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Abstract

Recent research indicates that 4- to 8-month-old infants can track and anticipate the final
orientation of an object following different invisible spatial transformations (Rochat, P.,
Hespos, S.J. (1996). Cognitive Development, 11, 3-17). Six experiments were designed to
specify further the nature and development of early expectation for a set of dynamic events. A
violation of expectation method was used to assess infants’ reactions to probable and improb-
able outcomes of an objects’ orientation following an invisible transformation. The avail-
ability of orientation cues, the path of motion, and the amount of invisible spatial
transformation was systematically varied. The studies indicate that infants as young as 4
months of age detect orientation-specific cues for objects undergoing invisible spatial trans-
formations. Developmental differences in this ability between 4 and 6 months of age lend
insight to the nature and limitations of this early representational ability. These findings
provide evidence for dynamic mental representation in infancy. © 1997 Elsevier Science B.V.

Keywords: Mental representation; Infancy; Spatial transformation

1. Introduction

We are always making assumptions about objects beyond the information given
by perception. For example, we assume that occluded objects continue to exist (out
of sight does not mean out of mind), that unsupported objects fall down (they rarely
float in midair), and that two solid objects cannot pass through one another. This
ability implies that we represent information about objects even when they are not
perceptually present. However, empirical evidence suggests that object representa-
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tion is linked to the way perceptual information is processed. Mental rotation studies
with adults suggest that there is a temporal spatial isomorphism between an object
rotation and its imagined rotation (Shepard and Metzler, 1971; Shepard, 1984).
These studies imply that certain spatial and temporal attributes intrinsic to physical
events may also be intrinsic to the mental representation of such events. Given any
physical dynamic event, the temporal quality is intrinsic and necessary. Similarly,
our representation of dynamic events may have an intrinsic and necessary temporal
quality. For example, temporal constraints in physical events have directionality
(i.e., in that time goes forward), and continuity (i.e., time does not stop and start)
(Freyd, 1987). We suggest that representation of dynamic events shares the intrinsic
qualities of directionality and continuity and that these constraints are evident in
infancy.

Traditional theories of perception (e.g., Goldmeier, 1937, 1972; Koffka, 1935;
Wertheimer, 1938; Rock, 1973) have focused primarily on static, two-dimensional
stimuli, overlooking the importance of dynamic information. Motion was consid-
ered an additional, independent variable in an already complex system. In contrast,
more recent theories of perception suggest that dynamic information is fundamental
to the perceptual process (Johansson, 1973, 1986; Gibson, 1979). Gibson (1966)
suggested that invariants, aspects of the environment that stay the same across a
changing perceptual array, are fundamental to perception because they are most
reliable in specifying properties of objects in the optic array. He emphasized that
our visual system has evolved to register change and to detect invariance in the optic
array as opposed to reconstructing dynamic events from static visual information.
The spatial relationships between objects in the perceptual array are often in flux:
perceivers move and objects move. Change in the perceptual array resulting from
motion carries information about the structure of a particular object and spatial
relationships between objects (Neisser, 1989).

Kellman (1993) proposed that the ability to detect motion-carried information is
fundamental to the development of perceptual systems. From birth, infants are
attracted to objects that are in motion more than stationary ones (Banks and Sala-
patek, 1981; Slater et al., 1985; Yonas and Granrud, 1983). Some forms of motion-
produced information are picked up very early in life. For example, newborn infants
perceive that a visual image whose projection expands symmetrically in the field of
view specifies an imminent collision (Bower et al., 1970; Ball and Tronick, 1971;
Gibson, 1982). Common motion may also influence the perceived unity of objects.
Experiments on 4- to 6-month-old infants using looking paradigms (Kellman and
Spelke, 1983) and reaching paradigms (Hofsten and von Spelke, 1985) have demon-
strated that common motion leads to perceived unity of objects and that relative
motion leads to the perception of separate objects. Keliman et al. (1987) showed that
5-month-old infants can distinguish between their own motion around a stationary
object, object motion around them while stationary, and conjoint motion of them-
selves and of the object. These studies suggest that prelocomotor infants detect
subtle cues specifying different types of movement.

Examples of detected looming, perceived unity, and discrimination of object
versus observer motion are all demonstrations of the ability to detect invariant
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structure from motion. There are a variety of dynamic cues that specify properties of
objects. Kellman (1993) suggested that spatial-temporal invariant patterns are the
basis of initial concepts about objects. More specifically, motion-carried information
may specify object properties better than purely static spatial information. An
empirical question that has not been fully addressed by infancy researchers pertains
to the developmental change in an infant’s flexibility in using different perceptual
cues. For example, when a piece of paper slides off the table and floats down to the
floor. Even though my view of the paper’s trajectory is occluded, I develop expecta-
tions about the transformation based on the dynamic information perceived before
occlusion. I anticipate that the paper will come to rest on the floor, that it will
probably not land balanced on its edge but will land flat. Furthermore, I expect
the words on the page to have the same spatial arrangement as they did before the
fall. The question addressed here is, when and how do these expectations develop?
At the level of representation, Piaget and Inhelder (1971), provided a useful
classification of mental imagery, making a basic distinction between static and
kinetic mental images. According to Piaget and Inhelder, static images correspond
to the mental representation of an object, independent of any transformation. Kinetic
images, on the other hand, correspond to the mental representation of the object’s
transformation. Based on a series of studies evaluating children’s drawings, Piaget
and collaborators suggested that static images develop first. By 7 to 8 years of age,
children start to describe and interpret invisible transformations per se, beyond the
mere static mental representation of the start and end points of a transformation.
Piaget concluded that this development corresponds to children’s growing ability to
manipulate mental images. An analogous progression was suggested by Piaget
(1952, 1954) regarding the development of object permanence. In the context of
manual search tasks, Piaget observed that infants first can recover a hidden object at
a single location (Stage 4 of the sensorimotor period) and are eventually capable of
representing its invisible displacements in a final stage achieved by 18 months
(Stage 6 of the sensorimotor period). Bower (1974) suggested that infants’ failure
to perform search tasks could be due to the difficulties involved with manual search
not a lack of object permanence. A series of studies with infants as young as 7 weeks
of age (Bower, 1967, 1974; Bower et al., 1971) suggested that infants did indeed
demonstrate object permanence earlier than Piaget claimed in a context that does not
require a manual search (for reviews see Gratch, 1975, 1976; Harris, 1987, Baillar-
geon, 1993). Research in the last decade has provided further evidence of object
permanence by young infants who are shown to represent static characteristics of
objects such as height (Baillargeon and Graber, 1987), width (Aguiar, 1994), and
position (Baillargeon and DeVos, 1992). Only recently have researchers investi-
gated kinetic imagery in infancy in the context of preferential looking paradigms.
Rochat and Hespos (1996) investigated young infants’ ability to represent an
object’s invisible spatial transformation (i.e., kinetic mental imagery according to
Piaget and Inhelder (1971)). They tested infants in a situation where an object
disappeared behind an occluder. Infants were familiarized to an object disappearing
behind an occluder following either a translation (vertical fall), or a rotational
motion (180° arc). The final third of both motions was occluded by a screen so
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that the final orientation of the object was not visible. Following familiarization,
infants were shown six test trials. In the test trials, infants saw the object disappear-
ing behind the occluder, then the occluder was removed. On alternating test trials,
infants were presented with the object in the appropriate orientation outcome (prob-
able orientation), or rotated by 180° (improbable orientation). Looking time at the
revealed object was measured. Results showed that infants look significantly longer
at the improbable orientation outcome. Based on these results Rochat and Hespos
(1996) concluded that infants are capable of mentally tracking invisible transforma-
tions and anticipating the final orientation outcome. However, the object used was
rich in orientation cues and the invisible transformation was short. Furthermore,
Rochat and Hespos (1996) did not find any developmental trends in this ability. As it
stands, it is still unclear what the relevant cues are that infants use to anticipate the
final orientation outcome of the transformation. If there are developmental differ-
ences in this ability then what are the determinants of young infants’ mental tracking
of invisible spatial transformations? The present research was designed to address
these questions. In particular, there were four specific aims guiding the research.

The first aim was to verify the original phenomenon reported by Rochat and
Hespos (1996) while further controlling for possible perceptual cues inadvertently
provided by either the experimenter (Experiment 1), or by the background of the
display (Experiment 2). In Experiment 1, we attempted an exact replication of
Rochat and Hespos (1996), using a double-blind procedure. In Experiment 2, we
replicated the original phenomenon with the same object but used a different display
that eliminated possible perceptual cues on the background of the display that might
be used by the infant, independent of any dynamic representation.

The second aim was to investigate young infants’ ability to anticipate the orienta-
tion outcome of an object within the context of a different, potentially more complex
path of motion: a rotation in depth. Using the same object and procedure, 4- and 6-
month-old infants were presented with two events where the object moved in the
sagittal (zy) plane before disappearing behind the occluder. In the Ferris event, the
object maintained the same upright orientation with respect to the stage throughout
the transformation, much like a seat on a Ferris wheel with respect to the ground. In
the rotation event, the object orientation changed 180° from the start orientation with
respect to the stage. The rotation event, in contrast to the previous experiments, had
an object orientation and appearance at the moment of occlusion that was markedly
different from what it looked like at the end of the transformation.

The third aim was to assess the performance of 4- and 6-month-olds when we
extended the amount of rotation that occurred in the invisible transformation. Infants
were presented with an object identical to the one used in the former studies, but
rotating behind a larger screen that increased the occluded portion of the transfor-
mation by 90° (i.e., from 60° of occluded rotational motion in the original experi-
ment to 150°).

Finally, the fourth aim was to establish the relative role played by intrafigural
orientation cues on the object as potential determinants of young infants’ ability to
track invisible spatial transformations. Four- and 6-month-old infants were tested
with an object that had fewer orientation cues. This novel object provided only
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intrafigural orientation cues, rather than both intra- and extrafigural cues. In Experi-
ment 5, we attempted to replicate the original findings using this novel object in
translation and rotation conditions. In Experiment 6, we repeated Experiment 5 but
we provided additional perceptual cues on the background of the stage to determine
the extent to which this manipulation might affect the differential pattern of response
we observed in 4- and 6-month-old infants.

Overall, six experiments confirm the original phenomenon reported by Rochat
and Hespos (1996) with more stringent control conditions. Furthermore, they cap-
ture determinants of young infants’ ability to track and anticipate the final orienta-
tion outcome of an invisible transformation. More specifically, these experiments
demonstrate some of the developmental features of dynamic representation in
infancy.

2. Experiment 1

Infants were familiarized with an object either vertically translating or rotating
behind an occluder. During test trials, the screen was lowered following the trans-
formation and revealed either in a probable or improbable orientation outcome. Half
of the infants were tested in an additional new control condition where the displayed
object did not provide any orientation cues. The experimenter was blind to both the
type of object and the orientation (probable versus improbable) outcome. The dou-
ble blind procedure ensured that the experimenter was not implicitly cueing the
infant to influence his/her looking duration. Infants were randomly assigned to the
experimental or control condition. The two objects used in the experimental and
control conditions are illustrated in Fig. 1.

In the experimental condition, the display object was the same horizontally asym-
metric object used in Rochat and Hespos (1996). There were extrafigural and intra-
figural perceptual cues (the overall shape and colors) that specified a change in
orientation. In the control condition, the object was horizontally symmetric; thus,
not providing any cues that distinguished upright from a 180°, inverted orientation.
Within the violation of expectation paradigm, the prediction was that infants in the
experimental condition would look significantly longer at the improbable compared
to the probable orientation outcome and that infants in the control condition would
not discriminate between the two outcomes. Thus, different looking patterns would
emerge from the experimental and control conditions. Alternatively, if infants’
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Fig. 1. Schematic depiction of the objects used in Experiment 1.
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behavior was a result of some perceptual aspect (e.g., timing or noise of the object)
then similar results should be observed in the two conditions. All other aspects of the
experiment were constant across the two conditions.

2.1. Method

2.1.1. Participants

Fifteen full-term healthy infants (4 females, 11 males) participated in the experi-
ment. The infants were 4- to 8-months-old. This large age range was used because
Rochat and Hespos (1996) showed no developmental differences in this task across
4 to 8 months using the same procedure and object as in the experimental condition.
Parents in all of the studies were contacted at the hospital nursery when the infant
was born and through follow-up phone calls. Infants were given an Emory Infant
Lab T-shirt after the experiment. They were randomly assigned to the control or
experimental condition. Eight infants between 4- to 8-months-old (mean 5 months,
22 days; range 4 months, 12 days, to 8 months 5 days) were tested in the control
condition. Seven infants between 4- to 7-months-old (mean 6 months, 6 days; range
4 months, 12 days to 7 months, 10 days) were tested in the experimental condition.
Three additional infants were excluded from the sample due to fussiness (2) or
experimenter’s error (1).

2.1.2. Apparatus

In the experimental condition, the object was made of two pieces of hard
foam blocks glued together. These pieces were: a bright red rectangular shape 16
cm tall, 8 cm wide, 4 cm deep with a semi-circle (8 cm in diameter) cut out of the
long side, and a bright yellow rectangular solid 16 c¢m tall, 4 cm wide, 4 cm deep
(see Fig. 1). The entire object was 24 cm long. In the control condition, the
object was made of a single rectangular solid that was red in color made out of
the same material as the other object. The object was 16 cm tall, 8 cm wide, 4 cm
deep.

The events were presented on a three-sided puppet stage (115 cm high, 120 cm
wide, and 36 cm deep). The walls and floor of the stage were covered with black felt.
The lower part of the backdrop consisted of a trap door made of the same material,
giving the experimenter access to the object on stage. On the front edge of the stage
was a white 52 cm wide by 36 c¢m tall opaque occluder made of Styrofoam board.
From behind the stage, via a system of pulleys, the occluder could be raised to
occlude the lower portion of the stage, or be lowered to reveal it. When the occluder
was raised, the experimenter could surreptitiously change the orientation of the
object from behind the occluder, through the trap door.

The room was lit by a clamp lamp located behind and 1 m above the infant’s head.
The stage was illuminated by two 60 W lamps clamped to the top left and right front
corners. The lamps were concealed from the infant’s view by a black curtain hang-
ing from the ceiling (120 cm wide and 40 cm tall). Both room and stage lighting
were controlled by a dimmer switch accessible to the experimenter from behind the
stage. A small peep hole was cut in the backdrop of the stage so the experimenter
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could see the infant during familiarization trials and to ensure that the infant
fixated the object for at least 1 s before the transformation began. Two cameras
provided video recording of the testing sessions: one was placed behind the stage,
and the other was placed above and behind the infant. The lens of the camera be-
hind the stage was placed against a 5 cm diameter hole in the black backdrop at
the infant’s line of gaze. When the screen was lowered, this camera provided a
view of the infants’ face while they were looking at the display. The other camera
provided a view of the object on stage as seen from the front of the stage. This
camera was positioned high above the infant’s head so that it was possible to
see behind the occluding screen to record whether it was a probable or improb-
able orientation outcome. Images from both cameras appeared on either side of
a split-screen (Pelco model US100DT). In addition, a digital clock (Video Timer
SMPTE Time Code TC-3) was superimposed on the image. The split-screen im-
ages were recorded. The half of the screen showing the infant’s face was monitored
on-line on a small TV monitor behind the stage so the experimenter could ob-
serve the infant during test trials and monitor when the infant looked away
from the display for longer than 2 s (see Section 2.1.4). The half of the
screen showing the view of the object on stage was covered so that the ex-
perimenter could not see whether they were using the control or experimental ob-
ject.

For the translation condition, a long vertical slot was cut into the felt backdrop of
the stage in order to guide the object in its vertical trajectory from the top to the
bottom of the stage. An 8 cm screw (0.4 cm in diameter) came out the back of the
object (invisible to the infant) through the vertical slot. The screw protruded through
the backdrop and was attached to a wooden block held by the experimenter behind
the stage. This allowed the experimenter to control the object motion and final
orientation.

In the rotation condition, a radial arm made of a black round metal rod (0.5 cm
diameter) was used to move the object in the rotation condition (see Section 2.1.4).
The rod protruded from the backdrop by 6 cm, and extended parallel to the backdrop
to form a 40 cm radial arm. A round, 73 cm diameter disk held by Velcro strips was
placed in front of the radial arm to hide it. The disk was covered with the same black
felt used for the backdrop. The experimenter controlled the radial movement of the
arm from behind the stage. When moved, the extremity of the arm where the object
was attached described a 180° arc from 1200 to 1800 h. The object appeared to be
orbiting around the edge of the disk.

2.1.3. Design

Infants were randomly assigned to the experimental or control condition. The
only difference between these conditions was that the objects were different (see
Section 2.1.4). All infants were tested in the translation and rotation events. The
order of event (i.e., translation first or rotation first), starting orientation (i.e., Y-
shaped object or inverted Y for the experimental condition), and test order (i.e.,
probable outcome first or improbable outcome first) were counterbalanced across
infants within the experimental and the control conditions.
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2.1.4. Procedure

During the experiment the infant sat on the parent’s lap facing the stage. The
infant’s head was approximately 64 cm from the front edge of the stage and I m
from the back of the apparatus. The parent was instructed not to interact with the
infant and to close her eyes with head oriented towards the floor during the trials.
Pilot observations indicated that blindfolding the parents perturbed and distracted
most infants.

Each infant was tested in succession in both translation and rotation events (see
description below). The events had two-phases consisting of six familiarization
trials followed by six test trials. The infants were given a short break between events
while changes were made on the apparatus. In the translation event, infants were
shown an object moving at a constant velocity (a count of 5 s from start to end) and
disappearing behind an occluder. The last third of the trajectory was hidden. In the
rotation event, infants were shown an object attached to the extremity of a radial arm
rotating through a 180° arc from 1200 to 1800 h and disappearing behind the
occluder at 1600 h (see Fig. 2). The constant velocity and duration of the transfor-
mation in the translation event matched the motion characteristic of the transforma-

a Translation Event

Familiarization Trials

Test Trials

Y Orientation Inverted Y Orientation
Probable Outcome Improbable Outcome

Fig. 2a.
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tion in the rotation event. In both, the object was visible for two-thirds of the event.
The order of events was counterbalanced across subjects.

Two experimenters worked together to produce the events: Experimenter 1 con-
trolled the lights, raised and lowered the occluder screen, and looked through the
peek hole to see if the infant had fixated the object (see below), Experimenter 2
moved the objects through their trajectories and surreptitiously adjusted the orienta-
tion of the objects behind the occluder before they were revealed in the test trials.

The familiarization trials served to acquaint the infants with the object and its
trajectory with the final orientation being occluded. There was a blackout before
each trial began so that Experimenter 2 could move the object into position. At the
start of the event, Experimenter 1 turned on the lights revealing the object at the top
of the stage. Experimenter 2 waved the object until Experimenter 1 signaled that it
had attracted the infant’s visual attention. Once the infant had fixated the object for
approximately 1 s Experimenter 2 moved the object through the trajectory and
behind the occluding screen. This procedure was repeated six times. Following
familiarization, infants were presented with six successive test trials. In the test
trials there was a blackout where the object was moved into position. At the start
of the event the lights were turned on revealing the object at the top of the stage.

b Rotation Event

liﬂ Familiarization Trials

&

Test Trials

Inverted Y Orientation Y Orientation
Probable Outcome Improbable Outcome

& T

Fig. 2. (a,b) Schematic depiction of the translation and rotation events seen by the infants in Experiment 1.






