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Abstract ing dot displays of human movement into the explo-

In order to process the reduced information in point-
light images of human movement, observers rely
upon general processing heuristics as well as repre-
sentations more specific to human gait. This paper
explores changes in the perception of structure from
motion in young infants. We re-examined data from
17 experiments, involving infants of 3- and 5-months
old, to determine which stimulus features of point-
light motion infants use to organize percepts, and
how perception changes. By combining discrimina-
tion and encoding information we provide a picture
of developing perceptual processes. Five-month-olds
encode the stimuli more quickly than 3-month-olds,
while the younger infants discriminate pairs of stimu-
li more frequently. Infants of both ages use phase in-
formation to discriminate displays. Three-month olds
discriminate canonical forms from modified forms
when the stimuli are organized about a vertical axis,
whereas 5-month olds discriminate these forms only
when one of the figures take on a human-like config-
uration. These results support a view in which diffe-
rential skill in what is encoded characterizes develop-
ment. Furthermore, this work may help guide the
integration of theory-formation models with heuristic
and constraint-based models, into a more complete
account of perception.

Motion can provide observers with important in-
formation about the 3-dimensional world (Gibson,
1950). From motion the visual system can extract in-
formation about depth, grouping, and other compo-
nents of structure. Johansson (1973) introduced mov-

This work conducted under NICHD grant HD16195 and
NICHD Career Development Award HD00678 to the third
author.

ration of structure from motion. These displays are
created by attaching “point lights™ to a person's major
joints, and filming the person moving in a dimly-lit
room. The resulting film provides only the motion
information characteristic of human movement; fea-
tures such as texture, color, and explicit contour have
been eliminated. Though a human form is hard to
recognize from a single, static frame of a point-light
film, Johansson (1973) demonstrated that adult ob-
servers can recognize the moving displays as moving
persons in as little as 1 second.

Adults almost always identify the point-light dis-
plays as depicting human movement, yet the number
of possible connections between the 11 point-lights!
that compose a human form is very large. This sug-
gests that sensory information alone cannot organize
a visual array into an object; the visual system orga-
nizes the scene with the aid of constraints, or orga-
nizing heuristics. Previous research suggests that the
visual system exploits the relative motions among
point-lights. Human gait cannot be identified in the
absolute motion of any individual element. Rather,
form emerges as a product of the relative motions of
the elements, or motion of the elements in relation to
one another. Some relative motions are more salient
than others. Wallach & O'Connell (1953), for exam-
ple, have suggested that, whenever possible, the vis-
ual system assumes that relative motions of the ele-
ments reflect rigid relations and thus tries to find the
simplest interpretation under which the points are rig-
idly related in 3D. In their account, though non-rigid
interpretations are possible, the rigidity assumption
privileges one set of interpretations over another.

1. The point-lights appear to be attached to the head, shoul-
ders, elbows, wrists, hips, knees and ankles. In a side view
of the walker, one shoulder and hip are always occluded by
the rest of the body.
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Figure 1. A hypothetical habituation curve. In the
infant-control paradigm, the number of trials is varia-
ble, determined when the infant reaches approximate-
ly half of the initial 3 trials. On the right, two lines il-
lustrate discrimination (diamonds) and lack of
discrimination (circles) of the test stimulus.

In addition to general processing heuristics, like
the rigidity assumption, evidence from studies of
adults suggests that observers also rely upon process-
es or representations more specific to human gait to
help organize point-light walker displays. Adult ob-
servers can identify various movements, such as jog-
ging, jumping, or dancing (Johansson, 1975), and the
gender of the walker (Cutting, 1978). In so far as
this skill is acquired through extensive experience of
movement, adults are likely to develop robust strate-
gies and redundant constraints for interpreting hu-
man movement. Thus, examinations of the develop-
ment of the perception of biomechanical motions can
provide insights into early perceptual constraints and
their interactions with cognitive development.

This paper explores the perception of structure
from motion in young infants. Previous work has
used measures of discrimination between point-light
displays to assess infants’ subjective experience. By
summarizing a number of discrimination findings, we
have developed a picture of the perception of biome-
chanical motions at 3- and 5- months of age. We have
also sought converging evidence for that picture from
data about infants' encoding processes as they are
presented with point-light displays. We conclude
with some general implications of our analyses for
computational views of the development of percep-
tion.
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Tapping Infants' Subjective Experience

The analysis reported here is a re-examination of 17
experiments conducted in the Laboratory for Infant
Studies at the University of Virginia, involving 387
infants in two age groups: 3-months old (186 infants)
and 5-months old (201 infants)2. The goal of these
studies was to determine which stimulus features of
point-light motion infants use to organize the imag-
es, and how this skill develops between 3 and 5
months of age.

Each of the 17 studies used a habituation para-
digm to test infants’ discrimination of one or more
stimulus dimensions. Behavioral habituation is a
common tool for studying infant perceptual and cog-
nitive processing. In this paradigm, infants are fa-
miliarized, or habituated, to one stimulus and then
presented with a second stimulus. The infant's diffe-
rential response to the two stimuli is used as the
measure of pairwise discrimination. The studies re-
ported in this paper were conducted using an infant-
control habituation paradigm (Cohen, 1973). In this
paradigm, infants are repeatedly presented a visual
stimulus (the "habituation" stimulus) and the time
they spend looking at this stimulus is measured by
trained observers. Gradually, over successive pres-
entations of the same habituation stimulus, infants'
looking time per trial declines (Figure 1). When look-
ing ime reaches a criterion value, a variant of the ha-
bituation stimulus is presented for two trials (the
"test" stimulus). The infant's time looking at the test
stimulus is then compared to its time looking at the
last two presentations of the habituation stimulus. If
the infant dishabituates (i.e., looks longer -- with re-
newed attention) to the test stimulus, the infant is
said to discriminate between the two stimuli. Since
the stimuli are generally constructed to differ on a
single dimension, evidence of discrimination pro-
vides evidence of the infant's sensitivity to that di-
mension, from which we infer that that dimension is
involved in processing of the image.

Researchers use pairwise discrimination patterns
across many stimulus pairs to piece together theories
of what infants organize, perceive, and know, but
less attention is generally paid to the habituation data
itself. To the extent that performance in the habitua-
tion phase of the study is tapping the process of en-
coding the habituation stimulus, habituation itself
can tell us something about perception. In compari-
sons across stimuli, the habituation trials offer a
measure of the relative ease with which stimuli are

2. Each infant was tested only at one age and in one condi-
tion.



Figure 2. Point-light walker displays. A. Canonical walker. The arrows indicate the pendular motions of each
point-light. B. Scrambled walker. The elements preserve only the absolute motions of the canonical walker. C.
Phase-shifted walker. While the point-lights on a limb of the canonical walker move together, the point-lights of the
phase-shifted walker move asynchronously, sometimes in opposition to one another, as the arrows suggest.

organized during encoding. Ease of encoding, oper-
ationalized as the sum of an infant's looking times
across habituation trials, is a reflection of the interac-
tion between the infant's organizational processes and
the structure of the stimulus. Thus, by the combina-
tion of the discrimination information available from
the habituation/ dishabituation analyses, and the en-
coding information available in the habituation trial
data, we can develop a fairly detailed picture of the
overall processes of perception and its development.

Point-light Displays Of Human Gait

The studies we selected for analysis all involved
computer-synthesized point-light walker displays
(Cutting, 1978, Bertenthal & Kramer, 1984) and foils
in which selected stimulus parameters had been mod-
ified. The standard, or canonical, displays (Figure
2a) were comprised of 11 dots that mimic the kine-
matics of human gait, approximated by the harmonic
motions of hierarchically-nested pendula. Adults
identify this form as depicting a person walking on a
treadmill (Bertenthal & Davis, 1988). Infants show
the same pattern of looking during habituation to
these synthesized displays as to the displays created
using a human model. Foils were constructed vary-
ing the relations among the point-light elements, the
orientation, and global form.
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Relations among the elements: The scrambled dis-
play (Figure 2b) was comprised of 11 point-lights
with individual motion vectors corresponding to
those in the canonical display, however, the spatial
configuration among elements was random. The
phrase-shifted display (Figure 2c¢) maintained the
individual motion vectors as well as the hierarchi-
cal spatial configuration of the canonical form, but
altered the relative motions among the elements. In
the canonical displays, point-lights cycled synchro-
nously together or in opposition. In phase-shifted
displays, point-lights no longer maintained synchro-
nicity, appearing much like a marionette. Research-
ers examining motor behavior have suggested that
phase relations are an important invariant in human
locomotion (Schmidt, 1985). In non-rigid displays
(not shown), the distance between the point-lights
was randomly varied from frame to frame.

Orientation: Displays were oriented upright, invert-
ed, or horizontal in the picture plane.

Global form: In addition to human forms, displays
looking much like four-legged "spiders” were creat-
ed. These forms were comprised of four limbs,
identical to human limbs, radiating from a single
point.

Each of the 17 studies was designed to test in-
fants' sensitivity to the spatiotemporal properties of
point-light walkers across the dimensions just de-



scribed, Sensitivity was assessed on the basis of ha-
bituation/dishabituation patterns obtained from pair-
wise comparisons made over successive studies. In
addition, we obtained each infants' habituation curve,
and computed the total looking time (TLT) for each
stimulus type. TLT is the sum of the looking times
across all habituation trials for a selected stimulus.
Alternative measures, such as velocity of decline,
peak looking time, or first habituation trial, were cor-
related with the total looking time but TLT can be
more intuitively interpreted. We take it to be a reflec-
tion of the ease with which an infant can organize the
stimulus during encoding.

Using the TLT measure, we examined the influ-
ence of stimulus parameters on encoding times to de-
termine the relative ease of encoding, and by infer-
ence, the processing constraints available to the
infant. Assessments of discrimination could be made
only for stimulus pairs actually tested, but assess-
ments of ease of encoding could be made by way of
pseudo-experiments. In these analytic studies, we
compiled all habituation curves produced in response
to a stimulus exhibiting the property we wished to ex-
amine. For example, in order to examine the relative
ease with which infants encode canonical versus
scrambled forms, we gathered the habituation curves
from all infants who had seen either stimulus as the

Canonical v. Phase-shifted 3
Inverted

Canonical v. Scrambled 3+ 5
Upright v. inverted 3 5
-
E Canonical v. Phase-shifted 3 5
= —Upright Canonical v. Non-rigid
; Canonical v. scrambled 3 5
Horizontal —Canonical v. Phase-shifted
- Inverted —{Canonical v. limb-scrambled
=
5 Upright v. inverted
[- 9
w - .
Upright ICanorucal v. Phase-shifted 3

Canonical v. limb-scrambled 3

Figure 3. Summary of discrimination analyses. The
number to the right of the tree indicates the age group
exhibiting discrimination, as indicated when the
mean of the test trials is significantly greater than the
mean of the last 2 habituation trials. (The * indicates
an order effect.)
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familiarization display, and compared the total look-
ing times for these data.

Results

Several researchers (e.g., Bronson, 1982; Sokolov,
1960) suggest that infants’ visual attention is guided
by knowledge and expectancy. If this is the case, 3-
and 5- month-olds, who are likely to differ in knowl-
edge, should exhibit different patterns of encoding
and discrimination. Moreover, we expected to find a
systematic relationship between differential encoding
times and discrimination.

Data were organized according to age and stimu-
lus parameters, specifically global form (walker, spi-
der), orientation (upright, inverted, horizontal), and
element relations (canonical, scrambled, phase-
shifted, nonrigid). The results of a re-analysis of
pairwise discrimination by each age group are sum-
marized in Figure 3.

In general, when assessed by either discrimination
or encoding behavior, 3- & 5- month-olds respond
differently to the point-light displays. As shown in
Figure 3, three-month-olds discriminated 7 of the 11
pairs of stimuli, whereas 5-month-olds discriminated
only 4. Though differences in encoding times did not
mirror discrimination patterns, total looking time
also differed systematically by age. Three-month-
olds (M=203.1), across stimulus parameters, looked
longer during the habituation process than did 5-
month-olds (M=120.68), F(1,385)=59.23, p<.01.
This general change in performance may result from
maturing neural and motor processes (Johnson, Pos-
ner, & Rothbart, 1991), from increased skill or
knowledge, or frum changes in motivational factors.
Though this data cannot directly discern between
these accounts, it contributes additional support to
positions which posit global change; 5-month-olds
habituated faster than did 3-month-olds across all
stimuli,

Three-month-olds discriminate forms with differ-
ing relations among the elements when those stimuli
are organized about a vertical axis. These infants dis-
criminate canonical from phase-shifted forms and ca-
nonical from scrambled forms when they are upright
or inverted, but not when they are horizontal. Born-
stein & Krinsky (1985) report evidence which sug-
gests that 3-month-old infants may show sensitivity
to the properties of a form only when it is organized
about a vertical axis. Interestingly, at 3 months of
age TLT to vertical stimuli (M=208.3) was signifi-
cantly greater than TLT to horizontal stimuli
(M=120.8), F(1,184)=5.58, p<.05, suggesting a corre-



spondence between higher looking time and subse-
quent discrimination of stimulus properties.

By 5 months of age, infants are faster to encode
stimuli as well as less apt to show discrimination on
pairwise comparisons, suggesting that they attend
more selectively to information available in the dis-
plays. Five-month-old infants showed few differenc-
es in encoding times as well. These infants looked
significantly longer at out-of-phase walkers
(M=1534) than at in-phase walkers (M=102.5), F
(1,193)=15.6, p<.0l. In addition, 5-month-olds
looked longer at out-of-phase walkers than at scram-
bled forms (M=83.83), F(1,72)=2.99, p<.05. Encod-
ing times to upright canonical and scrambled forms
did not differ. Five-month-olds, like 3-month-olds,
tend to discriminate stimulus parameters only when
they are presented in a particular configural context,
or frame. While they encode phase information gen-
erally, S5-month olds discriminate canonical and
phase-shifted forms only when the figures are pre-
sented upright and in the context of a walker-like
form (hierarchically organized along a vertical axis of
symmetry). Phase-relations in spider-like forms or
horizontal orientations are not discriminated. Thus,
5-month-old infants may be responding in part on the
basis of some familiarity with the characteristic
phase-relations of human gait. Indeed, prior research
(Pinto & Davis, 1991; Bertenthal, 1992) suggests that
5-month-olds, but not 3-month-olds, respond on the
basis of a category of human movement.

Discussion

We conceive of visual perception as a process where-
by information is organized both by general process-
ing heuristics and in accord with knowledge (pro-
cesses and/or representations) that arises from
experience with the domain —in this case, biome-
chanical motion. We have provided evidence of the
development both of general processing heuristics
(or the development of their use) and of knowledge
that is specific to the perception of biomechanical
motion. Both 3- and 5-month old infants use phase
information to discriminate point-light displays, but
5-month olds show an encoding difference in phase-
shifted vs. canonical displays. Since 3-month-olds
discriminate the stimuli along most of the dimen-
sions examined, it is reasonable to interpret their lack
of differential encoding times as a reflection of the el-
evated encoding effort they put into organizing the
entire displays. Five-month-olds, on the other hand,
may approach the habituation task differently. Rath-
er than encoding every available parameter of the

stimulus, 5-month olds may look only long enough
to determine whether or not it has been presented pre-
viously (Bronson, 1982) in accord with one or a few
key features. Thus, though five-month-olds may be
sensitive to phase relations in general, perturbations
to the characteristic phase relations of human gait
may constitute a meaningful difference only in the
context of the familiar form of a person.

Differences in what is encoded by children of dif-
ferent ages or experience has been suggested as an
explanation for other developmental phenomena,
such as skill at making balance-beam discriminations
(Siegler, 1989). Our results support a unified view of
some forms of perception with these "higher" cogni-
tive phenomena, in which differential skill in what is
encoded is a ubiquitous characteristic of human learn-
ing and development.

More specific to perception, our results may
help to fill out the way in which a computational ac-
count of the extraction of structure from biomechani-
cal motion depends upon both general and domain-
specific processing heuristics. A number of computa-
tional models are able to use general heuristics to or-
ganize broad classes of motion-given information by
recovering the spatial or geometric properties of the
form (Ullman 1983, Webb & Aggarwal, 1982).
However, these general algorithms do not yield com-
plete or unique solutions for biomechanical displays
nor do they exhibit the robustness of human visual
processes (see Proffitt & Bertenthal, 1988, for a dis-
cussion of these models). Some integration of a gen-
eral heuristic account with a theory of schema-driven
processing is needed.

Interestingly, one of the early models of habitua-
tion was both schema-based, and implied expecta-
tion-based differential encoding. Sokolov (1960)
proposed a theory of habituation in which the organ-
ism builds a model of the stimulus and then tests
this model against the stimulus. In Sokolov's view,
habituation results from the repression of an orienting
response when the perceptual system determines that
there is no new information to be gathered from the
stimulus. As the organism comes to expect one hy-
pothesis more strongly than another, the value of ad-
ditional information is reduced significantly, thus re-
sulting in a decline of looking time. Interpreted
computationally, Sokolov's theory is very close to
computational methods in model-based diagnosis and
in theory-formation methods (see the papers in Davis
& Hamscher, 1990, and Shrager & Langley, 1991).

Neither Siegler's theory, nor the models of Soko-
lov, of Ullman, or of Webb & Aggarwal are com-
plete alone; and their integration requires empirical
guidance. Some of this guidance may be usefully de-



rived from developmental data such as that provided
here. The present work may thus help us sharpen the
view of perception as problem-solving (Rock, 1983),
by guiding the integration of theory-formation mod-
els with general heuristic or constraint-based models,
into a more complete account of general perception.
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