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ABSTRACT—How do observers recognize objects after

spatial transformations? Recent neurocomputational

models have proposed that object recognition is based on

coordinate transformations that align memory and stim-

ulus representations. If the recognition of a misoriented

object is achieved by adjusting a coordinate system (or

reference frame), then recognition should be facilitated

when the object is preceded by a different object in the

same orientation. In the two experiments reported here,

two objects were presented in brief masked displays that

were in close temporal contiguity; the objects were in ei-

ther congruent or incongruent picture-plane orientations.

Results showed that naming accuracy was higher for con-

gruent than for incongruent orientations. The congruency

effect was independent of superordinate category member-

ship (Experiment 1) andwas found for objects with different

main axes of elongation (Experiment 2). The results indi-

cate congruency effects for common familiar objects even

when they have dissimilar shapes. These findings are com-

patible with models in which object recognition is achieved

by an adjustment of a perceptual coordinate system.

How do observers recognize objects after they are rotated,

shifted, or changed in size? This task is not trivial, because the

retinal image changes greatly with spatial transformations. A

central and robust finding is that recognition performance is not

invariant across spatial transformations, but depends system-

atically on the amount of transformation (for reviews, see Graf,

2002; Jolicoeur & Humphrey, 1998; Lawson, 1999; Tarr, 2003;

Tarr & Bülthoff, 1998). This systematic dependency is diffi-

cult to reconcile with models suggesting that objects are rep-

resented in an abstract propositional code (e.g., Biederman,

1987; Hummel & Biederman, 1992; Hummel & Stankiewicz,

1998). Several researchers have instead proposed models with

image-based representations that predict a systematic de-

pendency on image transformations (for review, see Ullman,

1996). Image-based models rely either on compensation (nor-

malization) processes like mental rotations (e.g., Jolicoeur,

1985, 1990) or on view-based representations that do not re-

quire compensation processes (Bülthoff & Edelman, 1992;

Edelman, 1998; Perrett, Oram, & Ashbridge, 1998; Riesen-

huber & Poggio, 2002). In this article, we present evidence for

an alternative account—that object recognition is achieved by

performing coordinate transformations that compensate for

spatial transformations.

Research in neuroscience provides an important perspective

on the issue. Consider the distinction between the two cortical

pathways, with the ventral stream involved in object perception

and recognition and the dorsal stream involved in visuomotor

control (e.g., Milner & Goodale, 1995). Milner and Goodale

argued that object recognition and visuomotor control rely on

fundamentally different processes. Visuomotor control requires

coordinate transformations, because sensory and motor infor-

mation rely on different coordinate systems. Milner and Good-

ale assumed that object recognition, in contrast, is achieved by

detecting enduring characteristics that are more or less invar-

iant across spatial transformations. However, neurocomputa-

tional approaches suggest that visuomotor control and object

perception are based on similar processes. Both visuomotor

control and object recognition involve coordinate transforma-

tions, implemented by neuronal gain modulation (e.g., Deneve

& Pouget, 2003; Salinas & Abbott, 1995, 1997; Salinas &

Sejnowski, 2001; Zipser & Anderson, 1988).

Considering these neurocomputational approaches, we hy-

pothesized that compensation processes in object recognition
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may be viewed as coordinate transformations that adjust a

perceptual coordinate system (reference frame) defining the

correspondence between positions specified in memory and

positions in the current visual field (Graf, 2002, 2004; see also

Larsen & Bundesen, 1978). Thus, coordinate transformations

compensate for spatial transformations by aligning input and

memory representations. This model leads to an interesting

prediction: If recognition involves the adjustment of a percep-

tual coordinate system, this coordinate system may be active for

some time and facilitate the recognition of subsequently pre-

sented objects in the same orientation (an orientation congru-

ency effect)—even when they differ in shape.

We investigated three research questions. First, can an ori-

entation congruency effect be found for common familiar objects?

Previous research showed congruency effects for alphanumeric

stimuli (Jolicoeur, 1990, 1992) and for novel objects (Gauthier

& Tarr, 1997; Tarr & Gauthier, 1998), but not for familiar ob-

jects. The demonstration of congruency effects with familiar

objects would be a good indicator that a frame adjustment plays

an important role in default object recognition.

Second, does the orientation congruency effect rely on a

relatively abstract reference frame? Previous studies were

contradictory on this point. Two studies showed that the effect

was limited to similar objects, suggesting that it is mediated by

class-based processes (Gauthier & Tarr, 1997; Tarr & Gauthier,

1998). Other studies demonstrated congruency effects for dif-

ferent alphanumeric stimuli (Jolicoeur, 1990, 1992; Larsen &

Bundesen, 1978), which may be regarded as dissimilar objects.

Moreover, congruency effects for highly dissimilar stimuli were

found in a study that showed facilitated symmetry detection for

dot patterns when the orientation of the symmetry axis of the

patterns corresponded to the orientation of a previously pre-

sented alphanumeric stimulus (Pashler, 1990).

Third, are congruency effects limited to objects with the same

main axis of elongation? For example, is there still a congruency

effect when an object with a vertical axis of elongation is fol-

lowed by an object with a horizontal axis (e.g., a saltshaker

followed by a car)? Recent studies showed that the main axis of

elongation has only little or no influence on naming perfor-

mance (Large, McMullen, & Hamm, 2003; Lawson, 2004).

However, this does not necessarily mean that congruency effects

are independent of the axis of elongation. The demonstration of a

congruency effect for objects with different main axes of elon-

gation would provide evidence that the congruency effect cannot

be reduced to information about the objects’ main axes.

EXPERIMENT 1

In Experiment 1, we investigated whether orientation congru-

ency effects can be found for familiar objects, and whether they

are limited to similar objects, or to class-based processes. We

selected familiar objects from different basic-level categories,

in order to get a set of objects with rather low visual similarity.

To exclude the possibility that congruency effects observed

would be due to class-based processes, we selected the objects

from two different superordinate-level categories, which typi-

cally have low visual similarity (Rosch, Mervis, Gray, Johnson,

& Boyes-Braem, 1976). Half of the objects were taken from

human-fashioned (artifact) categories, whereas the other half

were biological objects (see Table 1). A number of studies have

shown substantial differences between biological and artifact

categories (for a review, see Humphreys & Forde, 2001). Con-

gruency effects between biological objects and artifacts would

strongly indicate that a rather abstract frame of reference is

adjusted in object recognition.

The lack of congruency effects for dissimilar objects in

studies by Gauthier and Tarr (1997; Tarr & Gauthier, 1998)

might have been a consequence of long interstimulus intervals

(ISIs), which allowed for interference by strategic processes. In

order to make strategic effects less likely and tap the fast default

system of object recognition, we briefly presented two objects

sequentially, followed by a mask. The use of brief presentation

times and the absence of an ISI made it unlikely that any effects

observed would be due to differential patterns of eye movements

or to strategic effects.

We investigated whether naming performance was higher for

objects in congruent orientations than for objects in incongruent

orientations. Our interpretation of the results is based on the

assumption that under time-limited viewing conditions, per-

ceptual processes that take more time will lead to more per-

ceptual errors. By this assumption, conditions with greater error

rates reflect processes that did not run to completion as fre-

quently as in conditions with smaller error rates. Hypothesizing

that recognition relies on an adjustment of a relatively abstract

coordinate system, we predicted a congruency effect for familiar

objects from different basic-level and different superordinate-

level categories.

TABLE 1

Objects Employed in the Test Phase of Experiment 1

Artifacts Biological objects

bowl (34) bear (21)

car (47) fish (89)

watering pot (251) camel (43)

bicycle (27) bird (28)

boot (31) cow (68)

bus (39) dog (73)

cannon (45) elephant (84)

cup (70) frog (100)

glass (258) lion (140)

motorbike (147) mouse (149)

sailboat (193) rabbit (182)

stroller (13) rhinoceros (186)

Note. The numbers in parentheses correspond to the identifying numbers from
Snodgrass and Vanderwart (1980). The first three objects in each category
could appear as the first target in a trial, and the other objects served as second
targets.
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Method

Participants

Ten subjects with normal or corrected-to-normal vision partic-

ipated in the experiment for payment. Three were male, and

7 were female. The age range was from 22 to 50 years (average

5 31 years). The subjects were not familiar with the purpose of

the study.

Stimuli

Line drawings of familiar objects (Snodgrass & Vanderwart,

1980) that have a canonical upright orientation were used as

stimuli (see Fig. 1). Objects were taken from different basic-

level categories, and only one object per basic-level category

was selected. We conducted a pilot naming study with 5 sub-

jects in order to identify and select objects that can be recog-

nized approximately equally well. On the basis of this study, 24

objects were chosen for the adjustment phase, and 24 objects

were chosen for the test phase (12 artifact objects and 12 bio-

logical objects; see Table 1). Most objects that were used in the

test phase had a predominantly horizontal main axis. Left-fac-

ing objects were flipped so that all objects were oriented to the

right. Stimuli were presented in either 501 or 1401 orientation

(clockwise rotation) in the picture plane. We created four masks

by taking fragments from images that were not employed in the

experiment, rotating these fragments to random orientations,

and pasting them to cover the entire area in which stimuli might

appear.

The size of the objects did not exceed 6.5 � 6.5 cm, which

corresponded to 3.81 � 3.81 of visual angle (distance to the

monitor was about 98 cm). All objects were presented in the

center of a 21-in. color monitor (Sony Multiscan G 500) with a

resolution of 1024 � 768 pixels and a 144-Hz refresh rate.

Objects were presented within a white rectangular window (15.1

� 19.2 cm, 8.81 � 11.21) on a black screen.

Procedure

In each trial, two targets were presented sequentially at the

center of the screen. The subject’s task was to name the two

objects in the order of presentation. A fixation point was pre-

sented until the subject initiated the trial by pressing a key. The

fixation point was then replaced by a 347-ms blank screen.

Then the first target appeared for 104 ms and was immediately

replaced by a second target; the presentation time for the second

target was adjusted for each subject during the first phase of the

experiment and then held constant for the second (test) phase.

The second target was immediately replaced by a pattern mask,

which was presented for 999 ms. The fixation point reappeared

when the subject’s response had been recorded by the experi-

menter.

In the adjustment phase, the duration of the second target

display was adjusted for each subject such that the subject was

about 70% accurate in reporting both objects. The objects were

presented in the same four orientation conditions (see Design)

as in the test phase, but different objects were used for the two

phases. The adjustment was done with a staircase algorithm.

Presentation times started with 153 ms and were decreased or

increased in steps of 7 ms, depending on the subject’s response.

Subjects needed from 43 to 120 trials in the adjustment phase in

order to reach criterion. Once set, the exposure duration of the

second stimulus was held constant in the test phase (for that

subject) for the remainder of the experiment. Presentation times

for the second target in the test phase ranged from 69 to 104 ms,

with a mean exposure duration of 82 ms (SD 5 15). The entire

experiment lasted about 75 min.

Fig. 1. Examples of the stimuli. In both experiments, stimuli were presented in congruent or in incongruent
orientations. In Experiment 1, the two objects in a trial were from the same or from different superordinate-level
categories. In Experiment 2, the two objects in a trial had the same or different main axes of elongation.
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Design

There were four main types of trials, defined by the orientations

of the first and second objects. Each object was rotated clock-

wise either 1501 or 11401, so there were four possible com-

binations of orientations, two that were congruent (501-501,

1401-1401) and two that were incongruent (501-1401, 1401-

501). All four combinations were used equally often. Twenty-

four objects (half artifacts and half biological objects) were used

in the test phase. Six objects could appear as the first target

(three biological and three artifact objects), and 18 objects

could appear as the second target (nine biological objects and

nine artifact objects). Because different objects were used as

first and second targets, the same object never appeared twice in

one trial. All possible combinations of objects and orientation

conditions were presented. The resulting 432 trials were di-

vided into six blocks of 72 trials such that the four orientation

conditions and the six first targets were equally distributed over

blocks. The order of trials was determined randomly for every

subject, with the following constraints: The same object could

not appear as the second target in two successive trials, and two

successive trials could not show the same combination of

orientations. There was a self-timed break after every block.

One of the four masks was selected randomly for every trial.

Accuracy of report was the dependent measure; trials were

counted as correct when both objects were named correctly in

the order of presentation.

Results and Discussion

We analyzed the data with one-way analyses of variance

(ANOVAs).1 In general, objects were named with much higher

accuracy in congruent orientations than in incongruent orienta-

tions, F(1, 9) 5 32.89, p < .001, Zp
2 5 .785. Thus, congru-

ency effects were found for common objects that were mostly

dissimilar and were selected from different basic-level cate-

gories. The congruency effect was found both when the orien-

tation of the second target was 501, F(1, 9) 5 37.25, p < .001,

Zp
2 5 .805, and when it was 1401, F(1, 9) 5 15.57, p 5 .003,

Zp
2 5 .634 (see Fig. 2a). The advantage for congruent orienta-

tions was rather strong, paralleling a strong congruency effect

for letters (Jolicoeur, 1990).

Interestingly, the presentation of a rotated object led to an

inversion of the usual effect of physical orientation on recog-

nition of the subsequent object. When the first target was pre-

sented in 1401 orientation, subsequently presented objects were

recognized better in 1401 than in 501 orientation, F(1, 9) 5

5.06, p 5 .051, Zp
2 5 .360. Thus, the usual advantage for

objects closer to upright (orientation effect) was reversed simply

by presenting the first target at 1401. There was still a signifi-

cant advantage for more upright objects in congruent trials,

F(1, 9) 5 35.09, p < .001, Zp
2 5 .796, and thus no full com-

pensation for misorientation.

In order to investigate practice effects, we divided the session

into three blocks. Even though the level of performance in-

creased with practice, F(2, 18)5 14.17, p < .001, Zp
2 5 .612,

accuracy was about 24, 18, and 17 percentage points higher for

congruent than for incongruent orientations in Blocks 1, 2, and

3, respectively. Consequently, practice effects were compara-

tively small and did not eliminate congruency effects. This re-

sult is in contrast to the findings of naming studies with long

presentation times (e.g., Jolicoeur, 1985), but corresponds with

findings of other studies using short masked presentations

(Lawson & Jolicoeur, 1998).

Significant congruency effects were found when both objects

were from the same superordinate-level category, F(1, 9) 5

15.66, p 5 .003, Zp
2 5 .635, and also when they were from dif-

ferent superordinate-level categories, F(1, 9)5 57.69, p < .001,

Fig. 2. Percentage correct as a function of orientation of the second
target in Experiment 1 (a) and Experiment 2 (b). The two targets had the
same orientation in congruent trials (i.e., 501 and 501, 1401 and 1401) and
different orientations in incongruent trials (i.e., 501 and 1401, 1401 and
501). Note that chance (guessing) performance is below 5.6% accuracy.
Error bars represent standard errors of the mean.

1We used only one-way ANOVAs, as accuracy data (in contrast to reaction
time data) do not fulfill the requirement of additivity, so that interactions are
difficult to interpret.
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Zp
2 5 .865 (see Fig. 3). There was no significant effect of

whether the superordinate category was the same or different,

F(1, 9) < 1. The results clearly demonstrate orientation con-

gruency effects even for objects from different superordinate-

level categories. Overall, the findings are in accordance with the

notion that recognition is achieved by adjusting a rather ab-

stract frame of reference. However, it was possible that the

congruency effects obtained in Experiment 1 were simply

caused by priming the main axis of elongation, and were not due

to the adjustment of a relatively abstract coordinate system.

Therefore, we conducted a second experiment to investigate

whether the congruency effect is restricted to objects with the

same axis of elongation.

EXPERIMENT 2

Experiment 2 was designed to achieve two goals: to provide a

replication of the congruency effect for familiar objects and to

test whether congruency effects can be found also for objects

with different main axes of elongation (Fig. 1). By manipulating

the main axis of elongation, we were able to investigate whether

the congruency effect actually relates to the adjustment of a

frame of reference, or whether it is simply due to priming of the

main axis of elongation. In addition, as objects with different

main axes of elongation also tend to be dissimilar, the experi-

ment provides a further test of whether the congruency effect

can be found for dissimilar objects. If recognition is achieved by

adjusting a relatively abstract coordinate system, then congru-

ency effects should appear even when the objects differ in their

main axis of elongation.

Method

Ten subjects with normal or corrected-to-normal vision partic-

ipated in the experiment for payment. All subjects were female.

The age range was from 17 to 41 years (average5 24 years). The

subjects were not familiar with the purpose of the study.

The stimuli were line drawings, selected such that 12 had a

predominantly vertical main axis of elongation, whereas the

other 12 had a predominantly horizontal main axis of elongation

(see Table 2). One third of the stimuli in each group were bio-

logical objects; the other two thirds were artifacts. The stimuli

were similar to those in Experiment 1 in all other respects.

The procedure was the same as in Experiment 1. Presentation

times for the second target ranged from 69 to 104 ms, with a

mean exposure duration of 78 ms (SD 5 11). Subjects needed

from 58 to 120 trials in the adjustment phase in order to reach

criterion.

The design was the same as in Experiment 1, with one ex-

ception: Half of both the first targets and the second targets had

a horizontal main axis of elongation, whereas the other half had

a vertical main axis of elongation.

Results and Discussion

We analyzed the data with one-way ANOVAs. Again, there was a

highly significant orientation congruency effect for objects from

different basic-level categories, F(1, 9)5 38.74, p < .001, Zp
2

5 .811. The congruency effect was present both when the

second target was shown at 501 orientation,F(1, 9)5 48.27, p <

.001, Zp
2 5 .843, and when it was shown at 1401 orientation,

F(1, 9)5 25.62, p 5 .001, Zp
2 5 .740 (see Fig. 2b). As before,

the presentation of a rotated object led to an inversion of the

usual effect of physical orientation on recognition of a subse-

quent object. When the first target was presented at 1401 ori-

entation, subsequently presented objects were recognized

Fig. 3. Percentage correct in Experiment 1 as a function of whether the
two targets were from the same or different superordinate-level categories
(biological objects or artifacts). The targets had the same orientation in
congruent trials (i.e., 501 and 501, 1401 and 1401) and different
orientations in incongruent trials (i.e., 501 and 1401, 1401 and 501). Error
bars represent standard errors of the mean.

TABLE 2

Objects Employed in the Test Phase of Experiment 2

Objects with a horizontal
main axis

Objects with a vertical
main axis

bicycle (27) bottle (32)

horse (121) candle (44)

shoe (204) owl (160)

bird (28) glass (258)

bowl (34) kangaroo (126)

bus (39) lamp (132)

car (47) lightbulb (138)

dresser (79) mushroom (150)

fish (89) saltshaker (194)

frog (100) trash can (102)

record player (184) tree (241)

TV set (228) trousers (162)

Note. The numbers in parentheses correspond to the identifying numbers from
Snodgrass and Vanderwart (1980). The first three objects in each category
could appear as the first target in a trial, and the other objects served as second
targets.
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better at 1401 than at 501 orientation, F(1, 9)5 31.02, p < .001,

Zp
2 5 .775. There was still an effect of orientation in congruent

trials, F(1, 9) 5 15.78, p 5 .003, Zp
2 5 .637.

Performance improved with practice, and there was a sig-

nificant effect of block, F(2, 18)5 8.71, p 5 .002, Zp
2 5 .492.

However, the congruency effect was found in all three blocks.

Performance was about 24, 27, and 22 percentage points higher

for congruent than for incongruent orientations in Blocks 1, 2,

and 3, respectively.

Significant congruency effects were present both for objects

with the same main axis of elongation, F(1, 9) 5 22.58, p 5

.001, Zp
2 5 .715, and for objects with different main axes of

elongation, F(1, 9)5 46.29, p < .001, Zp
2 5 .837 (see Fig. 4).

There was no significant effect of main axis, F(1, 9) < 1. These

results indicate that the congruency effect is not limited to

objects with similar main axes of elongation, and thus does not

simply result from priming of the main axis of elongation. In-

stead, it seems that a relatively abstract coordinate system is

adjusted during object recognition. The results are in all re-

spects highly similar to those of Experiment 1, and therefore

confirm the robustness of the congruency effect.

The finding that performance was largely independent of the

objects’ main axes is consistent with studies suggesting that the

axis of elongation is not the main cue for alignment (Large et al.,

2003; Lawson, 2004). However, the results do not exclude the

possibility that the main axis is one of several cues for object

orientation. Further possible cues for frame adjustment are the

axis of reflectional symmetry, contour orientation, textural ori-

entation, and motion (for review, see Palmer, 1999). Moreover,

alignment cues that are more closely related to object shape

may be used (Belongie, Malik, & Puzicha, 2002).

GENERAL DISCUSSION

The present findings indicate that there is a substantial orien-

tation congruency effect for line drawings of familiar objects.

Objects are recognized more easily when they are presented in

the same picture-plane orientation as a previously presented

object than when they are in a different orientation. This is not a

simple shape priming effect, because the two objects in a trial

were always from different categories. The effect is not limited

to similar objects or to class-based processes. It was found for

objects from different basic-level categories and for objects

from different superordinate-level categories (Experiment 1).

Moreover, it was even found for objects with different main axes

of elongation (Experiment 2).

Our findings are consistent with the proposal that compen-

sation (alignment) processes in object recognition can be re-

garded as transformations of a perceptual coordinate system

(Graf, 2004). The findings do not allow us to distinguish whether

analog transformation processes are involved, or whether a one-

step adjustment (Hinton, 1981) is performed. The congruency

effect is an important extension of orientation dependency and

provides further constraints for any model of object recognition.

Congruency effects seem to supply a deeper understanding of

the processes underlying orientation dependency in object

recognition.

In contrast to two previous studies (Gauthier & Tarr, 1997;

Tarr & Gauthier, 1998), the present experiments demonstrated

congruency effects for dissimilar objects (taken from different

basic-level categories, and even from different superordinate-

level categories). We propose two possible reasons for this

discrepancy. Gauthier and Tarr used long intervals between

stimulus presentations, which allowed for the intrusion of

strategic effects. We tried to eliminate potential strategic effects

by using a paradigm with shorter presentation times and no

interstimulus interval. Moreover, Gauthier and Tarr employed

novel objects, which may not have a clearly defined canonical

orientation (in the same sense as familiar objects).

Current models of object recognition do not account for these

findings. First, structural-description models propose that ob-

jects are represented by configurations of elementary parts

(Hummel & Biederman, 1992; Hummel & Stankiewicz, 1998).

As different objects have different parts with different spatial

relations, there is no basis in such models for the priming

effects found in the present experiments. Second, our results

are not compatible with interpolation models, even when they

are extended to class-based processes (e.g., Edelman, 1998;

Riesenhuber & Poggio, 2002; see also Gauthier & Tarr, 1997;

Tarr & Gauthier, 1998). Our results do not support similarity-

or class-based accounts for orientation congruency because

Fig. 4. Percentage correct in Experiment 2 as a function of whether or
not the two targets had the same main axis of elongation. The targets had
the same orientation in congruent trials (i.e., 501 and 501, 1401 and 1401)
and different orientations in incongruent trials (i.e., 501 and 1401, 1401
and 501). Error bars represent standard errors of the mean.
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substantial congruency effects were found even for dissimilar

objects.

Third, according to mental rotation models, alignment is

achieved by rotating a specific mental image until it is upright

(e.g., Jolicoeur, 1985). These models might account for the

findings if it is assumed that the rotation process can be primed

by a prior rotation that is in the same direction and through the

same or a similar angle. However, several studies indicate that

mental rotation is not involved in object recognition (e.g., Jo-

licoeur, Corballis, & Lawson, 1998; for reviews, see Graf, 2002;

Lawson, 1999). Moreover, a study that investigated size changes

showed that reaction times were fastest when the stimulus was

in the cued size format, and increased monotonically with in-

creasing size divergence (Larsen & Bundesen, 1978). This find-

ing can be accounted for only by a prior frame adjustment. Thus,

it seems that compensation processes in recognition differ from

image transformations in mental rotation (Graf, 2002, 2004).

The reference-frame approach provides the most parsimoni-

ous model. The recognition of misoriented objects involves an

adjustment of a perceptual coordinate system to the input

representation, so that input and memory representations are in

alignment. Once the coordinate system is adjusted, the recog-

nition of subsequently presented objects in the same orientation

is facilitated. According to this approach, both object recogni-

tion and visuomotor control rely on coordinate transformations,

and thus they rely on similar computational principles (e.g.,

Salinas & Abbott, 2001; Salinas & Sejnowski, 2001).
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