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The authors investigated event dynamics as a determinant of the perceptual significance of
forms of motion. Patch-light displays were recorded for 9 simple events selected to represent
rigid-body dynamics, biodynamics, hydrodynamics, and aerodynamics. Observers described
events in a free-response task or by circling properties in a list. Cluster analyses performed
on descriptor frequencies reflected the dynamics. Observers discriminated hydro- versus
aerodynamic events and animate versus inanimate events. The latter result was confirmed by
using a forced-choice task. Dynamical models of the events led us to consider energy flows
as a determinant of kinematic properties that allowed animacy to be distinguished. Orienta-
tion was manipulated in 3 viewing conditions. Descriptions varied with absolute display
orientation rather than the relative orientation of display and observer.

Forms of motion have been shown to provide information
that enables observers to identify events (e.g., Cutting,
Proffitt, & Kozlowski, 1978; Jansson, 1977; Jansson &
Johansson, 1973; Johansson, 1973, 1976; Michotte, 1963;
Todd. 1983). (See Bingham, 1995, for a review.) What
inv such motions with their specific significance? As
suggested by Runeson (1977), part of the answer must lie in
an investigation of the physical properties that determine the
forms of events. For instance, animators have found that
they must use dynamical models to generate convincing
animations of events (Barzel & Barr, 1988; Green, 1989;
Hahn, 1988; Isaacs & Cohen, 1987; Moore & Wilhelms,
1988; Platt & Barr, 1988; Wilhelms, 1987; Witkin, Fleis-
cher, & Barr, 1987; Witkin & Kass, 1988). The challenge in
their efforts has been in accommodating different types of
events that require different forms of mechanics (Miller,
1988; Platt & Barr, 1988; Terzopoulos & Fleischer, 1988).
Different types of events may require use of, for instance,
rigid-body dynamics, hydrodynamics, aerodynamics, or
biodynamics.

A question that arises naturally in the context of these
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observations is whether a taxonomy of events recognizable
through their motions might relate to the varieties of dy-
namics distinguished in mechanics. This question is rele--
vant to studies on structure from motion because many have
used a rigid-motion assumption' (Hildreth & Hollerbach,
1987; Hildreth & Koch, 1987; Horn, 1986; Nalwa, 1993;
Ullman, 1979, 1984, 1988). The problem is that nonrigid
motions (i.e., all motions that are not rigid motions) have
been treated in these studies as if they were arbitrary (e.g.,
see Hildreth & Hollerbach, 1987). They are not. There are
specific varieties of nonrigid motions, including those of
fluids or air, those of elastic or plastic substances, and
animate motions (e.g., those of snakes or human limbs). In
the context of event recognition as opposed to object rec-
ognition, rigid motion is but one of a variety of types of
motion. The issue becomes not whether rigid motion is
assumed in preference to a nonspecific and arbitrary alter-
native but whether rigid motion can be recognized along
with a wide variety of dynamically distinct types of events.
For instance, bending motions have been shown to be rec-
ognizable (Jansson, 1977; Jansson & Johansson, 1973; Jans-
son & Runeson, 1977), as have bipedial gaits (Johansson,
1973; Todd, 1983). But can hydrodynamic events be rec-
ognized and distinguished from aerodynamic events (as
well as rigid-body events)?

We used the patch-light video technique developed by
Johansson (1973, 1976) to isolate forms of motion as infor-
mation about events. We selected events to represent dif-
ferent types of dynamics. The first type was rigid-body
dynamics, which includes translatory and rotational motions

! See Braunstein (1988) for a review of investigations of the
rigidity assumption and the accompanying controversy. The as-
sumption has been used in computational analyses of local flow.
Todd (1984) has shown, however, that local rigidity is not required
for successful perception of surface shape. :
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of (more or less) rigid objects impelled by gravity, elastic
forces, constraint surfaces, and frictional forces. The elastic
forces included those encountered during collisions. The
f  ‘onal forces included air resistance, dissipation in im-
peuectly elastic collisions, and friction at points of contact
between surfaces. We captured these properties in four
events: a falling and bouncing spring, a pendulum, a ball
rolling downhill, and a ball rolling after being struck.

For nonrigid motions, we selected among events involv-
ing hydrodynamics or aerodynamics. Fluid flows are typi-
cally constrained by rigid-body surfaces and often are per-
turbed by rigid-body motions. One example is the damped
circular swirling flows exhibited by fluid in a container
stirred with a rigid rod. Another is the splash followed by
damped oscillating waves produced when fluid in a con-
tainer is hit by a projectile. We chose these two events to
capture motions peculiar to fluid flows. A familiar instance
of nonrigid motion involving aerodynamics is that of wind-
blown leaves in autumn. We used irregular tickets of paper
blown from a surface so as to fall through the air to land on
a second lower surface.

These events were all inanimate. We also wished to test
displays that involved animate motions. Animate motions,
generated by forces associated with musculature, can be
described by biodynamics (Hatze, 1981; McMahon, 1984).
Johansson (1973) demonstrated that observers were readily
able to recognize human activity in patch-light displays that
captured the full layout of the link segments. Johansson
(! ) showed, however, that more than the mere link-
seguient structure was involved because observers also were
able to distinguish patch-light people from patch-light link-
segment puppets. We wished to contrast trajectories gener-
ated by biodynamical forces with those determined by ori-
entation-specific (central field) or position-dependent forces
(i.e., gravity and elastics, respectively).

This specific contrast was motivated by current under-
standing of the dynamics of human motor control. Human
limb movements have been modeled successfully in terms
of collections of upright and inverted pendulums, and/or
mass-springs depending on the type of activity (Feldman,
1980, 1986; Hogan, Bizzi, Mussa-Ivaldi, & Flash, 1987;
McMahon, 1984). To the extent that the dynamics of simple
inanimate devices and of human limb motions are similar,
the two types of events should be confusable. On the other
hand, a distinguishing property of human motions is that
muscles provide a source of energy that can replace energy
dissipated in the course of simple inanimate events. The
pendular motions of human limbs exhibit a noisy limit cycle
stability rather than simply running down, as would a free
inanimate pendulum (e.g., Kay, Kelso, Saltzman, &
Schoéner, 1987). Also, the mass-springs used to model up-
per-limb motions are adjustable in terms of the location of
the equilibrium point, the stiffness, and the orientation of
th  ing (Feldman, Adamovich, Ostry, & Flanagan, 1990;
Hogan et al., 1987). Simple inanimate events and similar
events involving human limb motions might be" distin-
guished just to the extent that the dynamics of the two types
of events are distinct and are revealed as such.

We selected two animate events to contrast with two of

G. BINGHAM, R. SCHMIDT, AND L. ROSENBLUM

the rigid-body events described earlier. In each case, a
performer attempted to reproduce the motions generated in
the respective inanimate event. Both the compression spring
and the pivoted rod were moved by hand along the same
path to the same endpoints and at the same frequency as the
corresponding inanimate events. These cases were expected
to be maximally difficult to discriminate, especially the
latter, because of the widely recognized similarity between
human limb movements and pendulums (McMahon, 1984;
Mochon & McMahon, 1980, 1981). In each case, only
differences in the form of a trajectory along a common path
would allow discrimination, placing the focus on trajectory
form as visual information.

Patch-light displays isolate motions as information about
events. When presented in freeze frame as static images,
such displays are typically unrecognizable as anything but a
random distribution of oddly shaped patches. When patch-
light displays are presented in motion, movements in three-
dimensional (3D) space can be perceived, and certain events
can be recognized. Necessarily, the patches in patch-light
displays correspond to significant amounts of surface area
on actual embodied surfaces.? Also, the patches themselves
are typically rigid, although the relation among the patches
may or may not be rigid. Thus, although the contours of the
patches are of arbitrary shape, those contours deform in
displays in ways determined by perspective transformations

- that are relatively well understood to specify rigid 3D mo-

tions. Undoubtedly, observers should perceive motions of
surface patches in 3D by virtue of the transformations
occurring in patch-light displays. The question is, can ob-
servers recognize various events and properties of events
given particular types of motions in 3D? If so, might their
descriptions reflect the underlying dynamical character of
the events, including grouping in terms of rigid-body dy-
namics, hydrodynamics, aerodynamics, and biodynamics?
As a second means of revealing the potentially important
role of dynamics in event recognition, we manipulated the
orientation of recorded forms of motion with respect to
gravity. Due to the ubiquitous and directionally specific role
of gravity in terrestrial events, the forms of events are
asymmetric. Given such asymmetries, might the signifi-
cance of a kinematic form depend on its orientation? Ori-
entation with respect to gravity has been found to have some
effect on the recognition of objects (Rock, 1973). Sumi
(1984) has found that inverted patch-light displays of a
person walking are often not recognized as such, although
the motions may still be recognized as animate (see also
Bertenthal, Proffitt, & Cutting, 1984). We varied the view-
ing conditions for our nine events to include observation of
both upright and inverted displays. To control for relative
orientation between observer and display, as opposed to the
absolute orientation of displays with respect to gravity, we
included upright displays viewed by inverted observers. If

2 The majority of computer-generated displays have contained
dots that fail to transform as they should, despite having noticeable
spatial extent (as they must). Such displays provide, therefore,
contractory information about the events being simulated. Patch-
light displays do not introduce this confound.




IDENTIFYING EVENTS

orientation with respect to gravity determined judged-event
identities rather than orientation with respect to the ob-
se , then this would support the role of dynamics in
determining the significance of kinematic forms.

The experimental task was to identify events observed in
patch-light displays. Observers were asked to describe the
kind of event, the objects involved, the nature of the mo-
tions, and the factors causing the motions shown in the
displays. A free-response task was used together with two
replications in which observers had to select properties from
a list of descriptors. The latter, more constrained task facil-
itated objective scoring of the results, whereas the former
free-response task guaranteed that the latter results were
representative of unconstrained recognition.

Of course, we did not expect that the descriptions should
read as if taken from a textbook on dynamics. Such expec-
tations would fly in the face of both the long history of the
development of mechanics (e.g., Dijksterhuis, 1961; Jam-
mer, 1957) and abundant results showing that college stu-
dents fail to describe the mechanics (i.e., either dynamics or
kinematics) of events correctly (Caramazza, McCloskey, &
Green, 1981; Clement, 1982; Gentner & Stevens, 1983;
Runeson, 1974). Indeed, the relation between perceptible
properties and language is an interesting and deep problem
that remains unsolved. Our interest, however, was in the
nature of perceptible properties, and we wished to avoid
confounding this problem with the problem of description.
Th  we deemphasized the semantics of the descriptors
themselves and assumed instead that whatever the nature of
the relation between perceptible properties and descriptions,
change or perturbation of the properties perceptible within a
display should be reflected in changes in the pattern of
descriptors used to describe the display. Our expectation
was that the relative similarities and differences of the
descriptors and their frequencies would reflect the relative
similarities and differences in the underlying dynamics.

Experiment 1: Identifying Events
Method

Display Generation

Patch-light displays were recorded for nine events, using a ¥4-in.
Sony U-matic VCR, a videocamera, and a 19-in monitor. The
experimenter, who manipulated objects in the events, wore dark
clothing, including dark gloves and a hooded shirt. The back-
ground, including all wall, floor, and table-top surfaces, was cov-
ered with black cloth, rendering the experimenter and background
surfaces invisible in all displays. When the displays were viewed,
the monitor’s brightness was turned down and contrast turned up,
creating high contrast between patches and background so that
onl:  “ght patches appeared in all displays.

E.. .c 1 (free fall). A stiff black compression spring (30 cm in
length, 1.5 cm in diameter) was slid over a black wooden dowel
(1.2 min length, 1 cm in diameter) inserted through the center of
the spring coils. The dowel was held vertically and rested on a
wooden table top. A single patch (7.6 cm wide) of white retrore-
flective tape was wrapped around the top of the compression
spring. Only this patch was visible in the display. The spring was
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held near the top of the dowel, released, and allowed to free fall
1 m along the dowel and to bounce. The amplitude of the rising
spring was .6 m. A single cycle from peak to peak was recorded in
each display. Three instances of the event were recorded in se-
quence. Mean event duration was 1.22 s (SD = .12 s).

Event 2 (hand-moved spring). The same spring was moved by
hand along the vertical dowel to the same endpoints as in Event 1.
Using a metronome tuned to the frequency of the free fall and
bounce, the experimenter practiced moving the spring to the end-
points at the same frequency as in Event 1 until he could do it
accurately. Otherwise, the displays were identical to those of Event
1. Mean event duration was 1.27 s (SD = .07 s).

Event 3 (pendulum). A black wooden dowel (50 cm in length
and 1.5 cm in diameter) was suspended from a peg, using a metal
ring screwed into one end. A patch (7.6 cm wide) of white
retroreflective tape was wrapped around each end of the dowel.
The display began with the lower end of the dowel held up. The
dowel was released and allowed to swing freely through 75° of arc.
Two cycles were recorded in each of three instances. Mean event
duration was 2.30 s (SD = .02 s).

Event 4 (hand-moved pendulum). The same dowel was moved
by hand along the same path, at the same frequency, using a
metronome tuned to the frequency of the freely swinging pendu-
lum. The endpoints of the free pendulum trajectory were marked
with tape on the monitor screen. Even with extensive practice,
moving the dowel to successive endpoints corresponding to the
decreasing amplitude of the damped free pendulum, while also’
reproducing the original frequency, was difficult. The experi-
menter reproduced the frequencies fairly accurately and the end-
points somewhat less accurately. Otherwise the displays were
identical to those of Event 3. Mean event duration was 2.11 s
(SD = .07 s).

Event 5 (rolling ball). A black lacrosse ball (7.5 cm in diam-
eter) was allowed to roll down an inclined straight track (.75 m in
length) from a static start. The track was elevated 15° from the
horizontal. The ball was covered randomly with small irregular
patches of retroreflective tape. The event was filmed from the side,
with the camera tilted so that the ball rolled horizontally across the
display screen. The ball rolled past the left edge of the display.
Three instances of the event were recorded. The mean event
duration was 3.11 s (SD = .17 s).

Event 6 (struck ball). The same ball as in Event 5 was nudged
along a horizontal track by hitting the ball gently with a black
dowel. The ball was hit three times, rolling to a stop the first two
times and rolling off screen the third time. Three instances of the
event were recorded. The mean display duration was 11.57 s
(SD = .99 s).

Event 7 (stirred water). Irregular tickets of white paper (ap-
proximately 1.5 cm in average diameter) were randomly distrib-
uted so as to float on the surface of water in a large dark bowl. This
was filmed from an angle above so that the liquid surface filled the
entire display. The water was stirred around the edge of the bowl,
using a black dowel. Only the white tickets appeared as irregular
patches in the display. One instance of the event was recorded, and
its duration was 9.05 s.

Event 8 (splash). Small clay balls (2 cm in diameter) were
dropped into the center of the surface of the bowl of water used in
Event 7. Three balls were dropped in sequence from a height of
about 20 cm. The water was allowed to settle somewhat between
impacts. Only the irregular patches were visible in the display. A
single sequence was recorded, and its display duration was 11.08 s.

Event 9 (falling leaves). Trregular tickets of white paper (ap-
proximately [.5 cm in average diameter) were blown off of a
surface, located near the top of the display just beyond the right



edge, so as to fall 1 m through the air to the surface of a table
located near the bottom of the display. The tickets were then blown
off the lower surface so as to travel past the left edge of the display.
Only the irregular tickets appearing as bright patches could be seen
ir - display. One instance of the event was recorded. The display
du__don was 19.72 s.

The taped events were recorded, in order, onto a master presen-
tation tape. To determine whether static images from these dis-
plays might be sufficient to specify the depicted events, images
from Events 1, 3, 5, 8, and 9 were sampled using a frame grabber.
The polarity of the images was reversed for cleaner printing.
Informal studies revealed that none of these events was identifiable
from static images, with the exception of Event 9, which could be
guessed occasionally. In the latter instance, observers also sug-
gested that the event could be many other things, including spots
on a wall and floor or leaves on and under a tree. Sample images
appear in Figure 1. One can see that such images are not very
informative.

Procedure

All observers were situated approximately 4 m in front of the
display screen, 2 to 6 observers in a session. The experimenter
explained that a variety of simple events had been filmed so that
only bright patches could be seen in the display.
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Fig.. - 1. Static images from event displays: Event 1—free fall
and bouncing spring (top right); Event 3—freely swinging damped
pendulum (top left); Event 5—ball rolling downhill (middle right);
Event 8 —objects dropped in water (middle left); and Event
9—falling “leaves” (bottom).
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Free-response task. Three different versions of the judgment :

task were run, in part, as replications. The first groups of observers) .
participated in a free-response (FR) task. Observers were given 3

stapled packet of sheets of paper, 20 cm by 14 cm, one sheet fo;" -

each of the nine events. The observers were asked to identify the’
events and to describe the motions, the objects involved, the causes
of motion, and generally what was happening. They were told that
if the event were recognizable, it would be relatively obvious
Also, they were told that they were not expected to be creative, to
make up stories, or to interpret the displays as one might interpret.
a Rorschach inkblot. At the same time, observers were told that
they should not adopt an analytical attitude and should not simply
describe motions on the screen. Observers were told that if unable
to recognize the event, they should simply say so, and that given
the way the events were filmed (i.e., only spots moving on the
screen), it was possible that they might not be able to recognize
what was taking place.

Observers wrote their descriptions of the events in their own
words on each subsequent sheet. Observers usually wrote 2 to 6
sentences to describe an event. The number of instances of each
event that would be shown was announced before the displays
were shown each time. The videotape was paused between events
to allow observers to write their descriptions. Observers were
instructed to watch all instances of each event before beginning to
write, and they were allowed as much time to write as they desired.
Observers were instructed to keep their attention oriented to either
their writing or to the display and the experimenter, and not to
regard the efforts of other participants.

CP48. A second version of the judgment task, circle proper-
ties—48 (CP48), was identical in procedure to the FR task except
that observers were instructed to describe the events by circling
relevant descriptors on a list. This second task was used to simplify
the scoring of the results, whereas the original FR task was used to
obtain unconstrained or strictly spontaneous descriptions of the -
events. Each of the nine sheets (21 cm X 28 cm) in the packet.
given to participants contained a list of 48 descriptors. The de-
scriptors were listed in the order shown in Appendix A. Partici-
pants were allowed to scan the list on the topmost sheet before the
displays for the first event were shown. The descriptors in the list
included items derived from the results of the FR task as well as a
few incorrect but reasonable foils. The list was kept to a relatively
small number of descriptors so that participants would be well able
to survey the list after each event in a fairly brief period of time.
Subsequently, we observed that important descriptors were absent
because of the brevity of the list (e.g., water and pendulum were
not on the original list). A longer list would also allow the
inclusion of more foils.

CPI00. A third version of the judgment task, circle proper-
ties—100 (CP100), was run using a list of 100 descriptors ordered
as shown in Appendix B. In other respects, the procedure was the
same as before. We should stress that a proportion of the items
appearing in the lists of the latter two circle-properties tasks were
derived from the spontaneous descriptions of the observers in the
original FR task. The latter tasks were used primarily to check the
original pattern of results using a procedure allowing objective
scoring. The emphasis throughout the tasks was on the pattern of
responding. The duration of all experimental sessions was 50 to 60
min.

Viewing conditions. All three judgment tasks were performed
in three different viewing conditions. In the first viewing condition

_(upright O and D), observers sat upright and observed upright, ¥
displays. In the second viewing condition (inverted D), observers. - &

sat upright and observed inverted displays. Observers were given:
no information concerning the orientation of the displays. In the

I
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FR and CP48 sessions at the University of Connecticut at Storrs,
a Sony 19-in (48.3 cm) monitor was inverted. Nothing about the
appearance of the monitor indicated its inverted position. The
CP100 sessions took place at Trinity College in Hartford, CT,
usi  'n inverted Panasonic 24-in (61 c¢cm) monitor. In the third
vie. _g condition (inverted O), inverted observers viewed upright
displays. Observers were inverted by having them lie on their
backs on a table so that they could extend their head and neck
beyond the edge of the table, allowing their heads to hang upside
down while observing the display. To write their judgments,
participants slid their heads back onto the table and sat up in a
crossed-leg posture. Observers experienced no discomfort or any
difficulty with blood rushing to their heads because most of the
body was level and the inverted posture was maintained only for
the few seconds required to observe the displays each time.

Participants

A total of 26 undergraduates at the University of Connecticut
participated in the FR task for credit in an introductory course in
psychology. Ten observers, 6 female and 4 male, were in the
upright O and D condition. Eleven observers, 9 female and 2 male,
were in the inverted D condition. Five observers, 4 female and 1
male, were in the inverted O condition.

A total of 33 undergraduates at the University of Connecticut
participated in the CP48 task for credit in introductory psychology.
Fourteen observers, 11 female and 3 male, were in the upright O
and D condition. Twelve observers, 11 female and 1 male, were in
the inverted D condition. Seven observers, 4 female and 3 male,
were in the inverted O condition.

A *ntal of 38 undergraduates at Trinity College participated in
the 100 task for credit in introductory psychology. Fifteen
observers, 8 female and 7 male, were in the upright O and D
condition. Ten observers, 6 female and 4 male, were in the inverted
D condition. Thirteen observers, 3 female and 10 male, were in the
inverted O condition.

None of the observers reported having any motor or visual
disabilities.

Results and Discussion

Generally, in all versions of the upright O and D condi-
tion, the events were recognized. For instance, in Event 1,
the bouncing of an elastic object after free fall was recog-
nized, although the compression spring was not usually
recognized as such. Also, the constraint provided by the
dowel was usually noted. The pendulum, stirred water,
objects dropped into water, and “autumn leaves” were rec-
ognized as such. The ball rolling down an incline was
distinguished from the struck ball. About half of the observ-
ers recognized the incline, whereas the remaining observers
saw the ball as being pushed or blown by wind. The com-
pression spring moved by hand was distinguished from the
free-falling and bouncing spring, and frequently observers
recognized that it was being moved specifically by hand.
Obsarvers had much greater difficulty distinguishing or
rec " .izing the pendulum moved by hand, although occa-
sionally it was so recognized.

The results were first collated by tabulating the frequency
of mention for each of the descriptors in the CP48 and
CP100 lists. The FR protocols were scored by two indepen-

dent scorers ‘who used the CP100 list to categorize the
responses. Frequencies of mention were then tallied as for
CP48 and CP100 protocols. We expressed frequencies as
percentages for ease of comparison.

To interpret the results, we did not rely primarily on the
semantic of the descriptors used most often to describe each
event. Rather, we examined the relative patterns of descrip-
tors used across different events to see whether and how
events were distinguished. We also examined possible
changes in the relative pattern of descriptors used for each
event across different viewing conditions. The results are
shown in Tables 1 and 2. Table 1 lists FR and CP100
frequencies ordered for each event according to the frequen-
cies in the FR upright display condition. Table 2 lists
frequencies for CP48 ordered according to those for the
upright display condition. For a property to be included in
the tables, the sum of the frequencies across viewing con-
ditions had to be greater than 20%. Properties that failed to
meet this condition for FR but that were =50% for CP100
appear at the end of those lists.

In each list, properties that incorrectly described an event
were marked with a footnote. In general, such marked
properties appeared in the lower portion of the lists where
frequencies were low. For each event and viewing condi-
tion, we counted the number of descriptors with frequencies
=50% and then calculated the percentage of this number
that were correct (i.e., without a footnote). Mean values
across replications (FR, CP48, CP100) are shown in Table
3. Smaller percentages of correctly mentioned properties
should indicate greater recognition difficulty, as should a
smaller number of properties mentioned at least half of the
time. However, percentages of correct properties were high
(=80%) in 20 of 27 instances, with 5.75 properties men-
tioned on average in those cases. The overall average num-
ber of properties mentioned correctly was 4.78, whereas
only .63 were mentioned incorrectly (with frequencies of
mention =50%). These results reflect a generally high level
of recognition.

Nevertheless, some events and viewing conditions
seemed to be more difficult than others. For instance, the
inverted-display (ID) condition was often more difficult
than either the inverted-observer (IO) or upright-display
(UD) conditions. The overall mean percentages were 91.6%
for UD, 80.7% for ID, and 86.8% for IO, whereas the mean
number of properties mentioned at least 50% of the time
were 6.1 for UD, 4.6 for ID, and 5.5 for IO. Some events
were affected more by change in viewing condition than
others. The stirred water, splash, and falling leaves events
were relatively unaffected, whereas the free-swinging pen-
dulum was most affected. Comparing by event type rather
than orientation, the hand-moved spring and pendulum
events were most difficult to recognize correctly, with mean
percent correct across viewing conditions of 69% and 62%,
respectively. Mean percent correct was above 90% for all
other events except the free-swinging pendulum at 77%.
The pendulum was most strongly affected by changes in
orientation.

Next, we analyzed the patterning of descriptor frequen-
cies for the different events by using cluster analysis. We
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Table 1 Table 1 (continued)
Descriptor Frequencies for the Nine Events From the

Fr- Response (FR) and Circle Properties 100 (CP100) ub ID 10
Te. Property FR CP100 FR CP100 FR CP100
Ub ID IO Event 3. Free-zgingir(l)go pend(l)llum 5((c)ontiné45d) 100
Pendul 1 g
Propety ~ FR CPI00 FR CPI00 FR CPL00 Roleased. € 73 0 3. 0 s4 g
' 10 2 4
Event 1. Free fall and bounce l[{,ztdgo gg % 2(—3 20 28 gg ?
Bounce 100 100 36 8 60 100 Gravit 30 47 0 0 0 54 z
Free falling 100 67 18 30 60 69 avity ] :
Stick 30 0 27 20 20 8 ;
Held/released 9 47 18 10 60 54 Dropped 30 20 0 0 0 23
Dropped 9 93 9 20 60 92 Huope
Let go 9 53 18 20 60 46 _ ?
Released 9 73 45 20 60 62 movernent = 2 = %
Sori 50 33 5 20 0 15 Machine 10 7 36 60 20 15
Boliae 50 7 18 30 40 8 Motor* 10 0 3 20 0 8
. Wiper® 0 13 3 70 0 62
Elastic 50 — 0o — 0 — a
Flat surface 0 13 0 2 4 0 Metronome 0 20 27 40 20 15
< nverted
Stick 30 33 27 30 60 15 pendulum . 7 — 50 — 54
Rod 30 47 27 50 60 15
Human
movement 30 — 27 — 80 — o Event 4. Hand-moved pendulum
el % B9 ow o» w Relemsed 0 @ o s 2 5
Hit 20 53 9 40 20 46 eleased®
Machine* 0 — 18 — 20 — ls’e_nﬁulum gg 100 Ig 50 gg 100
Pulled® 0 — 45 — 0 — tic — - —
Motor® 0 — 18 — 20 — Rod 50 33 18 10 20 8
Pulled by string® 0 13 27 20 0 8 Human
Rising 0 27 45 20 0 23 movement 50 53 18 40 60 46
Straight path — 93 — 80 — 85 Rotating 30 7 9 10 20 15
G gt P 73 40 69 Held/released® 30 0 20
ravity — —_ — - — —
i Motor* 30 — 45 — 60 —
’ Event 2. Hand moved spring ﬂa;chige“ gg 72 48 :33,8 gg 4(6)
Human go
movement 60 7 27 20 100 0O Hand moved 20 139 20 0 15
Free falling® 60 33 9 20 20 46 Manual guidance 20 20 9 20 0 8
Released® 50 60 27 S50 20 54 Wiper® 0 13 45 8 20 69
Held/released® 50 73 18 50 20 38 Metronome 6 33 27 30 20 15
Let go® 50 73 18 40 20 69 Gravity - 27 — 30 - 5
Dropped 50 73 18 10 20 77 Inverted
Bounce® 50 60 27 60 40 92 pendulum — 7 — 60 — 31
Hand moved 40 27 27 20 40 28
Manual guidance 40 7 27 30 40 8 Event 5. Ball rolling downhill
Rod 30 47 27 50 60 23 Ball 100 8 91 90 100 85
Bal* 30 0 9 20 40 15 Rolling 80 80 8 60 60 69
Stick 30 40 27 30 60 8 Speeded up 60 40 9 30 20 62
Flat surface 20 — 0 — 40 — Straight path 40 87 9 60 0 69
Il;Il:th 4 %8 6; (9) 38 28 62 Rolis downhill 40 0 0 20 20 38
she 1 Flat surface 30 67 0 0 20 38
Slow 10 — 9 — 0 — Inclined surface 30 7 9 20 0 23
IL’:rt(ljlrbed 10 a) 8 — 0 — Slow 30 27 9 10 20 15
nding 10 20 0 31 Air 30 — 0 — 40 —
Machine® 0 — 18 — 20 — Wind® 30 20 o 0 40 8
lg/lotor“ :8 — 18 — 28 — Hand moved 20 27 27 0 80 8
pring® — 18 — — Pulled® 20 — 0 — 20 —
Stopped 10 13 0 10 0 23 Pushed® 20 40 27 10 0 46
Thrown® 10 0 9 20 40 15 Manual guidance® 20 27 27 20 80 8
Qir 8 :0 0 — 20 — Human
ising 36 20 0 31 movement 10 — 27 — 80 —
Slowed down 0 13 0 10 20 8 Hit* 10 — 9 — 20 —
Lifted 0 7 27 40 20 15 Kicked® 10 20 o0 0 20 8
S+--ight path — 73 — 60 — 62 Blown® 0 27 0 0 40 15 !
i ity — 53 — 30 — 23 Machine® o — 27 — 0. —
Impacted - 21T — 20 — 69 Motor® 0 0 27 20 0 8
Propelled — 7 — 60 — 31 Spinning — 40 — 70 — 69
Rotating — 40 — 60 — 71

Event 3. Free-swinging pendulum

Swinging
Held/released

80
70

73
73

54
0

50
20

100
20

Event 6. Struck ball
Ball 100 100 82 90 100 100
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"Table 1 (continued) Table 1 (continued)

UD ID IO uD ID IO

Property FR CP100 FR CP100 FR CP100 Property FR CP100 FR CP100 FR CP100
Event 6. Struck ball (continued) - Event (8)- Spléagh (corginuecg 20
Stopped 80 8 73 30 8 69 oo falling o 2 21 o o s
Rolling 60 80 64 50 20 92 Splashed 0 100 54 90 0 100
Speeded up X6 18 40 0 9 Reloased 0 27 54 0 0 31
Pushed SO0 33 9 20 20 38 Staki — w0 2 s = 5
Hun?c?\[/lement 50 — 54 — 20 — Gravit)g/ - 0 — 4
Kicked 50 33 9 60 20 38 Impacted — 0 - N - s
Straight path 20 60 9 50 o0 77 -
Slow 20 33 9 30 0 23 Blown 60 I;zghng;?avczo 80 92
Air 100 3% 0 0 23 Leaves 80 73 73 70 80 92
Machine® o o- B - 0 = Air 60 73 100 50 80 62
Wind' 0 — 3% — o0 — Fasutice 50 33 13 3 4
Hit 0 33 18 0 20 31
. Dropped 40 33 18 50 20 54
Blown o 7 180 20 31 Autumn leaves 40 73 36 70 60 92
Slowed to stop — 100 — 70 — 85 :
Free falling 30 47 18 40 40 31
Flat surface - B - 0 - 38 Thrown® 30 13 18 10 20 31
Manual guidance — 53— 10 — 23 Released 10 13 18 10 20 15
Rotating - 3 - 40 — e Let go 10 7 18 0 2 31
Spinning — 33 — 40 — 54 Hun%an
Event 7. Stirred water M:;ﬁly:é?em 18 _7 2»9, _0 gg iS
Water 80 73 45 80 40 46 Flowing 0 — 9 — 20 —
Floating 70 100 36 70 20 77 Upside down 0 0 36 70 0 23
Leaves 60 33 45 30 20 23 Motor® 0o — 27 — 20 —
Liquid 60 73 45 40 40 38 Floating — 53 — 0 — 31
Vortex* 30 13 9 10 20 0 Landing — 53 — 20 — 54
Whirlpoo!® 30 73 9 70 20 62 Gravity — 40 — 50 — 54
irling 30 67 18 80 20 92
raquid surface 20 60 27 60 20 38 Note. UD = upright display; ID = inverted display; IO =
Rotating 20 73 64 70 60 92 inverted observer.
Spinning 20 73 18 30 0 69 ay dy d .'bed t
Slow 10 13 18 0 0 15 ncorrectly descri an event.
Machine® 0 — 9 — 4 —
Motor* 10 — 9 — 40 — performed cluster analyses on the frequencies clustered with
I{\Iha 0 20 272 o o0 8 respect to the nine events. A complete linkage method
uman (farthest neighbor) was used with a Euclidian distance met-
oy ement - B — 20 — ric (Wilkins%m 1989). An analyses was performed on the
Glass® 10 — 0 — 20 — d .
Stirred 10 67 18 50 0 62 combined frequencies from the three replications (FR,
Wind® 10 27 18 0 0 15 CP48, and CP100) in the upright O and D viewing condi-
ﬂm& guidance® 8 _2_0 %g f 28 E tion. A tree diagram representing the relative distances
Hand moved® 0 — 18 — 20 — between clusters corresponding to the nine events is shown
Flowing — 27 — 50 — 23 in Figure 2. (The same results were obtained when the
analysis was performed using data from the inverted O
Event 8. Splash condition. Some change in the pattern resulted when the
I‘i‘{atqa ;8 %% g% 28 }88 g% analysis was performed on inverted D data.)
1qui 1 1 2
Liquidsurface 60 8 9 70 60 85 hThfc{‘; are “Lree. afipels.ts °£hthe Pa‘ﬁ"‘ n F‘g“f"l i that
Floating 60 100 27 60 0 85 should be emphasized. First, the overall pattern would seem
Dropped 60 8 54 60 60 70 to reflect similarities and differences in the underlying dy-
Ripples 30 8 54 8 40 92 namics. Working down the hierarchical tree from the right
Perturbed 3 20 9 0 2 15 to the left in the figure, the six rigid-body events (1-6) were
k‘:"au‘;;sn leaves 38 l?, 38 28 48 g? most closely related to one another, as were the two hydro-
Waves 20 67 36 60 20 62 dynamic events (7 and 8) and the aerodynamic event (9).
Jallo® 10 7 18 0 0 15 This resulted despite the fact that Events 3—6, 7, and 9 all
p . -
ks {8 27 lg 50 %8 38 involved rotations, Events 1 and 9 both involved vertical
<.ass” — — —_— . : 1 :
Thrown 0 53 18 6o 0 movements, and Events 5-9 all 1nyolved complex motions
Let go 0 33 54 0 0 31 of many patches. Thus, when the displays were upright, the
Hit 0 27 0 20 40 138 underlying dynamics conditioned the grouping more than
Held/released 0 20 354 0 0 8 simple kinematic characteristics of the events.
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Table 2 v Table 2 (continued)
De<criptor Frequencies For Events 1-9 From CP48
- Property UD ID 10
Property up 1D 10 Event 4. Hand-moved pendulum
Event 1. Free fall and bounce Swing 100 83 71
Bounce 100 33 100 Hand;started ' 86 '25 57
Gravity 93 42 71 Gravi ty 71 17 29
Drop 26 33 86 Hand-stopped 29 25 29
Fall 79 50 43 Windshicld :
Straight path 79 92 100 wiper 29 33 37
Hand-started 64 58 29 Metronome 21 38 57
Ball® 57 17 71 Hand-guided 14 17 14
Flat surface 57 0 14 Pushed . 14 17 0
Hit 57 8 0 Inclined surface 14 8 0
Spring 43 67 57 Machine® 14 50 29 i
Rising 36 67 14 Drop® 14 0 14 :
Flexible surface® 36 0 14 Sedling 14 0 0
Elastic 29 50 29 Flow . 14 8 0
Air 21 0 0 Straight path 7 0 14
Machine® 14 8 0 Sticking’ 7 0 14
Hand-stopped 14 42 14 Stretchy 0 8 14
Stretchy® 7 42 14 Elastic” 0 8 14
Hopping® 7 25 0 Bounce 0 17 14
Pushed? 7 17 14 Spring 0 30 14
Pulled? 0 42 0 Pulled 0 25 29
Launched® 0 67 0
Event 5. Ball rolling downhill
Event 2. Hand-moved spring gla" o lgg 2(2] 12(1)
Dro 79 42 29 at surface”
Strasght path 71 42 71 Hand started 64 67 71
*"~nd-started 64 67 29 Pushed 64 58 57
Wity 57 33 14 Straight path 57 58 86
Hand-stopped 50 67 57 Inclined surface 43 17 14
Flat surface 50 0 29 Gravtty 43 8 43
Hand-guided 43 50 86 Flow’ 29 17 14
Rising 43 75 14 Wind®* 21 17 0
Fall 43 42 29 Hand gaUlded 21 33 29
Bounce® 43 50 43 Blownﬂ 14 33 0
Pulled 36 42 29 Pulled® | 14 8 0
Ball* 29 33 14 SWlflll’lg 7 33 14
Launched® 29 50 14 Fall . 0 8 14
Elastic® 21 33 29 Hand stopped 0 33 0
Magnetic* 21 17 0
Machine® 21 8 14 Event 6. Struck ball
Hit 21 8 14 Ball 100 83 100
Spring® 21 50 29 Flat surface 71 33 86
Sticking?® 7 8 29 Pushed 71 33 71
Stretchy® 7 42 14 Straight path 57 58 57
Flexible surface® 7 25 0 Hand started 57 58 71
Molasses® 0 8 14 Hand guided® 36 58 29
Pushed 0 50 0 Hit 36 25 71
Blown*® 36 50 29
Event 3. Free-swinging pendulum Settling 21 8 14
Swing 100 67 100 Launched 14 17 0
Gravity 50 8 29 Air 14 25 0
Hand-started 50 33 29 Hand stopped® 14 25 29
Machine® 36 67 43 Flowf‘ 14 8 0
Metronome® 36 50 29 Gravity 14 8 0
Windshield Wind" 14 25 29
wiper® 36 50 71 Sticking® 14 8 14
Hand-stopped 14 42 14 Swirling® 7 17 14
metic® 14 8 0 Pieces of paper” 7 17 0
w-uves all about® 14 8 0 Moves all about* 0 8 14
Pushed® 14 8 43
Flow*® 14 17 14 Event 7. Stirred water
Flat surface® 7 25 0 Swirling 86 92 86
Straight path® 7 0 14 Pieces of paper 79 75 86
Hand-guided® 7 25 0 Floating 79 83 86
Pulled® 0 8 14 Moves all about 79 83 57
Spring® 0 25 14 Liquid 71 33 57



| Table 2 (continued)

Property UD ID 10
Event 7. Stirred water (continued)
“tir 64 42 43
clow 36 17 43
Wind* 36 58 57
Leaves® 36 25 14
Air® 29 42 14
Flexible surface 29 25 14
Blown® 21 42 43
Bumpy surface® 14 17 14
Cloth® 7 17 14
Splash?® 7 0 14
Suction® 7 17 14
Event 8. Splash
Liquid 93 92 86
Splash 93 58 86
Pieces of paper 86 67 71
Floating 86 92 57
Drop 57 42 86
Moves all about 50 8 14
Settling 43 33 14
Flexible surface 43 25 57
Sinking 36 17 14
Fall 36 0 29
Leaves® T 29 17 14
Gravity 29 0 0
Hit 29 17 0
Flow*® 21 17 14
Flat surface® 7 8 14
Stir* 7 17 0
Bounce 7 8 14
Event 9. Falling leaves
Blown 100 92 71
Air 100 50 71
Wind 93 75 86
Pieces of paper 86 75 71
Leaves 71 67 71
Gravity 64 25 29
Fall 57 33 43
Flat surface 50 17 14
Drop 36 0 71
Moves all about 36 42 29
Launched 36 8 0
Settling 36 17 29
Floating 29 0 0
Hopping® 21 25 29
Swirling 21 17 14
Sticking® 14 25 14
Stir® 14 17 14
Sinking 7 0 14
Rising 7 42 14
Flow 7 0 14
Suction® 7 33 0
Magnetic® 0 42 0
Note. CP48 = Circle properties—48.

" Incorrectly described an event.

Second, although the rigid and nonrigid motions were in
all cases clearly distinguished from one another at the most
rordinate level, subordinate types of events were dis-
cuaninated in each case. Different types of nonrigid events,
involving motion through air as opposed to on water, were
as strongly distinguished as were different types of rigid-
body events involving linear free fall as opposed to rota-

tional swinging or rolling motions. The results nevertheless
did support a treatment of the rigid versus nonrigid distinc-
tion as fundamental in event recognition.

Third, when biodynamics were included in the context of
two of the rigid-body events, the resulting animate events (2
and 4) were distinguishable from their inanimate counter-
parts (Events 1 and 3), if only weakly so. Focusing on the
bottom of the tree at the left in Figure 2, each animate event
was most closely paired with its inanimate counterpart,
although the two in each instance were not equated. Ac-
cording to this analysis, Events 3 and 4 (pendulum) were the
least well distinguished, whereas Events 1 and 2 (free fall
and hand-moved spring) were as well distinguished as were
Events 5 and 6 (rolling vs. struck ball) and almost as well as
were Events 7 and 8 (stirred water and splash).

Next, we focused on the effect of viewing conditions. To
capture the strength of the relations among conditions, we
performed simple linear regressions, regressing the descrip-
tor frequencies for a given event in one viewing condition
on those for the same event in another viewing condition. If
the events were judged similarly in two conditions, then
descriptors with low frequencies in one were expected to
correspond to low frequencies in the other and so on. Events
that were judged differently were expected to yield low r?,
low slopes, or both. Before we performed each regression,
we removed those descriptors with zero frequencies in both
instances. (The pattern of results was the same when we
retained these descriptors, but the r* and slopes were
greater, whereas the intercepts were kept near 0.) Descriptor
frequencies in the upright O and D condition were regressed
alternatively on those in the inverted D or the inverted O
conditions. Likewise, those for inverted O were regressed
on those for the inverted D condition. The regressions were
performed separately for each replication. The results were
essentially the same. The mean 7* and slopes are shown in
Figure 3, with standard error bars to indicate the amount of
variation between replications. (The results were also the
same when we used the frequencies from the three replica-
tions together in combination.)

Comparable results were obtained when either upright O
and D or inverted O were regressed on inverted D, as can be
seen in Figure 3. With inversion of the display, there were
changes in the descriptor frequencies so that these regres-
sion slopes and 7* tended to be low. This effect was stron-
gest for the first four events, but it was absent for the
stirred-water display. The latter event involved no vertical
motion and was filmed from a fairly high angle so that the
gradient in the display projected from the patches on the
surface of the water was slight. Thus, the display was nearly
symmetric with respect to inversion. These results con-
trasted with the regressions of upright O and D on inverted
O frequencies. In the latter case, the r’s were consistently
high, as were the slopes, indicating that the results were
similar when the display was upright with little effect of
change in the orientation of the observer.

We tested the significance of slope changes by combining
the frequencies from all three replications and performing
multiple regressions. First, we regressed upright O and D
frequencies on those from inverted D and inverted O (com-
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Properties Named With a Frequency Greater Than or Equal to 50%: Percentage

Correct and Number of Properties

Viewing condition

UD ID IO
% % %
Event Correct  Properties  Correct Properties Correct Properties .
1. Free fall and bounce 93 8.7 86 33 94 7.3
2. Hand-moved spring 60 7.0 62 4.7 86 4.3
3. Free-swinging pendulum 100 4.3 55 33 15 4.0
4. Hand-moved pendulum 78 43 50 3.0 57 4.7
5. Ball rolling downhill 93 4.0 93 4.0 87 5.3
6. Struck ball 100 7.3 87 5.0 100 5.7
7. Stirred water 100 6.3 93 4.7 94 43
8. Splash 100 6.7 100 7.7 94 7.0
9. Falling leaves 100 6.7 100 5.7 94 6.7

Note. UD = upright display; ID = inverted display; IO = inverted observers.

bined in a single vector) with a vector coded orthogonally
for viewing condition and an interaction vector (Pedhazur,
1982). This tested the significance of difference between the
leftmost and middle bars representing slopes in the lower
panel of Figure 3. All nine multiple regressions were sig-
nificant, p < .001, with r* between .38 and .66. Slope
differences were significant, p < .01 or better, for Events
1-4, 6, and 8, whereas that for Event 5 was marginal, p =
.08. (These regressions were performed after removing de-
scriptors with common zero frequencies in each case. When
the  ‘escriptors were retained, the overall 2 ranged be-
tweeu .52 and .76, and significant slope differences were
obtained in all cases except Event 7, stirred water.)

Next, we tested the differences between the leftmost and
rightmost bars for each event shown in the lower panel of
Figure 3. We regressed inverted D frequencies on those
from upright O and D and inverted O (combined in a single
vector) with a vector coded orthogonally for viewing con-
dition and an interaction vector. All nine multiple regres-
sions were significant, p < .001, with * between .17 and

0 50
L Free Fall

135

2. Hand Moved Spring

4. Hand Moved Pendulum

3. Pendulum

5. Rolling Ball

6. Struck Ball

9. Falling Leaves
7. Stirred Water
20.5 l——
. 8. Splash
“igure 2. Tree diagram from cluster analysis of combined fre-
juencies from the three replications. Frequencies for each of the

lescriptors were clustered into nine groups. Distances are listed at
:ach node.

.65. Slopes were not significantly different except for Event
4, p < .05. Event 4 results were affected more by inverting
the display than the observer. We do not understand why the
perception of this event in particular should be affected by
inversion of the observer.

Overall, these analyses show that inverting the display
produced results that were different from those obtained .-
when the display was upright no matter what the orientation
of the observer. The effect was strongest for the first four
events and moderate for the remaining events except Event
7, stirred water, for which no effect was obtained.

All of these analyses were intended to place strong em-
phasis on changes in the patterns of descriptors as evidence
for relative identification and change in perceived identity.
We advocate caution in interpreting results in terms of the
semantics of the descriptors themselves. Nevertheless, we
will briefly review the FR descriptions for each event (in-
cluding the effects of viewing condition). The FR results
were generally reproduced by the CP results. We first com-
pare animate and inanimate versions of the rigid-body
events and then compare the rigid to the nonrigid events.

Rigid-Body Events

Event 1, free fall and bounce, was described in upright O
and D and inverted O conditions as an object released,
dropping and/or falling and bouncing, but in the inverted D
condition it was described as a video game or a machine or
as something thrown or pulled upward and then bouncing
(i.e., the descriptions changed to machines, elastics, and
other energy sources that could send an object upward). The
straight path constrained by the dowel was noted in all
cases.

Event 2, hand-moved spring, was usually distinguished
from Event | but was recognized as human-limb motion
only about half the time. Of those who did not recognize
human movement, two observers described Event 2 as the
same as Event 1, whereas others said it seemed slower, or
that the path was strange, and one listed bounce in scare
quotes, implying that it did not really look like a bounce.
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Figure 3. Bar charts representing results obtained for each type of event when descriptor frequen-
cies from one viewing condition were regressed on those from another in each of the three
replications. Means across the three replications are shown with standard error bars. Sparsely striped
bars: Upright observer (O) and display (D) frequencies regressed on those for inverted D. Dotted
bars: Upright O and D frequencies regressed on those for inverted O. Densely striped bars: inverted
O frequencies regressed on those for inverted D.

Guservers recognized the pendulums in both Events 3and ~ wrote a “person holds one [end] and mimics a swinging
4. Generally, Event 4, hand-moved pendulum, was not  motion by moving the bottom with his hand.” Thus, it
recognized as manually guided. However, two of the FR  appears that it might be possible to discriminate human limb
observers did describe Event 4 as moved by hand. For  motion in this case, although with extreme difficulty. We
instance, in the upright O and D condition, one observer  explored this in a subsequent experiment reported later.
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In pilot experiments, observers had no difficulty recog-
nizing a patch-light ball rolling down an incline. In the
current experiment, we perturbed the viewing condition by
fill 1 the ball in Event 5 so that the incline did not appear
in .. display. Tilting the camera introduced some ambigu-
ity. Although the rolling ball was well recognized, the
downhill motion seems to have been recognized only by
observers who focused on the motion as such, whereas those
who especially noted the level path suggested that the ball
was moved by hand or by wind.

The inverted display of Event 5 had a swirling, oddly
confused appearance. Four of the observers described the
ball as “rolling backward even though it moves forward.” A
fifth observer suggested that the film was being shown
backward. Observers in the inverted O condition did not
have these difficulties. Analysis of the kinematics of a
rolling ball reveals an asymmetry of pattern specific to the
gravitational direction (Bingham, 1995). A zero velocity is

momentarily exhibited by points on the ball in contact with’

the surface along which the ball rolls, whereas the points on
the opposite side of the ball move at twice the tangential
velocity of the center of mass of the ball. For the ball to
remain in contact with the constraint surface, the zero ve-
locity point, and thus the constraint surface itself, must be at
a level below center of mass of the ball. Inverting the
display of Event 5 violated this condition. The display
might have looked somewhat like an open umbrella being
twirled backward as it moved forward, but given the lack of
a traint surface, an umbrella would not produce an
inva..ant zero velocity point at its top. Perhaps for this
reason the rolling ball was usually recognized despite the
oddity of the inverted display.

Observers generally described Event 6 as a rolling ball
being kicked by a person or occasionally being blown by
gusts of wind. One observer in the upright O and D condi-
tion wrote “its not an incline; there is no gravity, so it has to
be pushed; someone is pushing it.”

Nonrigid Events

Each of the three nonrigid events was easily recognized in
all viewing conditions. Event 7 was recognized, whether
upright or inverted, as objects floating in water that was
being stirred. In descriptions of Event 8, splashing and wave
motion replaced the swirling of stirred water. Finally, Event
9 was recognized as a nonrigid event involving air rather
than water, that is, as falling leaves. When the inverted
orientation of the display was not recognized, the nature of
the description changed from free fall to rising by virtue of
magnetic attraction or a vacuum suction.

Altogether, the results indicate that the events could be
recognized by virtue of the motions in the displays. Distinct
rif ody events were identified. Inanimate rigid-body
eveus were often discriminated from similar rigid-body
events involving animate activity, although limb motions
were not easily distinguished from free, damped pendulum
motions. Various types of nonrigid events were distin-
guished from rigid-body events that shared rotation of a
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collection of patches. Most important, distinct types of
nonrigid events were identified, including different events
involving water and events involving flow through air.

Finally, altering the orientation of event kinematics with
respect to the gravitational direction often changed the
perceived significance of the displays. Even subtle manip-
ulations of orientation such as the tilting of the camera used
to film the ball rolling downhill affected the perceived
significance. Changing the relative orientation of the ob-
servers with respect to the displays did not tend to produce
the same effect. The perceived significance of the displays
only tended to change when the display’s orientation to
gravity changed. This suggests that event perception is
multimodal® because observers can perceive the gravita-
tional direction through the vestibular and somatosensory
systems ‘as well as by vision. These have been construed
functionally as parts of a single system that Gibson called
the orienting system (Gibson, 1966; Stoffregen & Riccio,
1988). The advantage of being oriented in the context of
event identification is that gravity can relate perceivers to
events with gravitationally produced kinematic asymme-
tries.

The change in perceived event identity with change in
display orientation also indicates the importance of dynam-
ical factors in event identification. Implicitly, what changed
with a change in orientation was the role of gravity im
determining the form of an event. With altered orientation,
aspects of form originally generated by gravity must be
perceived, if possible, in terms of other dynamical factors,
elastics, springs, motors, and the like. This seemed to be
possible for Event 1, in which inverted gravitational accel-
eration was often perceived as a stretched elastic pulling the
object upward. The question is whether trajectories gener-
ated by gravity, as opposed to an elastic, are truly indistin-
guishable.

In other instances, events were recognized despite the
alteration in orientation. The inverted rolling ball looked
very strange and confusing, with the implication that the
kinematics could not be confused with those of a different
event with a different dynamic. We infer that the strong
asymmetry of the kinematics was specific to gravity and
was used to discern the orientation of the display and to
reveal the ruse.

Experiment 2: Examining Trajectories’ Forms as
Visual Information

Next, we examined the trajectories of the animate and
inanimate versions of the free-fall and pendulum events and
performed an additional test of their discriminability. In the
first studies, Events 1 and 2 (free fall and hand-guided
spring) were usually distinguished despite commonality of
path, amplitude, and frequency. In principle, only the form

3 Comilleau-Pérés and Droulez (1990) have suggested that the
perception of “object-motion” requires only visual information and
is thus fundamentally different from the perception of egomotion.
The latter they describe as requiring multimodal information.
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of the trajectories should have remained as a source of
information allowing these events to be distinguished. The
trajectories can be characterized in event space, that is, a
plot of velocity versus position and time (for each of the
sp' coordinates). By projection, however, trajectories in
subspaces of event space can be derived, including plots of
position versus time (i.e., a time series), velocity versus
time, or finally, velocity versus position. The latter, called
phase space, is sufficient to characterize the differences
between free falling and hand-moved trajectories of the
spring because the events were synchronized in time.

We measured the kinematics of Events 1 and 2 by mea-
suring the screen coordinates of the patch on the compres-
sion spring. The coordinates were measured in successive
video frames that sampled the original event at 30 Hz. The
mean (and SD) amplitudes in screen units were 67 (2.0)
versus 65 (1.2) for Events 1 and 2, respectively. The times
for descent were .768 s (.04) versus .715 s (.03). Given the
33 ms sampling interval, the 53 ms mean difference was
negligible.

The position data were filtered using a Fourier-based
method with a Gaussian window five samples in width.
These data were then differentiated using central difference.
The resulting phase space trajectories appear in Figure 4.
Motion in the free fall and bounce event occurred only
along the Y axis, so we plotted the trajectories in a Y~V
phase portralt Trajectories for the three free-fall and bounce
displays in the top panel of Figure 4 revealed the parabolic
shape corresponding to gravitational acceleration with a flat
ba:  ‘:nerated by elastic impact and rebound. (The bottom
of wese trajectories were somewhat rounded due to the
filtering.) Only about half of the original height was re-
gained by the spring on the rebound due to dissipation of
energy in the imperfectly elastic spring.*

The trajectories for the three hand-guided spring displays
appear in the lower panel of Figure 4. These trajectories
exhibit the elliptical form characteristic of human limb
movements (Cooke, 1980). However, the peak velocities
during the falling segment of the trajectories were displaced
away from the midpoint of the fall, toward the bottom, and
the early portions of the fall were more parabolic than
elliptical. These two properties indicate that the hand was
mmally allowed to free fall before voluntary control was
exerted.> Although the trajectories exhibited a short flat
base corresponding to impact, the flat portion did not extend
across the zero-velocity axis, indicating that the collision
was inelastic.

One way of comparing forms is in terms of their symme-
tries. The free fall and bounce trajectories exhibited spatial
symmetry. In contrast, the hand-guided trajectories were
temporally symmetric. The symmetries were revealed
through transformations that allowed portions of the trajec-
tory to be made congruent. Because we were interested in
form comparisons (rather than scale changes), we rescaled
the ond half of the free-fall trajectory to eliminate the
effece of dissipation. After this, the two halves of the tra-
Jectory could be made congruent by folding the trajectory
about the zero-velocity axis. That is, by taking the absolute
value of velocity, the result would be matching velocities at
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corresponding positions. In contrast, to be made congruent,
the halves of the hand-guided trajectory would not only
have to be rescaled and folded about the zero-velocity axis,
but the second half of the trajectory would have to be
flipped left to right in the figure because the falling and
rising motions were accelerated in similar ways. The neces-
sity for this last flip reflects the temporal symmetry (and the
spatial asymmetry) of the trajectory. The spatial symmetry
of the free-fall and bounce reflects the roles of gravity and
elastic rebound in generating the form of the event. The
spatial asymmetry of the hand-guided spring reflects the
role of skeletal muscles and inelastic impact in generating
the event. These differences in “rebound” are reflected in
the relative location of the peak velocity. For the free fall,
the peak occurred at the rebound. For the hand-guided
movement, it did not.

We next examined the trajectories for Events 3 and 4, that
is, the free-swinging and hand-guided pendulums. Noting
that the occasional observer in the first studies did recognize
human limb motion in Event 4, we wondered what the
nature of these trajectories was that made them so difficult
to distinguish, but left their discrimination a possibility. We
had intended the free and hand-moved pendulum trajecto-
ries to be the same in path, amplitude, and frequency.
However, we found that reproducing the regularly dimin-
ishing amplitude of the damped pendulum at the required
frequency was difficult.

We measured the screen coordinates of the patches at the
two ends of the rod. A line drawn between the two points
rotated about a single image point over successive frames.
We reduced the degrees of freedom of our measurements
from X and Y coordinates to a single angular coordinate, 6.
We differentiated the angular position data and filtered the
resulting angular velocities using a Gaussian window of
three samples in width. The resulting phase trajectories
appear in Figure 5.

All three free-swinging, damped pendulum tra]ectones
looked the same as that shown in the top panel of Figure 5,
where the characteristic spiral can be seen. Amplitudes in
successive half cycles decreased due to damping from fric-
tion at the pivot and air resistance. Two of the three hand-
guided pendulum trajectories appear in the two lower panels
of Figure 5. (The remaining trajectory was almost identical
to that in the lower-right panel of Figure 5.) All failed to
produce the continuous spiral on the phase plane, yielding
instead crossing trajectories. Each trajectory crossed itself at
least once, that shown in the lower left panel crossed itself

* This surmise was confirmed by modeling the event as projec-
tile motion, alternatively with and without a viscous term repre-
senting air resistance, combined in a piecewise continuous fashion
with a stiff damped mass-spring oscillator representing the impact
portion of the trajectories. The best simulation was obtained with
a version of the model without air resistance in which the energy
of fall was dissipated in the mass spring.

> This was confirmed through simulations in which the falling
trajectories were best modeled in a piecewise continuous fashion,
including projectile motion for the initial portion and a harmonic
oscillator for the latter portion.
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Figure 4. Top panel: phase space trajectories for three displays
of the free falling and bouncing spring. Bottom panel: Phase space
trajectories for three displays of the manually guided spring. (Ar-
bitrary screen units)

twice. Information associated with this crossing of trajecto-
ries might allow the careful observer to distinguish the free
and hand-moved pendulums. If observers were able to dis-
tinguish the two types of events, this should have been the
only information available to do so, because the shapes of
the trajectories were essentially the same otherwise. -

Could observers truly distinguish free and hand-moved
trajectories for either the free fall and bounce or pendulum
events? To further test this possibility, we used the displays
from the previous study in a forced-choice task.

Method

i scedure

The 12 displays from the original identification study were used:
3 free fall and bounce displays, 3 hand-guided spring displays, 3
free-swinging pendulum displays, and 3 hand-guided pendulum
displays. These were presented to observers four times each,
together in random orders blocked by trial. The observer’s task

G. BINGHAM, R. SCHMIDT, AND L. ROSENBLUM

was to judge in each instance whether the movement was natural,
free movement, or whether the respective object was moved by
hand through the entire event. The experimenter explained that the
events had been filmed so that only one or two bright patches
would appear in an otherwise dark display. An interval of a few
seconds was provided to write judgments between displays. Ob-
servers performed the task in groups of four. Each observer per-
formed 48 judgments. An experimental session took about 20 min.

Participants

Undergraduates at the University of Connecticut (N = 18)
participated in the experiment for credit in an introductory psy-
chology course. Eleven observers were male and 7 were female.

Results and Discussion

Observers were able to discriminate free motion from
hand-guided motion in both types of events. However, they
seem to have had more difficulty in recognizing the hand-
guided pendulum.

The pattern of results is shown in Table 2 for both events.
Chi-square tests performed on the data were significant in
both cases, for the free fall and bounce, x* (1, N = 432) =
193.7, p < .01, and for the pendulum, x° (1, N = 432) =
21.9, p < .01. However, these data included repeated ob-
servations, so we performed separate chi-squares on the data
for each of the four trials in each event, using a correction
for continuity (Spence, Underwood, Duncan, & Cotton,
1968). The table for each trial exhibited the pattern shown
in Table 4 for the respective type of event. The four chi-
squares for the free fall and bounce were all significant, p <
.01, with 40.8 < X2 (1, N = 108) < 53.7. Three of the four
chi-squares for the pendulum were significant, p < .05 or
better, 4.8 < f < 11.1, whereas that for Trial 3 was not
significant, ¥* (1, N = 108) = .6. The results indicate that
the animate motions could be discriminated in both cases
but that observers had more difficulty in discriminating the
hand-moved pendulum.

We examined the pendulum judgment data of each ob-
server and found that approximately a quarter of the observ-
ers reliably discriminated both the free-swinging and the
hand-guided pendulum in all displays, whereas the remain-
ing observers were unreliable in their judgments of the
hand-guided pendulum. (None of the hand-guided displays
was more reliably identified than another.) We inferred that
a few observers were skilled at discerning the hand-guided
pendulums, whereas the others were not. All of the observ-
ers were able to distinguish the hand-guided spring. The
results confirmed those of the earlier study showing that
animate activity can be discriminated in these simple events
but that manual guidance of a pendulum is more difficult to
detect.

Dynamical Analysis of the Animate Events

We discovered different properties in two different types
of events that might have enabled observers to distinguish
animate from inanimate motions in each case. The rebound
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trajectory was different in the spring events, whereas in the
pendulum events the trajectories either did or did not cross.
The question was, why might these kinematic properties
make the events look animate? Although the relevant prop-
el in the two instances were different, we attempted to
identify a single dynamical principle that might underlie the
recognizably animate motions in each case. We modeled the
respective event dynamics. From these dynamics we de-
duced potential dynamical criteria for animacy.

We first modeled the free fall and bounce. Because of the
discontinuity associated with impact, a piecewise continu-
ous model had to be used (Thompson & Stewart, 1986). The
free-falling and rising portions of the event were modeled in
terms of gravitational acceleration with air resistance as
follows:

[d*yldf] = 9.8 — b [dyldf], (1)
where y is the position on the vertical axis, b, is a damping
coefficient, and 9.8 is the gravitational acceleration. The
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impact portion of the trajectory was modeled as an ex-
tremely stiff spring with energy dissipated through a linear
damping term as follows:

[d*y/di] = —[kim]y — by[dyldf], ¥))

where £ is the stiffness, m is the mass, and b, is the damping
coefficient. The model switched to and from this second
equation when the position of the spring passed that of the
constraint surface.

The model of the hand-guided spring event was some-
what more complicated. Linear mass springs have been used
widely to model human limb movements (Berkinblit, Feld-
man, & Fukson, 1986; Bizzi, Chapple, & Hogan, 1982;
Cooke, 1980; Hasan, Enoka, & Stuart, 1985; Kelso & Holt,
1980). However, human limb movements have also been
found to take advantage of gravity by passively allowing
gravity to move a limb through relevant portions of a
trajectory (Mochon & McMahon, 1980, 1981). The hand-
guided spring trajectories exhibited both types of motion. A
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Table 4
Frequencies of Displays Judged as Natural Motion or as
Moved by Hand

Judged

Free-swinging

Free fall and bounce pendulum
Natural Natural
Actual motion Hand Total motion Hand Total
Natural :
motion 170 26 196 159 112 271
Hand 46 190 236 57 104 161
Total 216 216 432 216 216 432

free-fall equation was used to model the upper portion of the
downward movement, switching to a mass spring for the
lower portion up to and following the impact. Significantly,
the manual trajcctones could not be modeled without intro-
ducing a change in the stiffness between the falling and
rising portions of the trajectory. The third part of the hand-
guided spring model, capturing the inelastic impact, only
applied to positive velocity values at the position of impact
(i.e., generating the straight line trajectory above the zero-
velocity axis). By definition, inelastic impact provides no
rebound energy. Thus, the spring used to model human limb
movement operated as soon as the trajectory reached zero
“city. This and the change in stiffness were direction-
., -cific controls, and the need for such controls was a
reflection of the spatial asymmetry of the modeled trajec-
tories. The spatially symmetric trajectory of free fall and

bounce did not require such changes.
The freely swinging pendulum was modeled as follows:
[a%6/dP) =

(9.8 sin6)/l — b[d6/dt], 3)

where 6 is angular position, [ is length, b is a damping
coefficient, and 9.8 is the gravitational acceleration. To
model the hand-moved pendulum, we adopted a nonlinear
limit-cycle model developed by Bruce Kay to model re-
sponses of limb movements to perturbation (Kay, 1986;
Kay et al., 1987; Kay, Saltzman, & Kelso, 1991). The model
produces single-orbit limit cycles that are free of fluctua-
tions aside from externally applied perturbations. Fluctua-
tions observed in actual limb motions produce an elliptical
band inside of which a trajectory wanders. As shown by
Kay et al. (1991), the fluctuations can be modeled by
stochastic variation of dynamical parameters within a lim-
ited range of values. Trajectories exhibit a limit-cycle sta-
bility in response to such self-induced perturbations. To
model the hand-guided pendulum, the nonlinear model was
modified to include stochastic variation in the stiffness and
~~mping coefficients. The model was as follows:

[d%6/dF] =

—[k/m)6 — (b, + by[d0/dr] + b,6%)[d6/d!],

C))

where 6 is angular position, & is stiffness, m is mass, and
b,_3 are damping coefficients. The values of both & and b,
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were varied every At about mean values according to a
Gaussian distribution. :

Using these four models and a fourth-order Runge-Kutta
algorithm, position data simulating each of the four mod-
eled trajectories were generated. These were filtered and
differentiated, as were the original trajectories. The respec-
tive simulations appear in Figure 6.

The significant property of the models of the hand-guided
trajectories was that both models required elements that
injected energy lost to dissipation back into the movement.
In the hand-guided spring model, the energy lost in the
inelastic collision was injected back into the movement
through the change in stiffness of the mass-spring. In the
hand-guided pendulum model, the energy lost through
damping was injected back into the movement through the
nonlinear damping term. The energy in the inanimate spring
and pendulum events could only decrease because of fric-
tional forces. In contrast, the energy in the corresponding
animate events may have increased at times, revealing their
animate character. (The distinguishing property of muscles
as force generators is, of course, that they are autonomous
energy sources.) We computed the energy trajectories in
each of the events to investigate this possibility.

The momentary mechanical energy (E) is computed as the
sum of the instantaneous kinetic energy (KE) and potentlal
energy (PE) (Rosenberg, 1977), where

1,
KE=§—m'v2 and PE = —dex. %)

The potential energy function depends on the nature of the
forces involved. We derived formulas to compute the me-
chanical energies in the spring and pendulum events as
follows:

1 .

Event 1:E=2—mv§+mgy ©)
1

Event3: E = 2—10 +mgl{l — cosf] @)

Using these relations, we computed the energy trajecto-
ries in each of the events. As can be seen in the top panel of
Figure 7, energy only decreased for the free-fall and bounce
events, most of it lost during the elastic rebound. In contrast,
energy increased significantly during portions of the hand-
guided spring events. As previously deduced, the early
portion of the downward movement stayed close to the
free-fall trajectory. Subsequently, however, the hand-guided
trajectory deviated, showing distinct energy increases fol-
lowed by a complete loss of energy in an inelastic collision,
followed in turn by a steep energy increase.

Likewise, the manually guided pendulum trajectories,
appearing in the lower panel of Figure 7, exhibited pro-
nounced energy increases, especially near the ends of the
movement, where the trajectories crossed. A pattern of
increasing overshoot followed by compensating undershoot
can be seen in one of the trajectories. Deviations from strict
monotonic decrease apparent in the freely swinging damped

9
Ll
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Figure 6. Simulated trajectories for the free fall and bouncing spring (top left), the manually
guided spring (top right), the freely swinging damped pendulum (lower left), and the manually
guided pendulum (lower right). The trajectories were generated by models described in the text.
Compare these with the corresponding measured trajectories shown in Figures 4 and 5.

pendulum were introduced by measurement errors. The
important point to note is that the fluctuations in the energy
of the hand-guided pendulums were considerably greater
than those produced by our measurement errors. Neverthe-
less, the fact that measurement error can produce significant
variations in computed energy means that we must deter-
mine in future studies what form variations can be resolved
reliably and used to detect differences in events.

In sum, this analysis revealed a single dynamic property,
namely, increasing energy, which corresponded to animacy
in both the spring and pendulum events. Despite the com-
mon dynamical property, the kinematic properties that
might reveal the energy increases seemed to be different in
the cases (i.e., more gradual acceleration after impact in
the rree-fall event and differences associated with crossing
trajectories in the pendulum event). On the other hand, both
involved perturbation of the position at which peak veloc-
ities occurred along the trajectories.

In the inanimate events, the peak velocities in each cycle

occur at the positions where the motions would eventually
settle at zero velocity (i.e., at the so-called “point attrac-
tors”). In general, increasing energy would correspond to
the phase trajectories’ spiraling outward from point attrac-
tors. A possible investigative approach, therefore, might be
to discover the conditions under which outward spiraling
might be detectable. Locally, outward spiraling can produce
either increases in successive amplitudes of motion, or
increases in velocity, or both, at corresponding points along
a trajectory on subsequent cycles. Observers might well
detect the former aspect and not the latter. Additional
experimentation will be required to investigate these
possibilities.

General Discussion
Runeson (1974) manipulated velocities along trajectories

in displays using simple kinematic functions and asked
observers to draw phase trajectories (i.e., plots of velocity
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Runeson (1977) advocated the use of dynamical models
to guide investigation of kinematic properties as informa-
tion in event perception. Direct manipulation of kinematics
provides a poor basis for interpretation. For instance, Mi-
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Figure 7. Mechanical energy trajectories computed from the
measured Kinematics. Top panel: Energy of the free falling (3
instances; filled circles) versus manually guided spring (3 in-
stances; open circles). Lower panel: Energy of the freely swinging
(1 instance; filled circles) versus manually guided pendulum (2
instances; open circles).

vs. position). Observers drew different graphs for each type
of motion and were consistent in drawing the same graph
each time a given motion was encountered, making it evi-
dent that they could recognize the motions. Nevertheless,
the graphs that they drew were incorrect descriptions of the
kinematics. Subsequently, Bingham and Runeson (1983)
found that the same graphs were drawn when observers
were given instructions to describe either velocity or push.
One could not safely interpret the graphs using the seman-
tics of either push or velocity because participants drew
identical graphs despite the apparent semantic differences of
the descriptors. Only the pattern of description could be
v to discern perceptual capabilities. Accordingly, in the
cu..ent study we have emphasized analysis of descriptive
pattern and change in such pattern as evidence for the
salience of changes in displays. But what of the perceptible
significance of the displays? If one cannot rely on the
semantics of perceptual reports, then where should one find
a basis for interpretation?

chotte (1963) inserted a brief delay at the point of contact
between two objects in a simulated collision display. Al-
though it was clear to Michotte’s observers that the display
was no longer of a collision, the new identity of the event
was rather elusive. Michotte called it triggering, implying
perceived release of stored energy, but. this. possibility re-
mained vague and unverified. Another illustration of this
problem is Todd’s (1983) attempt to discover the informa-
tion for recognizable types of bipedal gaits. He manipulated
the kinematics of a simulation with 7 degrees of freedom
without attention to the underlying dynamics of bipedal
locomotion, and as a result he became rather lost in the sea
of possibilities allowed by the 7-df system. His results
demonstrated that perturbation of the actual (digitized) ki-
nematics of locomotion affected the identifiability, but he
was unable to show how or why this was so.

To avoid these difficulties, dynamical models of events
can be used to generate simulated event displays. This is the
strategy that has been used, for instance, in studies on the
perception of collision events (Gilden & Proffitt, 1989;
Todd & Warren, 1982; Runeson & Vedeler, 1993). The
advantage is complete control over the dynamically deter-
mined content of the displays so that the physically lawful
nature of the events is well specified. The disadvantages,
however, are twofold. First, if the resuiting perceptual judg-
ments are poor, the question remains of whether the results
revealed more about the perceptual system or about the
inadequacies of the dynamical model used to generate the
displays (Flynn, 1993, 1994). This difficulty is exacerbated
by the second problem. Good models of complex events are
difficult to derive. Most studies (thus far at least) have used
the simplest models of the events under study, using sim-
plifying assumptions such as no friction and no gravity (e.g.,
horizontal planar motion on an air hockey table). Until the
potential sensitivity to the perturbations necessarily entailed
by these simplifications has been determined, negative con-
clusions about general abilities to use motion to recognize
given types of events are premature. More important, events
involving complex dynamics have not been studied using
simulations.

An advantage in using the patch-light technique is that the
motions can be guaranteed to be those actually generated in
an instance of the type of event under study. The attendant
disadvantage, of course, is that the content of the display
cannot be controlled absolutely.® The dynamics can be
studied, nevertheless. We investigated event dynamics by
applying methods that have been developed and used to
study human motor behavior. The kinematics of the event
were measured directly from patch-light displays (Bingham,
1987b) and compared with those generated using dynami-
cal models. Our results now provide a context motivating

S On the other hand, the constraints exerted by actual events are
instructive because we wish to reveal just those aspects of an event
that are impossible to alter without obvious change of identity.
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and constraining subsequent studies in which simulations
can be used to manipulate the dynamics of the displays
I metrically.

-e showed that observers can identify a variety of events
from motions and that the relative patterns of description
reflect the underlying types of dynamics represented by the
events including distinct types of nonrigid motion. Further,

we found that changes in the orientation of the kinematics

with respect to gravity altered the relative patterns of de-
scription and, by inference, the perceived character and
identity of some events. The results support the notion that
the underlying dynamics contribute to the perceptible sig-
nificance of detectable forms of motion. That trajectory
forms are a potentially important source of visual informa-
tion was shown by the fact that motions of only a single
patch were often sufficient to allow observers to recognize
animate as opposed to inanimate versions of otherwise
similar events. We reproduced the differences in trajectory
forms through dynamical models and discovered that mod-
els of animate trajectory forms required energy injection,
whereas models of the inanimate trajectories did not. Fol-
lowing this lead, we examined the mechanical energy flows
computed from the oriented position and velocity data in
each event and found that the animate events exhibited
marked energy increases along portions of the trajectories,
whereas inanimate events did not. Further confirmation that
the kinematic repercussions of such energy flows provide
pe  »tual information about animacy in events will now
rey ..e application of simulation techniques for display
generation and systematic psychophysical investigations of
these trajectory forms. Similarly, we now know that various
liquid motions can be recognized as can motions in air.
Earlier studies showed that bending can be recognized as
well as elastic deformations (Bassili, 1978). Systematic
studies using dynamical simulation will be required to de-
termine how these various nonrigid events can be distin-
guished and recognized.
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Appendix A

Property List Used in the Circle Properties 48 Task

Circle the properties that apply:

Metronome

Bounce Swing Gravity
Brick Swirling Windshield wiper Clay
Hand-guided Spring Inclined surface Splash
Settling Follows a straight line Floating Molasses
Flexible surface Cloth Stretchy Pieces of paper
Hit Hand-started Pulled Machine
Rising Magnetic Stir Ball
Moves all around Flow Sticking Air
Flat surface Drop Sinking Hopping
Launched Leaves Bumpy surface Blow
Hand-stopped Elastic Wind Liquid
Pushed Fall Suction Ledge
Appendix B

Property List Used in the Circle Properties 100 Task

Circle the properties that apply:

Bounced
Thrown
Impacted
Sinking
Molasses
Manually guided
Dropped
Propelled
Rotating
Spinning
Hit

Lifted

Caught
Kicked

Pulled
Whirlpool
Stirred

Rocks
Flowing
Splashed

Rod

Autumn leaves
Skipping
Chopped down
Follows a straight line

Human movement
Waves

Gravity
Magnetic

Cloth

Let go

Floating

Ball

Rolling downhill
Windshield wiper
Slowed down
Distorted

Pulled by string
Wind

Stopped

Liquid

Motor

Ripples

Stretchy

Hopping

Slowed to stop
Walking

Football

Hugged

Inverted pendulum

Upside down
Jumping
Water
Suction

Air

Speeded up
Leaves
Spring

Slow
Vortex
Metronome
Hill

Wheel
Elastic

Free falling
Swirling
Flat surface
Perturbed
Stick
Running
Waterfall
Steam
Handshaking
Sliding door
Motor oil

Released
Machine

Moved by hand
Ketchup

Poured
Launched

Jello

Yanked
Pendulum
Strange

Rolling

Blown

Held and released
Swinging
Braking

Inclined surface
Glass

Landing

Rising

Pushed

Surface of liquid
Crawling
Completely random
Digging

Folding
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