rotation around a joint. Current
research is investigating some of these situations,

4 The rings were connected by a long and highly flexible elastic band thar in all likelihood was
not detectable by the infants.

5 Although the present account of object perception is substantially in agreement with the
account in Spelke (1990), the bi-directional cohesion principle now replaces Spelke’s um-
directional principles of cohesion and boundedness, and the bi-directional contact principle
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replaces and revises Spelke’s (199%) uni-directional principles of no action at a distance and
rigidity.

6 The terms in quotations should not be interpreted as in ordinary language. When an object
hits an obstacle, it may rupture the vbstacle and thus move beyond ir. Although this event
may be described as one object passing through another, it does not violate the solidity
constraint, because the rwo objects never coincide in space at any time. Similarly, an object
that hits an obstacle may alter its motion and bounce over it. Although this event may he
described as one object jumping over another, it does not violate the continuity constraint,
because each object exists continuously and moves on a connected path. It is significant, we
believe, that the English language has no term for events that violate the continuity and
solidity constraints, even though such events are ubiquitous (for example, in the motions of
shadows). People do not ordinarily communicate about such events, we suggest, because
they do not really apprehend or understand them.

7 Infants may rule out the last two outcomes if their inferences about hidden object morion are
guided by the cohesion constraint, because events in which the object or obstacle breaks
apart violate that constraint. Two recently completed experiments provide evidence in
favour of this possibility (S. Carey, personal communication),

&  Because the surfaces moved together only at the moment of impact and were otherwise buth
spatially separated and independently moving, the cohesion principle dictates that the sur-
faces comprised two separate ohjects,

9 The contsct principle formulated here — objects move together if and only if they are in confact
— must be combined with other premises in order to yield the inference that ane object has
raused another object's motion,

10 In our usage, a ‘system of knowledge’ is a set of principles that characterize the entities in
& domain and underlics inferences about those entitics (see Chomsky, 1980). We do not
imply that this knowledge is explicit or conscious in infants or adults.

11 Contrary 1o Marr, however, studies of infants suggest that both object perception and
physical reasoning depend in part on sensitivity to general constraints on the behaviour of
material bodies. They do not depend exclusively on ‘particular hypotheses” about ohjects of
particular kinds,

12 Shadows provide an interesting test case fur this thesis. Both infants and young children
detect shadows, and they may be predisposed to consider shadows as objects, subject to the
cohesion and contact principles (Piaget, 1960; deVries, 1987; Rubenstein, 1991). With devel-
opment, children discover that shadows do not behave in accordance with these constrainis.
This discovery does not, however, lead to a change in conceptions of material bodies,
Rather, children come to view shadows as non-material (see Carey, 1991)
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