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Virtually all sensory input varies along a continuum,
yet people tend to perceive the world in terms of discrete
categories. For example, although the visible spectrum of
light varies continuously from a wavelength of approxi-
mately 370 to 730 nanometers, when viewed by an ob-
server, this continuumappears to be composed of relatively
discrete bands of color. In fact, the tendency to categorize
the sensory world is so strong that a person’s ability to
physically discriminate among stimuli that are members
of the same category (e.g., two shades of red) may suffer
considerably. This phenomenon is known as categorical
perception.

Harnad (1987) has defined categoricalperceptionas an
“analog to digital transformation that recodes a continuous
region of physical variation as a discrete, labeled equiva-
lence class” (p. 4). Importantly, Harnad identified two gen-
eral criteria that must be met in order to claim that a given
perceptual event is an instance of categorical perception:

1. First, two stimuli that are members of the same cat-
egory should be harder to physically discriminate than
two stimuli that are members of a different category, even
though the physical distances between the two sets of stim-
uli are equal. Research has shown that two wavelengths
of light both labeled “blue” by the participant are more
difficult to physicallydiscriminate than two wavelengths
of light, one of which is labeled “blue” and the other la-

beled “green,” even though the physical distances between
the two “blue” wavelengths and the “blue” and “green”
wavelengths are equal (Bornstein & Korda, 1984).

2. Second, stimuli that vary along a physical contin-
uum should be classified into several discrete categories.
For example, it is a well-established phenomenon that
people perceive the visible spectrum of light as a few dis-
crete bands of hues, each of which can be uniquely de-
scribed as being qualitatively different from the others
(Bornstein, 1987). A wide variety of experimental para-
digms have been used to assess classification, including
overt labeling (e.g., “What is the name of this stimulus?”),
same–different identity judgments (e.g., “Do these two
stimuli have the same name?”), and forced-choice (e.g.,
“Is this stimulus a member of CategoryX or CategoryY?”;
see, e.g., Cooper & Biederman, 1993; Etcoff & Magee,
1992;Liberman,Harris, Hoffman, & Griffith, 1957;Rosch,
1975).

What would be the computational advantages of pars-
ing continuous sensory information into discrete cate-
gories? Numerous authors have suggested that categori-
cal perception helps to significantly reduce the amount
of information a sensory system has to process (Beale &
Keil, 1995; Smith & Medin, 1981; Snowdon, 1987) by
allowing the brain to act upon a relatively small number of
categories instead of a much larger stimulus continuum.
Although some degree of precision is sacrificed in the pro-
cess, categorical perception would thus allow for quicker,
easier processing of sensory stimuli. In addition, categor-
ical perception allows a much greater toleration of per-
ceptual noise because a range of input values will all ac-
tivate the same category in memory. Thus, despite some
variation in the input, the correct representation in mem-
ory is more likely to be activated (see Harnad, 1987).

Categorical perception has been found to occur in a
number of sensory domains and for a variety of different
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The purpose of the present investigation was to determine whether the orientation between an ob-
ject’s parts is coded categorically for object recognition and physical discrimination. In three experi-
ments, line drawings of novel objects in which the relative orientation of object parts varied by steps
of 30º were used. Participants performed either an object recognition task, in which they had to deter-
mine whether two objects were composed of the same set of parts, or a physical discrimination task,
in which they had to determine whether two objects were physically identical. For object recognition,
participants found it more difficult to compare the 0º and 30º versions and the 90º and 60º versions of
an object than to compare the 30º and 60º versions,but only at an extended interstimulus interval (ISI).
Categorical coding was also found in the physical discrimination task. These results suggest that rela-
tive orientation is coded categoricallyfor both object recognition and physical discrimination, although
metric information appears to be coded as well, especially at brief ISIs.
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stimuli. Initially, the phenomenon was thought to be lim-
ited to lower level stimuli such as phonemes and colors
(Bornstein, 1987; Bornstein & Korda, 1984; Liberman
et al., 1957). However, investigators have since found ev-
idence that categorical perception also governs some
higher level aspects of perception, most notably in the do-
main of face processing. For example, Etcoff and Magee
(1992) have found categorical perception effects in the
perception of facial expressions (see also Calder, Young,
Perrett, Etcoff, & Rowland, 1996), whereas Beale and
Keil (1995) have found categorical perception effects in
the perception of facial identity.

If categorical perception affects aspects of face per-
ception, then it seems plausible that categorical percep-
tion may also be involved in aspects of object (nonface)
perception. However, virtually no direct evidence speaks
to this proposition, and the relationship between cate-
gorical perception and object recognitionhas yet to be em-
pirically explored. Thus, one of the goals of the present
research is to seek evidence that speaks to whether cate-
gorical perception is involved in the perception of objects.

A good place to start might be to look for evidence of
categorical perception in the coding of the spatial rela-
tions among an object’s parts. In particular, a useful can-
didate for a type of spatial relation that might be perceived
categorically is the relative orientationof an object’s parts.
The orientation of simple shapes, for example, is known
to be discriminated categorically (see, e.g., Appelle, 1972;
Essock, 1980), and this finding may extend to the per-
ception of the orientation between an object’s parts as
well. Unfortunately, little empirical evidence speaks to
the role relative orientation plays in recognition, let
alone whether relative orientation constitutes an instance
of categoricalperception. Thus a second goal of the pres-
ent research is to investigate how relative orientation is
coded in the representation used for object recognition.

On computational grounds, some theories of object
recognition have posited that relative orientation might
be coded during object recognition. Specifically, some
authors (e.g., Biederman, 1987; Hummel & Biederman,
1992) have suggested that relative orientation is coded
categorically via the categories parallel, perpendicular,
and oblique for the purpose of basic-level object recog-
nition. For example, in these theories that posit categor-
ical coding, the handle of a coffee cup might simply be
coded as being “parallel to” the body of the cup, as op-
posed to its exact orientation being specified. Given that
objects regularly vary in the orientation of their parts, it
may be computationally useful to categorically code the
orientation of an object’s parts in order to make the rep-
resentation more robust to changes in viewpoint. Like
other types of categorical relations, coding relative ori-
entation (as opposed to absolute orientation) allows the
memory representation used to recognize that object to
become invariant to many of the variations that charac-
terize naturalistic viewing conditions, such as changes in

the object’s size, position in the visual field, or orienta-
tion. For example, if a cup were to change its size, posi-
tion, or orientation, the handle of the cup would still be
“parallel to” the body of the cup.

It is important to note, however, that categorical cod-
ing of orientation, as defined by models of shape recog-
nition that posit categorical coding (e.g., Hummel &
Stankiewicz, 1998), only implies that an output function
is nonlinear across categorical boundaries. Thus, ac-
cording to these models, noncategorical (metric) infor-
mation is not necessarily excluded from a categorical rep-
resentation. Categorical coding, therefore, only makes
the strong prediction that recognition time to appreciate
the similarity of two stimuli that have a metric difference
in the orientation of their parts should be nonlinear
across categorical boundaries.

Why do theories of object recognition that posit cate-
gorical coding of orientation use the categories parallel,
perpendicular, and oblique when, conceivably, any arbi-
trary range of orientations could serve as a category? For
example, a possible categorical relation could be “between
0º and 45º,” and a second possible categorical relation
could be “between 45º and 90º.” Whereas any arbitrary
range of orientations that served as a category would not
be disrupted by changes in the size or the position of the
object, they might be disrupted by rotations in depth. As
an object rotates in depth, the degree of obliqueness be-
tween the object’s parts changes in the two-dimensional
image projected by the object onto the retina (Figure 1,
top row). It would not be useful to form a categorical re-
lation that separates oblique angles into more than one
category because there is a risk that the orientation be-
tween an object’s parts, when seen rotated in depth, will
cross a categorical boundary (thus activating a different
memory representation and impairing the recognition
process). However, parallel and perpendicular do not
change as an object rotates in depth (Figure 1, bottom
two rows).

Coding parallel, perpendicular, and oblique for the
purpose of recognitionwould be advantageous,however,
because these categories are less easily disrupted by ro-
tations in depth than are other categories of orientation.
For example, as a viewer’s perspectiveon all three objects
depicted in Figure 1 changes (the 0º version of each ob-
ject compared with the 30º version of each object), the
categorical relations between the two parts of the object
will not change in that parallel will always appear paral-
lel, perpendicular will always appear perpendicular, and
oblique will always appear oblique (although the degree
of obliqueness will change).

All of the arguments hitherto presented for including
parallel, perpendicular, and oblique as categorical rela-
tions in an object recognition system are entirely compu-
tational. Although great success has been enjoyed by
computer models of recognition that explicitly code par-
allel, perpendicular, and oblique (e.g., Hummel & Bie-
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derman, 1992), the question of whether the human object
recognition system computes these categories between
the parts of an object has never been tested empirically.

Alternative Ways of Coding Orientation
Despite the advantages of coding the orientation be-

tween an object’s parts categorically (via the specific cat-
egories parallel, perpendicular, and oblique), and be-
cause of the lack of empirical data that speak to the
question of how orientation might be coded, several al-
ternative, noncategorical ways of coding orientation are
possible. The two principal alternative ways of coding
orientationare discussed briefly in the following sections.

No coding of orientation. One possibility is that the
memory representation of an object is completely in-
variant to the orientationof the object’s parts. That is, the
same representation in memory will be activated no mat-
ter how an object’s parts are oriented. Although this may
at first glance seem unlikely, a system that does not code
orientation would be advantageous because it would al-
low for a greater degree of generalization among objects
that differ in the orientation of their parts (as opposed to
delegating objects that differ in the orientation of their
parts into three separate categories). It would be compu-
tationally inefficient to represent the orientation of the
parts of certain nonrigid objects, such as the human body,

3-D Object 2-D projection
of axis

0 30° rotation
in depth

Oblique Object

Perpendicular Object

Parallel Object

Oblique Object

Perpendicular Object

Parallel Object

75 67

90 90

90 90

0 30° rotation
in depth

Figure 1. Illustration of how the degree of obliqueness between the parts of an object changes
as an object rotates in depth. Three objects with different degrees of orientation between their
parts (designated the oblique object, the perpendicular object, and the parallel object ) have been
rotated 30º in depth toward the viewer. The major axes of the parts of the objects have been
superimposed onto each object and have been presented in isolation to the right. Note how as
the objects are rotated in depth, the categorical relations between the object parts do not change,
although the degree of obliqueness does change (as indicated by the different oblique angles).
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or objects attached to some kind of hinge (e.g., a tank
turret; Kosslyn, 1994). Thus, it is possible that the object
recognition system does not code relative orientationat all.

Metric coding of orientation. A second possibility is
that orientation is only coded metrically. That is, the ori-
entation of an object’s parts could be coded along a con-
tinuum and not partitionedinto separate categories.While
coding orientation metrically loses many of the advan-
tages mentioned above of parsing continuous informa-
tion into discrete categories, the precise nature of the
metrically defined memory representation could allow
for easier discriminations between two objects that dif-
fer only in a small degree of orientation change in one of
their parts. Whether such a precise representation is gen-
erally useful for the purposes of everyday vision is an
open question and a subject of some debate in the litera-
ture (see Biederman & Gerhardstein, 1995; Tarr & Bult-
hoff, 1995). As noted previously, categorical coding and
metric coding are not necessarily mutually exclusive, and
it is certainlypossible that both play a role in object percep-
tion (for a discussion, see Hummel & Stankiewicz, 1998).

Three experiments were conducted to investigate the
nature of the coding of orientation between the parts of
an object. The logic behind the experiments derives from
the methods used to look for categorical perception.Stim-
uli were novel objects that varied along a continuum: the
orientation between the objects’ parts. In Experiment 1,
participants were given a physical discrimination task in
which they had to determine whether two sequentially
presented objects were physically identical. In Experi-
ments 2 and 3, participants were given a classification
task in which they had to determine whether two objects
were the same in terms of the identity of their parts, while
ignoring any changes in orientation among the parts that
might occur. The same set of stimuli were used in all three
experiments.

Stimuli
The stimuliused in all three experimentswere line draw-

ingsof simple three-part objects (Figure 2). As can be seen

in Figure 2, each object is composed of two large parts,
each corresponding to one of Biederman’s (1987) geons,
connected by a smaller elongated “arm” geon to allow
for easy rotations. The arm geon was attached to one of
the larger geons (designated the “base” geon) via a small
circle that allowed the arm to rotate without producing
emergent object features (i.e., features, such as extra ver-
tices, that might be produced by changing the physical
characteristics of the stimuli). Different objects were pro-
duced by changing the identity of the base geon, the other
large geon (hereafter referred to as the “top” geon), or both.
The arm geon always remained the same.

A total of 12 different objects were constructed by com-
bining four different base geons and three different top
geons. The four different base geons were a brick, a cone,
a cylinder, and a wedge.The three different top geons were
a cone, a cylinder, and a wedge. For both experiments,
the arm (and the top geon) were rotated to produce four
different versions of each object: 0º, 30º, 60º, and 90º,
all relative to the major axis of the base geon. An example
of the four versions of one object is shown in Figure 2.
Note that the physical difference between successive ver-
sions of the object are identical (i.e., steps of 30º).

EXPERIMENT 1
Physical Discrimination

Harnad’s (1987) first criterion for categorical percep-
tion—within-categoryphysical discriminations are more
diff icult than between-category physical discrimina-
tions—was tested in Experiment 1. In Experiment 1, the
participant had to decide whether two sequentially pre-
sented objects were physically identical. Thus, for any
change, either in the identity of the parts or in the orien-
tation of one of the parts, the correct response would be
different. See Figure 3 for examples of same and differ-
ent objects used in Experiment 1.

Experiment 1 had four conditions. The trials of inter-
est in Experiment 1 are the different object trials. In the
following description of the conditions, the two objects

0° 60°30° 90°

Parallel Oblique Perpendicular

Figure 2. Examples of each of the four versions of an object (0º version, 30º version, 60º version, and 90º
version). Note that the 30º and 60º versions of the object occupy the same category (oblique).
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seen by a participant during the trial sequence differed
only in relative orientation, not in the geons that com-
pose the objects. In the parallel-versus-oblique condi-
tion, the participant compared the 0º and 30º versions of
an object. In the oblique-versus-oblique condition, the
participant compared the 30º and 60º versions of an ob-
ject. In the perpendicular-versus-oblique condition, the
participant compared the 90º and 60º versions of an ob-
ject. Finally, in the parallel-versus-perpendicular condi-
tion, the participant compared the 0º and 90º versions of
an object.

If relative orientation is coded categorically for phys-
ical discrimination via the categories parallel, perpen-
dicular, and oblique, the 30º and 60º objects should ac-
tivate the same representation in memory because both
objects are composed of the same set of parts and have
the same relative orientation relationship (i.e., oblique)
between their parts. However, the 0º and 30º objects and
the 90º and 60º objects should activate different repre-
sentations in memory, because although both sets of ob-
jects are composed of the same set of parts, each has a
different relative orientation relationship between their
parts (parallel and oblique,and perpendicularand oblique,
respectively).

Therefore, if relative orientation is coded categori-
cally, it shouldbe more difficult, in terms of response times
and error rates, for participants to appreciate that the 30º
and 60º objects (the oblique-vs.-oblique condition) are

physically different relative to the 0º and 30º objects (the
parallel-vs.-oblique condition) and the 90º and 60º ob-
jects (the perpendicular-vs.-oblique condition).This pat-
tern of results should occur even though the absolute
change in orientation is the same in all cases (i.e., 30º).
Because theories that code relative orientation only pre-
dict a nonlinear cost function, these theories do not
make a strong prediction regarding the parallel-versus-
perpendicular condition.

If, however, relative orientation is only coded metri-
cally, then performance should depend only on the ab-
solute difference in orientation between the parts of the
objects. This prediction assumes that the difficulty in
making physical discrimination judgments scales with
the similarity between the two stimuli. Thus, the three
conditionsin which the angular disparity between the two
objects being compared is 30º (the parallel-vs.-oblique,
oblique-vs.-oblique, perpendicular-vs.-oblique condi-
tions) should produce roughly equal amounts of cost (rel-
ative to the identical condition) in terms of response times
and errors rates because the magnitude of the orientation
change is the same in all three conditions. The parallel-
versus-perpendicularconditionshould thus produce faster
response times and more errors, because the angular dis-
parity between the objects being compared is 90º.

If only the parts’ identities are coded and no orienta-
tion information is included in the memory representa-
tion for physical discrimination, then there should be no

These objects are all the same

These objects are all different

Figure 3. Examples of objects that are considered same or different for
Experiment 1. Note that all of the same objects are physically identical. All
of the different objects differ either in at least one geon or in the orientation
of the object’s parts.
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difference between all conditions regardless of the an-
gular disparity between the objects’ parts. Although no
coding of orientation for physical discrimination seems
unlikely, it is certainly possible that no coding may play
a role at some level of stimulus representation (e.g., per-
haps for object recognition).

Method
Participants . Forty-eight college students who reported normal

or corrected-to-normal vision participated in the experiment. Par-
ticipants received extra credit in an introductory psychology course
or developmental psychology course at Iowa State University for
taking part in the experiment.

Apparatus. Stimuli were presented on a 17-in. color Macintosh
computer monitor with a resolution of 832 3 624 pixels and a ver-
tical refresh rate of 75 Hz. Participants responded using a two-
button response box attached to a National Instruments NB-DIO-
24 interface board that gave ±0.5-msec response time accuracy. The
experiment was controlled by Picture Perception Lab Software (Khol-
meyer, 1992) running on a Quadra 800 Macintosh computer.

For the experiment, 12 objects were created by combining four
different base geons and three different top geons. The base geons
were a brick, a cone, a cylinder, and a wedge, and the top geons
were a brick, a cone, and a cylinder. Next, four versions of each of
the 12 objects were created by rotating the arm and top geon to each
of the rotations used in the experiment (i.e., 0º, 30º, 60º, and 90º)
for a total of 44 stimuli. Each stimulus was drawn at a stroke width
of 3 pixels. The largest objects, at the distance viewed by the par-
ticipant in the experiment, extended horizontally 6.2º and vertically
6.0º of visual angle.

Procedure. The participant sat 1.3 m from the computer screen
during the experiment.

During each trial, participants were shown a fixation cue for
504 msec, followed by the first object for 168 msec, followed by a
mask for 756 msec, followed by the second object for 168 msec,
followed by a mask for 126 msec.

The participant’s task was to press the left button on a response
box if the two objects were physically identical in every way and to
press the right button on the response box if the two objects were
not physically identical. Participants were allowed to use only the
fingers from one hand to press both buttons on the response box.
Before the experiment began, each participant was read a standard
set of directions and was shown examples of objects that were the
same or different .

Participants initiated each trial sequence by pressing a mouse
button in response to a prompt on the computer screen. Participants
were told before the experiment began to strive for 90% accuracy.
Each participant completed 20 practice trials before the experiment
proper began. No data were collected on the practice trials.

Each participant viewed 288 trials, half of which were different
trials and half of which were same trials. Of the 144 different trials,
96 trials involved an orientation change and no geon change, and 48
trials involved a geon change, and no orientation change. The 48 geon-
change and no-orientation-change trials were included to encourage
the participants to encode the parts of the objects; otherwise par-
ticipants could accomplish the task by ignoring the parts of the ob-
jects and only looking for a change in orientation.

On the 96 orientation-change trials, the first and second objects
in the trial sequence were the 0º and 30º objects one fourth of the
time (24 trials), the 30º and 60º objects one fourth of the time
(24 trials), the 90º and 60º objects one fourth of the time (24 trials),
and the 0º and 90º objects one fourth of the time (24 trials). Addi-
tionally, each of the 12 “object classes” (i.e., a unique set of geons,
such as the cone-cylinder object depicted in Figure 2) appeared
twice (once each as the first and second object in the trial sequence)
on eight trials. Each of the four rotations (0º, 30º, 60º, 90º) appeared
equally often over the course of the orientation-change trials (half
of the time as the first object in the trial sequence and half of the time
as the second object in the trial sequence), and each “object class” ap-
peared equally often over the course of the orientation-change trials.

On the 48 different trials in which the first and second stimuli in
the trial sequence had different geons, each of the 12 object classes
appeared twice (once each as the first and second object in the trial

Figure 4. Mean response time (in milliseconds) for the correct responses for each condition in Experiment 1, in
which there was an orientation change and no geon change. Error bars represent the standard error of the mean
(Loftus & Loftus, 1988).
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sequence) on four trials, and each rotation appeared twice (once each
as the first and second object in the trial sequence) on one trial. On
the 144 same trials, each of the 12 object classes appeared twice on
12 trials, and each rotation appeared twice on three trials.

Results
The results of Experiment 1 can be seen in Figures 4

and 5. An overall performance criterion of 70% correct
was established for Experiment 1, and the data from par-
ticipants who failed to meet this criterion were replaced
by data from new participants. Because of the relatively
difficult nature of the task employed in Experiment 1
(Figure 5), the data from 6 participants were replaced by
data from new participants. The same object trials had a
mean response time of 631 msec and a mean error rate
of 20.7%.

All statistical hypotheses in this paper were tested with
a two-tailed alpha level of .05. One-way within-subjects
analyses of variance (ANOVAs) were conducted both on
the response time and error rate data with type of compar-
ison (parallel vs. oblique, oblique vs. oblique, perpen-
dicular vs. oblique, parallel vs. perpendicular) as the sin-
gle independent variable. Both analyses included only
the different trials in which there was an orientationchange
(and no geon change) and included only trials in which
the participant made a correct response.

For the response time data, a reliable effect of type of
comparison was found [F(3,47) 5 10.0, MSe 5 14,496,
p < .0001]. In order to test the theories of how the orien-
tation between the parts of an object might be discrimi-
nated (i.e., metric coding, categorical coding, or no cod-
ing), post hoc comparisons using the least significant
difference (LSD) test were made.

For the response time data, the value of LSD at a 5
.05 was 49 msec. The oblique-versus-oblique condition
produced reliably slower response times than any other
condition. No other pairwise comparisons were statisti-
cally reliable.

For the error rate data, a reliable effect of type of com-
parison was found [F(3,47) 5 14.04, MSe 5 4.7, p <
.0001], and the value of LSD at a 5 .05 was 8.8%. Thus,
the oblique-versus-oblique condition produced reliably
more errors than did all other conditions. In addition, the
parallel-versus-oblique conditionand the perpendicular-
versus-oblique condition produced reliably more errors
than did the parallel-versus-perpendicular condition. No
other pairwise comparisons were statistically reliable. Al-
though the response time data showed no difference be-
tween the parallel-versus-perpendicular conditionand the
parallel-versus-oblique condition (or the perpendicular-
vs.-oblique condition), note that the trend in the response
time data is similar to the statistically reliable trend in
the error rate data.

Discussion
The results of Experiment 1 suggest that categorical in-

formation is included in the representation used to phys-
ically discriminate objects, thereby satisfying Harnad’s
(1987) first criterion for categorical perception. In Ex-
periment 1, participants found it more difficult to phys-
ically discriminate between two objects when the orien-
tation change between their parts fell within the same
category (i.e., oblique) than when the orientation change
crossed a categorical boundary. The results of Experi-
ment 1 therefore indicate that orientation is coded cate-
gorically for physical discrimination.

Figure 5. Mean error percentage for each condition in Experiment 1, in which there was an orientation change
and no geon change. Error bars represent the standard error of the mean.
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It is interesting to note that participants found Exper-
iment 1 very difficult, especially the oblique-versus-
oblique condition. This unexpected level of difficulty in
Experiment 1 may possiblybe attributable to the represen-
tational similarity of the objects being compared. In the
oblique-versus-oblique condition, participants were re-
quired to discriminate between two objects that would
activate virtually the same representation in memory ac-
cording to theories that posit categorical coding of orien-
tation (e.g., Biederman, 1987). In the other three condi-
tions, participants were required to discriminate between
two objects that would activate virtually the same repre-
sentation in memory except for the category of relative
orientationbeing coded. Given that support was found for
categorical coding, the difficulty in comparing two rep-
resentationallysimilar objects may have led to the relative
difficulty of the task.

However, Experiment 1 did yield partial support for
metric coding of orientation, indicating that at least some
metric information is indeed coded for physical dis-
crimination. Not surprisingly, a reliable difference was
found in the error rate data between the parallel-versus-
perpendicular condition (in which the angular disparity
between the two objects was 90º) and all other condi-
tions. Additionally, the above-chanceperformance in the
oblique-versus-oblique condition points to partial met-
ric coding of some sort. Thus, although the results indi-

cate that categorical coding is occurring in the physical
discrimination of relative orientation, metric coding is
occurring as well.

The no-coding-of-orientation hypothesis was not
supported by Experiment 1. If orientation were not being
coded at all for physical discrimination, then there should
have been no reliable difference between any of the con-
ditions.

Experiment 1 yielded evidence for categorical coding
of relative orientation for physical discrimination, thus
confirming that the orientationbetween an object’s parts
satisfies Harnad’s (1987) first criterion for categoricalper-
ception. The next step was to investigatewhether relative
orientation is coded categorically for object recognition,
Harnad’s second criterion for categorical perception.

EXPERIMENT 2
Object Classification

Experiment 2 was designed to test Harnad’s (1987) sec-
ond criterion for categorical perception (i.e., a stimulus
continuum should be classified into several discrete cat-
egories) by examining how relative orientation is coded
during object recognition. In Experiment 2 a classifica-
tion task was employed in which the participant had to
decide whether two objects (like those depicted in Fig-
ure 6) sequentially presented on a computer screen were

These objects are all the same

These objects are all different

Figure 6. Examples of objects that are considered same or different for Experi-
ment 2. Note that all of the same objects are composed of the identical two geons
and differ only in the orientation of the object’s parts. All of the different objects
differ in at least one geon.



76 ROSIELLE AND COOPER

composed of the same set of parts. The participant was
instructed that any differences in relative orientationwere
to be ignored.Thus, all of the objects in the top row of Fig-
ure 6 are the same by this criterion because the identity
of the objects’ parts does not change (i.e., all objects are
composed of a cone on top of a cylinder). All of the ob-
jects in the bottom row of Figure 6 are different because
they differ in at lease one geon.

Experiment 2 had five conditions. The trials of inter-
est in Experiment 2 are the positive (same object) trials.
Thus in the following description of the conditions, the
two objects seen by a participant during the trial se-
quence differed only in relative orientation, not in the
geons that composed the objects. In the parallel-versus-
oblique condition, the participant compared the 0º and
30º versions of an object. In the oblique-versus-oblique
condition, the participant compared the 30º and 60º ver-
sions of an object. In the perpendicular-versus-oblique
condition, the participant compared the 90º and 60º ver-
sions of an object. In the parallel-versus-perpendicular
condition, the participant compared the 0º and 90º ver-
sions of an object. Finally, in the identical condition, the
participant compared two objects that were the same in
every way. The parallel-versus-perpendicular condition
was included only for reasons of counterbalancing, since
categorical theories make no strong prediction about this
condition (see the introduction). Without the parallel-
versus-perpendicular condition, the 30º and 60º versions
of each object would be presented twice as often as the
0º and 90º versions of each object.

If relative orientation is coded categoricallyvia the cate-
gories of parallel, perpendicular, and oblique for object
recognition, then the 30º and 60º objects should activate
the same representation in memory because both objects
are composed of the same set of parts and have the same
relative orientation relationship (i.e., oblique) between
their parts. However, the 0º and 30º objects and the 90º
and 60º objects should activate different representations
in memory, because althoughboth sets of objects are com-
posed of the same set of parts, each has a different relative
orientation relationship between their parts (parallel and
oblique, and perpendicular and oblique, respectively).

Therefore, if relative orientation is coded categorically,
it should be easier, in terms of response times and error
rates, for participants to appreciate that the 30º and 60º
objects (the oblique-vs.-oblique condition) are the same
(i.e., are composed of the same set of parts) than it should
be for the 0º and 30º objects (the parallel-vs.-oblique
condition)and the 60º and 90º objects (the perpendicular-
vs.-oblique condition). This pattern of results should
occur even though the absolute change in orientation is
the same in all cases (i.e., 30º).

If, however, relative orientation is coded only metri-
cally, then performance should depend only on the ab-
solute difference in orientation between the parts of the
objects. Thus, the three conditions in which the angular

disparity between the two objects being compared is 30º
(the parallel-vs.-oblique, oblique-vs.-oblique, and
perpendicular-vs.-oblique conditions) should produce
roughly equal amounts of cost (relative to the identical
condition) in terms of response times and errors rates be-
cause the magnitude of the orientationchange is the same
in all three conditions.The parallel-versus-perpendicular
condition should thus produce slower response times and
more errors, because the angular disparity is 90º.

If only the parts’ identities are coded, and no relation
information is included in the memory representation,
there should be no difference between all conditions re-
gardless of the angular disparity.

Method
Participants. Thirty-two college students who reported normal

or corrected-to-normal vision participated in the experiment. Par-
ticipants received extra credit in an introductory psychology course
or developmental psychology course at Iowa State University for
taking part in the experiment.

Apparatus. The apparatus for collecting data and the stimuli
used in Experiment 2 were the same as in Experiment 1.

Procedure. Unless otherwise noted, the procedure was identical
to that of Experiment 1. The participant’s task in Experiment 2 was
to press the left button on the response box if the two objects were
composed of the same set of parts (ignoring any orientation changes
that might occur) and to press the right button on the response box
if the identity of one or more of the parts changed. On each trial, the
participant first saw a fixation cue for 504 msec, followed by the
first object for 168 msec, followed by a mask for 2,016 msec, fol-
lowed by the second object for 168 msec, followed by a mask for
126 msec.

Each participant viewed 288 trials, half of which were positive
(the two objects were composed of the same set of parts) and half
of which were negative (the two objects were composed of a dif-
ferent set of parts). The order in which all trials appeared was gen-
erated at random. On the 144 positive trials, each of the 0º, 30º, 60º,
and 90º objects were presented 36 times as the first object in the
trial sequence. The second object in the trial sequence was selected
so that each possible object was equally likely to occur. So, if the
first object in the trial sequence was the 0º object, the 0º, the 30º,
and the 90º object each followed 12 times as the second object in
the sequence.

On the negative trials (different trials), each rotation was seen ap-
proximately equally often (the actual objects that were presented
were chosen randomly). On one third of the negative trials, the top
geon changed identity (48 trials); on one third of the negative trials,
the base geon changed identity (48 trials); and on the remaining one
third of the negative trials, both the top and the base geons changed
identity (48 trials).

Results
The results of Experiment 2 can been seen in Figures

7 and 8. The different object trials in Experiment 2 had a
mean response time of 825 msec and a mean error rate
of 17.6%. Only data from trials in which the participant
made a correct response were included in the response
time ANOVA. For the response time data, a reliable ef-
fect of type of comparison was found [F(4,31) 5 6.9,
MSe 5 2,985, p < .0001]. In order to test the theories of
how the orientation between the parts of an object might



PERCEPTION OF RELATIVE ORIENTATION 77

be coded (i.e., metric coding, categorical coding, and no
coding), post hoc comparisons with the LSD test were
conducted.

For the response time data, the value of LSD at a 5
.05 was 28 msec. The LSD comparisons indicated that
the perpendicular-versus-oblique conditionproduced re-
liably longer response times than did the oblique-versus-
oblique condition and the identical condition. Addition-

ally, the parallel-versus-perpendicular conditionproduced
reliably longer response times than did the parallel-versus-
oblique, the oblique-versus-oblique, and the identical
conditions. No other pairwise comparisons were statisti-
cally reliable.

For the error rate data, a reliable effect of type of com-
parison was found [F(4,31) 5 5.6, MSe 5 .004, p < .001].
Again, post hoc comparisons were made with LSD. The

Figure 7. The mean response time (in milliseconds) for each condition in Experiment 2. Error bars repre-
sent the standard error of the mean.

Figure 8. The mean error percentage for each condition in Experiment 2. Error bars represent the standard
error of the mean.
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value of LSD at a 5.05 was 3.2%. The LSD compar-
isons indicated that the oblique-versus-oblique condition
produced reliably fewer errors than did the parallel-
versus-oblique condition, the perpendicular-versus-
oblique condition, and the parallel-versus-perpendicular
condition.Likewise, the identical conditionproduced re-
liably fewer errors than did the parallel-versus-oblique
condition, the perpendicular-versus-oblique condition,
and the parallel-versus-perpendicular condition. No
other pairwise comparisons were statistically reliable.
Although no reliable difference between the oblique-
versus-oblique condition and the parallel-versus-oblique
condition was found in the response time data, note that
the trend in the response time data is identical to the sta-
tistically reliable trend in the error rate data.

Discussion
Among the three possibilities for the coding of rela-

tive orientation, the pattern of data from Experiment 2
most closely matches that predicted by categorical cod-
ing. It was more difficult for participants to judge that
two objects were the same in terms of the identity of their
parts when the orientationbetween those parts went from
perpendicular to oblique (in terms of both the errors and
response times) or from parallel to oblique (in terms of
the errors) relative to when the orientation between the
parts went from oblique to oblique. This nonlinearity in
the costs associated with a change in orientationoccurred
even though the physical distance between the two ob-
jects being compared was 30º in all three conditions.Thus,
the results show that the representation used to recognize
objects does include categorical information.

However, the results of Experiment 2 also suggest that
the representation used to recognize objects does include
some metric information as well. The parallel-versus-
perpendicular condition produced reliably longer re-
sponse times than the parallel-versus-oblique condition
and the identical condition. Although this trend was not
evident in the error rate data, it does indicate that the ab-
solute degree of angular disparity in the parts between
the two objects being compared does affect the speed of
response, in addition to category membership. Thus, it
appears that both metric and categorical information is
included in the representation used to recognize objects.

Like Experiment 1, Experiment 2 did not support the
no-coding-of-orientation hypothesis. If the object recog-
nition system does not code orientation at all, then no
differences should have been found between any of the
conditions in Experiment 2. The results of Experiment 2
confirm that people do code the orientation of an object’s
parts for the purposes of object recognition, as indicated
by the reliable performance differences found between
the various conditions.

Although Experiments 1 and 2 featured different pre-
sentation conditions (i.e., the interstimulus interval [ISI]
was shorter in Experiment 1 than in Experiment 2), the
purpose of the present research was to test each of two
components of categorical perception individually, not

to directly compare the classification task with the phys-
ical discrimination task. Much of the research that has
reported categorical perception effects has featured dif-
ferent stimulus presentation conditions (and often differ-
ent paradigms) for the physical discrimination and iden-
tification tasks. For example, Calder et al. (1996) and
Etcoff and Magee (1992) used an ABX physical dis-
crimination task in which stimuli were presented for 750
and 1,000 msec, respectively (with an intervening 1,000-
msec ISI), whereas in their classification task they pre-
sented a single stimulus in free vision (see also Campbell,
Woll, Benson, & Wallace, 1999; de Gelder, Teunisse, &
Benson, 1997; Siegel & Siegel, 1977; Strange & Ditt-
mann, 1984; Zatorre & Halpern, 1979, for other examples
of research reporting categorical perception that have
featured different presentation conditions for the classi-
fication and discrimination tasks).

In Experiment 2, we were interested in examining the
characteristics of the long-term memory representation
used for object identification. However, some evidence
suggests that the representation governing short-term
memory for objects may have characteristics that are dif-
ferent from those of the representation governing long-
term memory for objects. For example, Ellis and Allport
(1986) noted that when the ISI between two comparison
objects is reasonablybrief, participantsbase their response
on a metrically specific memory representation. At
longer ISIs, however, this temporary representation is no
longer available and a more permanent representation
that includes categorical information is used to drive the
participant’s response. Ellis and Allport supported their
conclusionwith some empiricaldata; at an ISI of 500msec,
participants’ comparison of two objects was impaired by
varying the metric characteristics of the objects, while at
an ISI of 2,000 msec, no such impairment was detected.
Similarly, Biederman and Gerhardstein (1993) noted that
at short ISIs, participants in a same– different classifica-
tion task may be able to match the second object against
an iconic or short-term memory representationof the first
object that is presumably metrically specific. However,
at longer ISIs, this temporary representation is no longer
availableand participantsmust rely on a more permanent
long-term memory representation (see Murray, 1999, for
a discussion).

If the short-term memory representation for objects
does not contain categorical information, as suggested
by Biederman and Gerhardstein (1993) and Ellis and All-
port (1986), then it may be case that the categorical ef-
fects found in Experiment 2 of the present research will
disappear simply by reducing the time that participants
must hold a representation of the first object in memory.
The purpose of Experiment 3 was to test this possibility.
Experiment 3 was thus identical to Experiment 2, except
that the ISI was reduced to 756 msec. If participants code
the objects in Experiment 3 using a metrically specific
short-term memory representation, then a set of results
predicted by the metric coding of orientation hypothesis
should be found (i.e., recognition time should depend
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only on the difference in absolute orientation). If, how-
ever, relative orientation information is also contained in
the short-term memory representation used to recognize
objects, then the results of Experiment 3 should mirror
those of Experiment 2.

EXPERIMENT 3

Method
Participants . Forty-eight college students who reported normal

or corrected-to-normal vision participated in the experiment. Par-
ticipants received extra credit in an introductory psychology course

or developmental psychology course at Iowa State University for tak-
ing part in the experiment. Prior to the experiment, a performance
criterion of 70% correct was established and data from participants
who did not meet this criterion were replaced by data from new par-
ticipants. Under this criterion, data from 5 participants were re-
placed by new data.

Apparatus. The apparatus for collecting data and the stimuli
used in Experiment 3 were the same as in Experiment 2.

Procedure. Unless otherwise noted, the procedure was identical
to that of Experiment 2. On each trial in Experiment 3, participants
saw a fixation cue for 504 msec, followed by the first object for
168 msec, followed by a mask for 756 msec, followed by the sec-
ond object for 168 msec, followed by a mask for 126 msec. As in
Experiment 2, the participant’s task was to indicate via a button-

Figure 10. The mean error percentage for each condition in Experiment 3. Error bars represent the
standard error of the mean.

Figure 9. The mean response time (in milliseconds) for each condition in Experiment 3. Error bars
represent the standard error of the mean.
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press whether two objects were composed of the same set of parts
while ignoring any orientation change between those parts.

Results
The results of Experiment 3 are shown in Figures 9

and 10. The different object trials had a mean response
time of 728 msec and a mean error rate of 20.0%.

Only data from trials in which the participantmade a cor-
rect response were included in the response time ANOVA.
For the response time data, a reliable effect of type of
comparison was found [F(4,47) 5 6.9, MSe 5 2,985, p <
.0001]. In order to test the theories of how the orientation
between the parts of an object might be coded (i.e., met-
ric coding, categorical coding, and no coding), post hoc
comparisons LSD test were conducted.

For the response time data, the value of LSD at a 5 .05
was 23 msec. The LSD comparisons indicated that the
identicalconditionproduced reliably faster response times
than did all other conditions, and the parallel-versus-
perpendicularconditionproduced reliably slower response
times than did all other conditions. No other pairwise
comparisons were statistically reliable.

For the error rate data, a reliable effect of type of com-
parison was found [F(4,47) 5 12.7, MSe 5 .004, p <
.0001]. Again, post hoc comparisonswere made with LSD.
The value of LSD at a 5.05 was 2.6%. The LSD com-
parisons indicated that the identical condition produced
fewer errors than all other conditions, and the parallel-
versus-perpendicular condition produced more errors
than all other conditions. No other pairwise comparisons
were statistically reliable.

Discussion
Among the three possibilities for the coding of orien-

tation between the parts of an object, the pattern of data
from Experiment 3 closely matches that predicted by met-
ric coding. It was no more difficult for participants to
judge that two objects were the same in terms of the iden-
tity of their parts when the orientation between those
parts went from perpendicular to oblique or from paral-
lel to oblique than when the orientationbetween the parts
went from oblique to oblique.Likewise, participants found
it relatively easy to judge that two identical objects were
composed of the same set of parts, but relatively difficult
to classify two objects as being the same when the angu-
lar disparity was 90º. Thus, these results support the idea
that the orientationbetween the parts of an object is coded
metrically at brief ISIs.

GENERAL DISCUSSION

The purpose of the present experiments was to inves-
tigate whether the orientation between an object’s parts
constitutes an instance of categorical perception as de-
fined by Harnad (1987). Three experiments were con-
ducted examining how relative orientation is coded for
physical discrimination (Harnad’s first criterion for cat-
egorical perception) and for object classification (Har-

nad’s second criterion for categorical perception). In Ex-
periment 1, participants found it easier to judge that two
objects were physically different when they had a differ-
ent relative orientation relationship (i.e., parallel vs.
oblique or perpendicular vs. oblique) than when two ob-
jects had the same relative orientation relationship (i.e.,
oblique vs. oblique). In Experiment 2, participants found
it more difficult to classify two objects as being composed
of the same set of parts when the relative orientation of
the parts crossed a categorical boundary than when the
relative orientation of the parts did not cross a categorical
boundary. In contrast, Experiment 3 showed that when
the length of time between the presentationof the first and
second object was reduced, categorical coding of relative
orientationfor object recognitiondid not occur.Thus, cate-
gorical information does appear to be included in the rep-
resentation used to recognize objects, but only at ex-
tended ISIs.

The results of the classification tasks (Experiments 2
and 3) thus suggest that the way in which the orientation
between an object’s parts is coded for object recognition
differs as a functionof temporal duration.The results sug-
gest that in early processing, only metric information is
included in the representation used to code relative orien-
tation, whereas categorical information is not coded until
later. These results are consistent with previous work in
which metric invariance was found at long ISIs in both
object-naming tasks (e.g., Biederman & Cooper, 1992)
and object-matching tasks (Biederman & Gerhardstein,
1993; Ellis & Allport, 1986; but see Murray, 1999). Fur-
ther, some models of shape recognition that code relative
orientation as part of the representation used to recog-
nize objects (i.e., Hummel & Biederman, 1992; Hummel
& Stankiewicz, 1998) code orientation differently at dif-
ferent levels of stimulus representation. In the Hummel
and Biederman model, for example, the orientation be-
tween an object’s parts is coded metrically in early stages
of processing (specifically, Layer 2 in their seven-layer
neural network model), and this metric information is
then used to build a categorical representation of relative
orientation in later stages of processing (i.e., Layer 5).
The results of Experiment 3 may therefore reflect judg-
ments based on a representation analogous to Layer 2 in
the Hummel and Biederman model, whereas the results
of Experiment 2 may reflect judgments based on a repre-
sentation derived from Layer 5.

Taken together, the results of Experiments 1 and 2
meet Harnad’s (1987) two criteria for determining that a
perceptual event is an instance of categorical perception.
These results thus suggest that categorical perception
does extend beyond simple, lower level stimuli (such as
colors and phonemes) and can apply to higher level as-
pects of visual perception.Other recent studies have shown
that categorical perception also occurs in the perception
of facial expression (Calder et al., 1996; Etcoff & Ma-
gee, 1992) and facial identity (Beale & Keil, 1995). On
the basis of Experiments 1 and 2 in the present research,
categorical perception also applies to certain aspects of
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object perception. Whether other types of within-object
categorical relations besides relative orientation (i.e., rel-
ative position of an object’s parts or the relative size of
an object’s parts) also are coded categorically for physi-
cal discrimination is still an open question.

The categorical perception of relative orientation ap-
pears to become apparent only when the classification
task places demands on long-term memory. However,
this finding does not necessarily weaken the claim that
relative orientation is perceived categorically. In cate-
gorical perception research reported in the literature (see,
e.g., Calder et al., 1996; Etcoff & Magee, 1992), classi-
fication is usually measured by having participants com-
pare a stimulus to a long-term memory representation
(often by presenting a single stimulus in free vision and
having participants name the stimulus). Therefore, the
finding in the present research that relative orientation
meets Harnad’s (1987) two criteria only for categorical
perception when long ISIs are employed is consistent
with previous findings.

Some researchers (e.g., Studdert-Kennedy, Liberman,
Harris, & Cooper, 1970) have argued that categorical
perception implies a participant’s complete inability to
physically discriminate stimuli from within the same cat-
egory (thus producing at-chance performance on a phys-
ical discriminationtask). This criterion was not met in Ex-
periment 1. Although some debate still exists on this issue,
many authors (e.g., Eimas, Miller, & Jusczyk, 1987; Et-
coff & Magee, 1992; Harnad, 1987) have argued that at-
chance performance for within-category physical dis-
crimination is too stringent a criterion for categorical
perception and that few, if any, perceptual events actually
meet this criterion. In fact, most instances of categorical
perception reported in the literature showed reasonably
good within-category discrimination performance, but
reliably better between-category discrimination perfor-
mance (see, e.g., Macmillan,Kaplan, & Creelman, 1977).
Most authors agree that this does not weaken the concept
of categorical perception (see Beale & Keil, 1995; Har-
nad, 1987; but also see Massaro, 1987). Physical discrim-
ination performed above chance, these authors have ar-
gued, implies only that some metric information is
included in the representation used for the physical dis-
crimination of certain sets of stimuli.

In the present research, only orientations between 0º
and 90º were tested. However, the category “oblique,”
broadly defined, would also include orientations greater
than 90º (e.g., 120º). Thus, the results of these experiments
do not extend beyond angles greater than 90º, and it may
be the case that oblique angles less than 90º are coded
differently in memory than oblique angles greater than
90º. Hummel and Biederman (1992), for example, pos-
ited that “oblique and pointing left” is coded in memory
as a category separate from “oblique and pointing right,”
but this assumption has never been tested empirically.
Additional research is therefore needed to further define
what constitutes the “oblique” category.

The finding that metric information is included in the
representation used to physically discriminate and clas-
sify objects is consistent with both categorical theories
(e.g., Hummel & Biederman, 1992; Hummel & Stankie-
wicz, 1998) and metric theories (e.g., Bulthoff & Edel-
man, 1992; Tarr & Pinker, 1990, 1991; Ullman, 1989,
1996). For example, Hummel and Stankiewicz proposed
a model that codes the spatial relations between an ob-
ject’s parts using both categorical and metric informa-
tion. Their model assumes an output function that is non-
linear across categorical boundaries (e.g., the boundary
between parallel and oblique). Thus, categorical infor-
mation does not have to be coded at the complete exclusion
of metric information, an interpretation consistent with
the present findings. However, the finding that categor-
ical information is also included in the representation
used to physicallydiscriminateobjects is compatible only
with categorical theories, since metric theories assume
that no categorical coding occurs at any level of stimu-
lus representation.

Although a large volume of literature has accumulated
that speaks to the perception of spatial relations between
two or more objects (see, e.g., Hellige& Michimata, 1989;
Kosslyn et al., 1989), very little empirical work has been
done before to directly investigate the coding of relations
within the same object. Several authors (e.g., Humphreys
& Riddoch, 1994, 1995; Saiki & Hummel, 1999) have
suggested that the coding of between-object relations is
different from the coding of within-object relations, and
so it is unclear what, if any, the relationship between the
two processes might be. In the research literature, the
term spatial relations is usually used synonymously with
relative position (see, e.g., Cave & Kosslyn, 1993; Cooper
& Wojan, 2000; Hummel & Stankiewicz, 1996); how-
ever, the results of the present experiments suggest that
other types of spatial relations (e.g., orientation) are
coded as well.

REFERENCES

Appelle,S. (1972). Perception and discrimination as a function of stim-
ulus orientation: The oblique effect in man and animals. Psycholog-
ical Bulletin, 78, 266-278.

Beale, J. M., & Keil, F. C. (1995). Categorical effects in the perception
of faces. Cognition, 57, 217-239.

Biederman,I. (1987). Recognition-by-components:A theory of human
image understanding. Psychological Review, 94, 115-147.

Biederman, I., & Cooper, E. E. (1992). Size invariance in visual ob-
ject priming. Journal of Experimental Psychology: Human Percep-
tion & Performance, 18, 121-133.

Biederman, I., & Gerhardstein, P. C. (1993). Recognizing depth-
rotated objects: Evidence and conditions for three-dimensional view-
point invariance. Journal of Experimental Psychology: Human Per-
ception & Performance, 19, 1162-1182.

Biederman, I., & Gerhardstein, P. C. (1995). Viewpoint-dependent
mechanisms in visual object recognition: Reply to Tarr and Bulthoff
(1995). Journal of Experimental Psychology: Human Perception &
Performance, 21, 1506-1514.

Bornstein, M. H. (1987). Perceptual categories in vision and audition.
In S. Harnad (Ed.), Categorical perception (pp. 287-300).Cambridge:
Cambridge University Press.



82 ROSIELLE AND COOPER

Bornstein, M. H., & Korda, N. O. (1984). Discrimination and match-
ing within and between hues measured by reactions times: Some im-
plications for categorical perception and levels of information pro-
cessing. Psychological Research, 46, 207-222.

Bulthoff, H., & Edelman, S. (1992). Psychophysical support for a
two-dimensional view interpolation theory of object recognition.Pro-
ceedings of the National Academy of Sciences, 89, 60-64.

Calder, A. J., Young, A. W., Perrett, D. I., Etcoff, N. L., & Row-

land, D. (1996). Categorical perception of morphed facial expres-
sions. Visual Cognition, 3, 81-117.

Campbell, R., Woll, B., Benson, P., & Wallace,S. (1999). Categor-
ical perception of face actions: Their role of sign languageand in com-
municative facial displays. Quarterly Journal of Experimental Psy-
chology, 52A, 67-95.

Cave, C. B., & Kosslyn, S. M. (1993). The role of parts and spatial re-
lations in object identification. Perception, 22, 229-248.

Cooper, E. E., & Biederman, I. (1993). Metric versus viewpoint-
invariant shape differences in visual object recognition. Poster pre-
sented at the annual meeting of the Association for Research in Vi-
sion and Ophthalmology, Sarasota, FL.

Cooper, E. E., & Wojan, T. J. (2000). Differences in the coding of spa-
tial relations in face and object identification. Journal of Experi-
mental Psychology: Learning, Memory, & Cognition, 26, 470-488.

de Gelder, B., Teunisse, J., & Benson, P. (1997). Categorical per-
ception of facial expressions: Categories and their internal structure.
Cognition & Emotion, 11, 1-23.

Eimas, P. D., Miller, J. L., & Jusczyk, P. W. (1987). On infant speech
perception and the acquisition of language. In S. Harnad (Ed.), Cat-
egorical perception (pp. 161-195). Cambridge: Cambridge Univer-
sity Press.

Ellis, R., & Allport, D. A. (1986). Multiple levels of representation
for visual objets: A behavioral study. In A. G. Cohn & J. R. Thomas
(Eds.), Artificial intelligence and its applications(pp. 245-257).New
York: Wiley.

Essock, E. A. (1980). The oblique effect of stimulus identification con-
sidered with respect to two classes of oblique effects. Perception, 9,
37-46.

Etcoff, N. L., & Magee, J. J. (1992). Categorical perception of facial
expressions. Cognition, 44, 227-240.

Harnad, S. (1987). Introduction:Psychophysicaland cognitiveaspects
of categorical perception:A critical overview. In S. Harnad (Ed.), Cate-
gorical perception (pp. 1-25).Cambridge: CambridgeUniversity Press.

Hellige, J. B., & Michimata, C. (1989). Categorization versus dis-
tance: Hemispheric differences for processing spatial information.
Memory & Cognition, 17, 770-776.

Hummel, J. E., & Biederman, I. (1992). Dynamic binding in a neural
network for shape recognition. Psychological Review, 99, 480-517.

Hummel, J. E., & Stankiewicz, B. J. (1996). Categorical relations in
shape perception. Spatial Vision, 3, 201-236.

Hummel, J. E., & Stankiewicz,B. J. (1998). Two roles for attention in
shape perception: A structural description model of visual scrutiny.
Visual Cognition, 5, 49-79.

Humphreys, G. W., & Riddoch, M. J. (1994). Attention to within-
object and between-object spatial representations: Multiple sites for
visual selection. Cognitive Neuropsychology, 11, 207-241.

Humphreys, G. W., & Riddoch,M. J. (1995). Separate coding of space
within and between perceptual objects: Evidence from unilateral ne-
glect. Cognitive Neuropsychology, 12, 283-311.

Kholmeyer,S. W. (1992). Picture Perception Lab: A program for pic-
ture experiments on the Macintosh II. Behavior Research Methods,
Instruments, & Computers, 24, 67-71.

Kosslyn, S. M. (1994). Image and brain. Cambridge, MA: MIT Press.
Kosslyn, S. M., Koenig, O., Barrett, A., Cave, C. B., Tang, J., &

Gabrieli, J. D. E. (1989). Evidence for two types of spatial repre-
sentations: Hemispheric specialization for categorical and coordinate
relations. Journal of Experimental Psychology: Human Perception
& Performance, 15, 723-735.

Liberman, A. M., Harris, K. S., Hoffman, H. S., & Griffith, B. C.

(1957). The discrimination of speech sounds within and across pho-
neme boundaries. Journal of Experimental Psychology, 54, 358-368.

Loftus, G. R., & Loftus, E. F. (1988). Essence of statistics (2nd ed.).
New York: Random House.

Macmillan, N. A., Kaplan, H. L., & Creelman, C. D. (1977). The
psychophysics of categorical perception. Psychological Review, 84,
452-471.

Massaro, D. W. (1987). Categorical partition: A fuzzy-logical model of
categorization behavior. In S. Harnad (Ed.), Categorical perception
(pp. 254-283). Cambridge: Cambridge University Press.

Murray, J. E. (1999). Orientation-specific effects in picture matching
and naming. Memory & Cognition, 27, 878-889.

Rosch, E. (1975). The natural mental codes for color categories. Journal
of Experimental Psychology: Human Perception & Performance, 1,
303-322.

Saiki, J., & Hummel, J. E. (1999). Interactions between connectedness
and axis-alignment in orientationsensitivity: Evidence for axis-based
specification of within-object spatial relations. Manuscript submitted
for publication.

Siegel, J. A., & Siegel, W. (1977). Categorical perception of tonal in-
tervals: Musicians can’t tell sharp from flat. Perception & Psycho-
physics, 21, 399-407.

Smith, E. E., & Medin, D. L. (1981). Categories and concepts. Cam-
bridge, MA: Harvard University Press.

Snowdon, C. T. (1987). A naturalistic view of categorical perception.
In S. Harnad (Ed.), Categorical perception (pp. 332-354).Cambridge:
Cambridge University Press.

Strange, W., & Dittmann, S. (1984). Effects of discrimination train-
ing on the perception of /r-l/ by Japanese adults learning English.
Perception & Psychophysics, 36, 131-145.

Studdert-Kennedy,M., Liberman,A. M., Harris, K. S., & Cooper,

F. S. (1970).Motor theory of speech perception:A reply to Lane’s crit-
ical review. Psychological Review, 77, 234-249.

Tarr, M. J., & Bulthoff, H. (1995). Is human object recognition better
described by geon structural descriptionsof by multiple views? Com-
ment on Biederman and Gerhardstein (1993). Journal of Experimen-
tal Psychology: Human Perception & Performance, 21, 1494-1505.

Tarr,M. J., & Pinker, S. (1990). When does human object recognition
use a viewer-centered reference frame? Psychological Science, 1,
253-256.

Tarr,M. J., & Pinker,S. (1991). Orientation-dependentmechanisms in
shape recognition:Further issues. Psychological Science, 2, 207-209.

Ullman, S. (1989). Aligning pictorial descriptions: An approach to ob-
ject recognition. Cognition, 32, 193-254.

Ullman, S. (1996). High-level vision: Object recognition and visual
cognition. Cambridge, MA: MIT Press.

Zatorre, R. J., & Halpern, A. R. (1979). Identification, discrimina-
tion, and selective adaptation of simultaneous musical intervals. Per-
ception & Psychophysics, 26, 384-395.

(Manuscript received March 3, 1999;
revision accepted for publication February 28, 2000.)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


