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a  b  s  t  r  a  c  t

Different  processes  are  assumed  to underlie  invariant  object  recognition  across  affine  transformations,
such  as  changes  in size,  and non-affine  transformations,  such  as  rotations  in  depth.  From  this  perspec-
tive,  promoting  invariant  object  recognition  across  rotations  in depth  requires  visual  experience  with  the
object  from  multiple  viewpoints.  One  learning  mechanism  potentially  contributing  to  invariant  recogni-
tion  is the  error-driven  learning  of  associations  between  relatively  view-invariant  visual  properties  and
motor responses  or object  labels.  This  account  uniquely  predicts  that  experience  with  affine  transfor-
mations  of  a single  object  view  may  also promote  view-invariance,  if  view-invariant  properties  are  also
iew invariance
earning
volution of visual cognition

invariant  across  such  affine  transformations.  We  empirically  confirmed  this  prediction  in  both  people  and
pigeons,  thereby  suggesting  that:  (a)  the hypothesized  mechanism  participates  in view-invariance  learn-
ing, (b) this  mechanism  is  present  across  distantly-related  vertebrates,  and  (c)  the distinction  between
affine  and  non-affine  transformations  may  not be fundamental  for biological  visual  systems,  as  previously

assumed.

. Introduction

Keen interest exists in discovering how organisms achieve
bject recognition that is invariant across changes in identity-
reserving variables, such as distance and viewpoint. Such

dentity-preserving variables are aspects of the viewing situation
hat modify the image that an object projects to the retina, with-
ut changing the object’s identity. Object identity depends on more
table properties, such as its three-dimensional shape, which must
e extracted by any visual system in order to achieve accurate
bject recognition. Most recent research has been motivated by
he idea that, because objects change more slowly than do their
etinal images, the brain can, without supervision, learn invariant
epresentations from different retinal images which are merely
resented in close temporal contiguity (Cox et al., 2005; Földiák,
990; Li and DiCarlo, 2008; Stringer et al., 2006; Wallis and Bülthoff,
001; Wiskott and Sejnowski, 2002).
Please cite this article in press as: Soto, F.A., Wasserman, E.A., Promoti
with only a single view. Behav. Process. (2015), http://dx.doi.org/10.1

A second learning mechanism that is potentially involved in
nvariance learning has received far less attention. Visual features
hat are common to multiple views of an object may  come to control
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recognition because they reliably predict object identity (Soto et al.,
2012; Wang et al., 2005; Yamashita et al., 2010). According to the
Common Elements Model of object categorization and recognition
in pigeons (Soto and Wasserman, 2010a, 2012a, 2014; Soto et al.,
2012), the image of an object shown from a particular viewpoint is
represented by the activation of a set of “elements,” which can be
interpreted as encoding visual properties in the image. Importantly,
these properties vary widely in the level to which they are repeated
across different images showing the same object. Properties can be
relatively view-invariant, being repeated across many views of the
same object, or they can be relatively view-specific, being idiosyn-
cratic to a single view of an object. Several experiments have shown
that pigeons do extract relatively view-invariant properties from
images and rely on them for object recognition (e.g., Gibson et al.,
2007; Lazareva et al., 2008). On the other hand, the fact that pigeons
do not show view-invariant object recognition after training with
a single object view (Peissig et al., 1999, 2000; Spetch et al., 2001;
Wasserman et al., 1996) suggests that they are sensitive to rather
view-specific information in the training images.

The model also proposes that the selection of which elements
come to control responding in an object categorization or identifi-
cation task is carried out through associative error-driven learning
ng rotational-invariance in object recognition despite experience
016/j.beproc.2015.11.005

(see Soto and Wasserman, 2010a) implemented in the circuitry
of the basal ganglia (Soto and Wasserman, 2012a, 2014). Many
predictions of the model regarding the role of error-driven learn-
ing in object categorization and recognition have recently been

dx.doi.org/10.1016/j.beproc.2015.11.005
dx.doi.org/10.1016/j.beproc.2015.11.005
http://www.sciencedirect.com/science/journal/03766357
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Fig. 1. Effects of rotation in depth and three affine transformations (changes in size,
planar rotation, and shear) on different properties of geon images. Both transforma-
tion types change metric properties, such as the degree of edge curvilinearity (2) and
the angular degree of a co-termination (3). Both transformation types leave nonac-
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idental properties intact: parallel edges remain parallel (1), curved edges remain
urved (2), and coterminations are unchanged (3).

mpirically confirmed (Soto and Wasserman, 2010a,b, 2012b; Soto
t al., 2012).

Pigeons can only achieve view-invariant object recognition after
xplicit training with multiple views of an object (Peissig et al.,
999, 2000; Wasserman et al., 1996). According to the Common
lements Model, when an organism experiences multiple views
f an object, common properties are presented often and learning
bout them is faster than learning about properties that are idiosyn-
ratic to each view (Soto et al., 2012). This “repetition advantage”
or properties that tend to be invariant across changes in viewpoint
hould emerge regardless of whether different views are experi-
nced in close temporal contiguity (Wang et al., 2005).

This logic suggests that any manipulation aimed at reproducing
 repetition advantage effect for properties that are common across
hanges in viewpoint should lead to view-invariance learning. In
he present study, we designed just such a manipulation by tak-
ng advantage of the fact that a class of simple objects, “geons1,”
ontains a number of identifiable properties that are shared by
ost views of a single object, termed “nonaccidental properties”

Biederman, 1987). Rotation in depth of a geon induces changes in
everal accidental properties (e.g., metric changes in aspect ratio,
egree of curvilinearity, departure from parallelism, angle, and

ine lengths), while keeping parallelism, collinearity, cotermina-
ion, and other nonaccidental properties intact (see Fig. 1). Affine
ransformations (changes in size, planar rotation, shear, and trans-
ation) of a geon image also induce changes in metric properties,

hile keeping nonaccidental properties intact, thus reproducing
he same repetition advantage that these properties enjoy during
xperience with multiple views (Fig. 1). Affine transformations can
e applied to a single view of a geon, thereby permitting a critical
est of view-invariance learning after training with only one object
iew.

The prediction that affine transformations of a single object
mage can foster rotational invariance is quite surprising. The rea-
on is because this prediction argues against the proposal, put
orward on computational grounds, that there is a fundamental
ifference between invariance across affine and non-affine trans-
Please cite this article in press as: Soto, F.A., Wasserman, E.A., Promoti
with only a single view. Behav. Process. (2015), http://dx.doi.org/10.1

ormations (Riesenhuber and Poggio, 2000). The effects of affine
ransformations of an image can be estimated from a single object
iew, which means that it should be possible to show invariance to

1 In the context of the present work, geons refer simply to a specific kind of three-
imensional object. Specifically, geons are volumes built by swiping a cross-section
hrough a main axis according to a bevel function (see Biederman, 1987). These
bjects happen to have properties that are useful for the goals of this study (i.e.,
hey  contain nonaccidental properties). The controversial issue of whether or not
eons are represented by people or nonhuman animals during object recognition is
ot  addressed by the present study (for a review of this work, see Wasserman and
iederman, 2012).
 PRESS
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all affine transformations of an image without the need to collect
more than one example in the set. On the other hand, the effects
of non-affine transformations, such as rotation in depth, cannot be
estimated from a single object view, thereby leading researchers
to propose that experience with different object views is necessary
to achieve invariant recognition across non-affine transformations.
Thus, the prediction that experience with affine transformations
of a single image can foster learning of rotational invariance is
highly unexpected and goes against the view that the “distinc-
tion between types of invariance is more fundamental than the
distinction between categorization and recognition” (Riesenhuber
and Poggio, 2000).

Furthermore, our prediction was motivated by a theory first
developed to explain object categorization in birds using simple
associative learning processes, thought to be shared across ver-
tebrates (Soto and Wasserman, 2010a, 2012a, 2014). This theory
thus makes the additional striking prediction that the same effect of
experience with affine transformations should be observed in even
distantly-related vertebrate species, such as people and pigeons.

In the present study, pigeons (Experiment 1) and people (Exper-
iment 2) were each randomly assigned to two groups. In each
control group, subjects were trained to discriminate a single view of
each of four geons. In both affine transformations groups, subjects
were exposed to the same single view of each of four geons, in its
original form and after several affine transformations. All of these
stimuli were carefully created so that image similarities could not
explain the predicted results. After training, all of the groups were
tested with novel views of the objects, in order to assess the extent
to which the experimental manipulation affected view-invariant
recognition. Methods were kept as similar as possible for the two
species; however, correct response time was used as the measure
of performance for people, whereas proportion of correct responses
was used for pigeons.

2. Pigeon experiment

2.1. Materials and methods

2.1.1. Subjects
Subjects were eight pigeons (Columba livia) kept at 85% of their

free-feeding weights. The birds had previously participated in unre-
lated research.

2.1.2. Stimuli
The stimuli were obtained from four geons (arch, barrel, horn,

and wedge) rendered over a white background. Three-dimensional
models were created using Blender 2.49 (The Blender Foundation)
and rotated in depth by 30◦-intervals, ±10◦ to avoid accidental
views of the objects (Biederman, 1987), along their x-axis to yield
a total of 12 views. The final stimuli were 7.4 × 7.4 cm in size. One
view was designated the 0◦ training view for each geon. This was the
only view ever seen during training by pigeons in the experiment;
all other views were only presented during testing.

In the control group, the 0◦ training views were the only
images shown to each pigeon. In the affine transformations group,
additional training stimuli resulted from the application of affine
transformations to these 0◦ training views. The set of 27 stimuli
for each object (108 images in total) was  obtained by combin-
ing three levels of size, planar rotation, and shear (3 × 3 × 3 = 27
combinations).

To select the magnitudes of all of the affine transformations of
ng rotational-invariance in object recognition despite experience
016/j.beproc.2015.11.005

the training view, it was  necessary to ensure that better perfor-
mance with the testing views in the affine transformations group
could not be explained as the result of low-level image similarities
between the training and testing stimuli.

dx.doi.org/10.1016/j.beproc.2015.11.005
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ig. 2. Results of the generalization test with pigeons. Plotted in the polar spikes
ifferent novel views of the training objects. The white line represents chance perfo

Two measures of image similarity were calculated, each widely
sed in earlier research (Kayaert et al., 2003; Vogels et al., 2001;
ang et al., 2005; Yamashita et al., 2010). The first measure was

he pixel-by-pixel dissimilarity in luminosity between images with
djustment for position, which controls for image similarities as
hey are present in the retinal input (Vogels et al., 2001). For a pair
f images, the position of the object within one of the displays was
hifted 441 times, resulting from the combination of 21 horizon-
al and 21 vertical image translations in 5-pixel steps; each time,
he Euclidean distance between the pixel luminosity values of the
mages was calculated. The smallest of the distances was  kept as
he pixel dissimilarity measure.

To obtain the second measure, the wavelet transform of images
as computed using a biorthogonal (6.8) wavelet and the Euclidean

istance between the wavelet coefficients of image pairs was taken
s an index of their dissimilarity. This measure controls for image
imilarities as they are represented in the earlier stages of shape
rocessing in biological visual systems (Vogels et al., 2001), which
re thought to implement a wavelet-like decomposition of images
Field, 1999; Stevens, 2004).

Stimuli were selected in six steps: first, images were created
sing a candidate set of affine transformations. Second, the two
imilarity measures were computed for all pairs of training-testing
mages. Third, each testing image was classified as generated by a
articular object according to two criteria: (a) the object with the

owest dissimilarity between a single training image and the testing
mage or (b) the object with the lowest mean dissimilarity between
ll training images and the testing image. Fourth, the classification
ccuracies obtained using these two classification methods and the
wo similarity measures were computed. Fifth, similar accuracies
ere computed using only the non-transformed training image

o estimate similarity-based performance in the control condition.
ixth, if accuracies obtained using the affinely transformed images
ere lower than those obtained using the non-transformed image

lone, then the transformations were chosen. So, transformations
ere used only if their classification by similarity led to the opposite

rediction from that tested by our experiment.

.1.3. Apparatus
Please cite this article in press as: Soto, F.A., Wasserman, E.A., Promoti
with only a single view. Behav. Process. (2015), http://dx.doi.org/10.1

Four 36- × 36- × 41-cm operant chambers (Gibson et al., 2004)
ere used. The stimuli were presented on a 15-in. LCD monitor

ocated behind an AccuTouch® resistive touchscreen (Elo Touch-
ystems, Fremont, CA) covered by mylar. Rewards were 45-mg food
ls represent degrees of rotation) is the mean proportion of correct responses for
ce (.25 correct responses).

pellets dispensed into a cup on the rear wall of the chamber. Each
chamber was controlled by an Apple® iMac® computer.

The experimental procedure was programmed using Matlab 7.9
(MathWorks, Natick, MA)  with the Psychophysics Toolbox exten-
sions (Brainard, 1997).

2.1.4. Procedure
Pigeons were randomly assigned to control and affine transfor-

mations groups. All stimuli were shown on a 7.5- × 7.5-cm display
screen positioned in the middle of a computer monitor.

A trial began by presenting a white square with a black cross in
the middle. A single peck in the square led to the presentation of the
trial stimulus. The pigeon had to peck the screen 5–45 times before
four response keys (black-and-white square icons) were displayed,
one next to each corner of the center display screen. The pigeon
had to identify the object presented by pecking its associated key.
A correct choice led to 1–3 food pellets and an intertrial interval
of 5 s. An incorrect choice led to a timeout of 5–30 s and to the
repetition of the trial. Data from the first instance of each trial were
analyzed.

During training, daily sessions consisted of a single block of 108
randomly ordered trials. Each of the 108 stimuli was  presented once
in the affine transformations group, and each of the four stimuli was
presented 27 times in the control group. Training sessions con-
tinued until pigeons achieved accuracies of .85 correct responses
overall and .80 correct responses for each object; then, pigeons
were given 20 testing sessions.

Testing sessions started with four presentations of each unmod-
ified training geon, followed by a testing block consisting of the
presentation of each geon from 11 novel viewpoints, randomly
intermixed within a block of training trials. All responses were rein-
forced on testing trials, thus eliminating the need for correction
trials.

2.2. Results and discussion

It took the birds in group affine transformations between 16 and
102 training days (M = 44.25) to reach criterion. It took the birds in
the control group between 21 and 53 training days (M = 38.5) to
reach criterion. The difference was not significant according to an
ng rotational-invariance in object recognition despite experience
016/j.beproc.2015.11.005

independent samples t-test, t(6) = .28, p > .5.
Fig. 2 is a polar plot showing the mean proportion of correct

responses to the testing stimuli in both groups. Data from the affine
transformation group are plotted using a lighter shade of gray than

dx.doi.org/10.1016/j.beproc.2015.11.005
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ata from the control group. The white line in the center of the
lot represents chance performance (.25 correct responses). As pre-
icted, pigeons showed a mean proportion of correct responses that
as higher in the affine transformations group (M = .56; SE = .03;

 = 4) than in the control group (M = .47; SE = .02; n = 4). The test-
ng data were analyzed with a 2 (Group) × 11 (Rotation) Analysis
f Covariance (ANCOVA), using average performance with training
timuli as the covariate to control for the possibility that differences
n performance with novel views might be due to disparities in per-
ormance to the training images. The ANCOVA revealed significant

ain effects of Group, F(1, 5) = 11.76, p = .0186, dunbiased = 2.03, and
otation, F(10, 60) = 12.57, p = 1.982 × 10−11, �2 = .68, but no other
ffects were significant.

In summary, as predicted by our theory of object recognition
nd categorization in pigeons (Soto and Wasserman, 2010a, 2012a,
014), the results of this experiment show that that experience
ith affine transformations of geons shown from a single view

emonstrably enhances the recognition of those geons from novel
iewpoints. Because all of the cognitive mechanisms proposed in
ur theory are thought to be present across all amniote vertebrates
see Soto and Wasserman, 2014), an additional prediction is that
he same effect demonstrated here for pigeons should be present
n humans as well. The following experiment tested this prediction.

. Human experiment

.1. Materials and methods

.1.1. Participants
Thirty-eight undergraduates from the University of California,

anta Barbara, participated in exchange for course credit.

.1.2. Stimuli and apparatus
Stimuli were the same as those used in Experiment 1. People

ere tested with five Apple® eMac® computers. The experiment
as programmed using Matlab 7.9 (MathWorks, Natick, MA)  with

he Psychophysics Toolbox extensions (Brainard, 1997). Images
ere displayed on the monitor using the same parameters as with

igeons. Responses were recorded via keyboard. Auditory feedback
as provided through headphones.

.1.3. Procedure
At the start of the experiment, participants were given instruc-

ions indicating that they would have to identify three-dimensional
hapes by pressing one of four keys. Participants were told that
he same shapes would be shown later from new viewpoints, that
o feedback would be provided during those trials, and that they
hould keep responding as accurately and as quickly as they could.

A trial began by presenting a white square with a black cross
n the center of the screen for 500 ms.  The stimulus was then pre-
ented for 40 ms,  followed by a mask for 200 ms,  randomly chosen
rom a set of 20 masks consisting of 16 image segments randomly
elected from all of the training images. The short presentation time
nd masks were included to increase task difficulty and to enhance
he sensitivity of the experiment. The experiment was based on the
ssumption that a robust decrease in response time in the recog-
ition of novel views of a geon would be observed, as in previous
esearch (Tarr et al., 1998). Pilot studies suggested that such an
ffect might be small and insufficiently robust to corroborate our
ain hypothesis, thereby prompting us to increase task difficulty.

Participants responded by pressing the numerals 1, 2, 3, or 4 on
heir keyboard. After a key press or a maximum period of 2000 ms,
Please cite this article in press as: Soto, F.A., Wasserman, E.A., Promoti
with only a single view. Behav. Process. (2015), http://dx.doi.org/10.1

isual and auditory feedback was provided for 500 ms.  On cor-
ect trials, “correct” was displayed in the middle of the screen,
ogether with a pleasant chime presented through headphones.
n incorrect trials, “incorrect” was displayed in the middle of the
 PRESS
al Processes xxx (2015) xxx–xxx

screen, together with an unpleasant buzzer presented through
headphones.

The experiment was completed in a single 50-min session
divided into three training blocks and one testing block, all having
the same structure as blocks in the pigeon experiment. No feed-
back was provided during testing trials and participants were given
unlimited time to respond. Only trials in which response times were
lower than 2000 ms  were included in the reported analysis to elim-
inate the influence of outliers and to have all of the data (from
training and testing trials) fall within the same range. The same
results were obtained when response times longer than 2000 were
included.

3.2. Results and discussion

Fig. 3 is a polar plot displaying the mean correct response times
obtained during testing trials of the present experiment. As before,
data from the affine transformation group are plotted using a lighter
shade of gray than data from the control group. Note that the scale in
this plot has been inverted, with slower response times toward the
center of the figure, to make the results more easily comparable to
those obtained from pigeons and displayed in Fig. 2. In both cases,
a higher score represents better performance (more accurate or
faster).

People showed mean correct response times that were faster
in the affine transformations group (M = 621.16; SE = 15.82; n = 19)
than in the control group (M = 688.83; SE = 17.22; n = 19). A 2
(Group) × 11 (Rotation) ANCOVA, using mean correct response
times with training stimuli during testing as the covariate,
revealed a significant main effect of Group, F(1, 35) = 8.96, p = .005,
dunbiased = .95. No other effects were significant.

4. Scrambled control

One possible explanation for the human results reported in the
previous section is that, in the control group, the surprising pre-
sentation of transformed stimuli for the first time during the test
slowed people’s response times. Such slower response times would
not be observed in the affine transformations group, due to the
familiarity of this group with transformed versions of the training
images.

Note that the novelty of transformed testing images is unlikely
to affect the results from the pigeon experiment, for two rea-
sons. First, although the surprising presentation of a novel stimulus
might affect response times, it seems less likely to affect the pro-
portion of correct responses, particularly in an easy discrimination
like the one given to the control group in the previous experiments.
Second, unlike people, who  were tested in a single block of trials
lasting only minutes, pigeons were tested in several separate daily
sessions. Any surprising effect of novel stimuli is likely to vanish
very quickly with the procedure used for pigeons.

To test the hypothesis that training with any transformation
would produce results like those observed in the affine transfor-
mations group from the previous experiment, an additional control
group was trained with transformations of the training view in
which image fragments were spatially scrambled. Examples of
these scrambled stimuli are shown in Fig. 4. Note how the level of
scrambling in the transformed images still leaves the object easily
recognizable.

Training with scrambled versions of the geon images should
familiarize the participants with the presentation of several trans-
ng rotational-invariance in object recognition despite experience
016/j.beproc.2015.11.005

formed versions of such images, making the testing procedure
unsurprising. However, the scrambling transformation does not
have the properties of rotation and affine transformations high-
lighted in Fig. 1. That is, scrambling does not selectively preserve

dx.doi.org/10.1016/j.beproc.2015.11.005
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Fig. 3. Results of the generalization test with people. Plotted in the polar spikes (labels represent degrees of rotation) is the mean correct response times (second) for
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ifferent novel views of the training objects. Note that the scale has been inverted
asily  comparable to those from Experiment 1 (see Fig. 2).

onaccidental properties while disrupting metric properties in the
eon images. Instead, scrambling simply disrupts all image prop-
rties at the points in which image segments are replaced. For this
eason, we predicted that the scrambling control from the present
xperiment would show lower rotational invariance than the affine
ransformations group from the previous experiment.

.1. Materials and methods

.1.1. Participants
Thirteen people with the same characteristics as those in Exper-

ment 2 were studied in the scrambled control.

.1.2. Stimuli and apparatus
Twenty-six scrambled versions of each of the four training

mages used in the control group of the previous experiments were
reated (for examples, see Fig. 4). The area containing the object in
ach image was divided into 16 squares of equal size (i.e., in a 4 × 4
rid). The location of six of these squares was randomized to create
ach scrambled training stimulus.

.1.3. Procedure
The training and testing procedure was the same as in the affine

ransformations group from Experiment 2. The only difference was
hat the 26 affinely transformed versions of the training images
ere replaced by 26 scrambled versions.

.2. Results and discussion

The mean correct reaction times were slower in the scram-
led control group (M = 701.45; SE = 38.46; n = 13) than in the
ffine group from the previous experiment (M = 621.16; SE = 15.82;

 = 19). A 2 (Group) × 11 (Rotation) ANCOVA, using mean cor-
ect reaction time with the training stimuli as the covariate,
evealed a significant main effect of Group, F(1, 29) = 4.45, p = .0436,
unbiased = .74. No other effects were significant. These results sug-
Please cite this article in press as: Soto, F.A., Wasserman, E.A., Promoti
with only a single view. Behav. Process. (2015), http://dx.doi.org/10.1

est that the main effect of Group in human participants shown in
ig. 3 was not due to slower response times in the control group
ecause of the surprising presentation of transformed stimuli for
he first time during testing.
 slower response times toward the center of the figure, to make the results more

5. General discussion

The unprecedented finding of the present study was that expe-
rience with affine transformations of objects shown at a single view
enhances the recognition of those objects at novel viewpoints by
both pigeons and people. Critically, these results are difficult to
explain in terms of generalization from training views based on
image similarities, as the stimuli were expressly created in order to
exclude this explanation.

Our results suggest that the distinction between affine and
non-affine transformations may  not be fundamental for biologi-
cal visual systems, as has been assumed on computational grounds
(Riesenhuber and Poggio, 2000). Quite the contrary, the effects of
experience with both types of transformations seem to be inter-
changeable, at least under some circumstances.

Our findings accord with both psychophysical and neurobio-
logical studies suggesting that the mechanisms of invariant object
recognition might be similar across affine and non-affine trans-
formations. Behaviorally, object recognition in primates and birds
can show variable levels of tolerance to different types of transfor-
mations, but object recognition is not completely invariant across
either affine or non-affine transformations (Kravitz et al., 2008;
Peissig et al., 2006, 2000; Tarr et al., 1998). In primates, neurons
in late stages of the ventral stream show variable levels of invari-
ance to any transformation (Booth and Rolls, 1998; Op de Beeck and
Vogels, 2000; Zoccolan et al., 2007). Although a population of neu-
rons with such variable levels of invariance can provide a basis for
invariant object recognition at later processing stages (Hung et al.,
2005; Li et al., 2009), it is unlikely that behavioral invariance can
be achieved without explicit training with variations in irrelevant
object dimensions (Goris and Op de Beeck, 2010).

Most recent research into the mechanisms of invariance learn-
ing has been motivated by the hypothesis that the primate brain
learns invariant representations in an unsupervised manner, from
experience with different retinal images which are presented in
close temporal contiguity (Cox et al., 2005; Földiák, 1990; Li and
DiCarlo, 2008; Stringer et al., 2006; Wallis and Bülthoff, 2001;
Wiskott and Sejnowski, 2002). The current results, as well as previ-
ous behavioral results with monkeys (Wang et al., 2005; Yamashita
ng rotational-invariance in object recognition despite experience
016/j.beproc.2015.11.005

et al., 2010), are difficult to explain by such an unsupervised learn-
ing process, because they involve view-invariance learning without
experience with temporally contiguous object views. Instead, the
results suggest a role for a learning mechanism, in which common

dx.doi.org/10.1016/j.beproc.2015.11.005
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t.

roperties of a number of experienced images are associated with
n object representation or common response because they reli-
bly predict object identity (Soto et al., 2012; Wang et al., 2005;
amashita et al., 2010).

An important aspect of our results is that they are general across
istantly related vertebrate species. There were important method-
logical differences between the pigeon and human experiments
e.g., people but not pigeons were provided with instructions,
igeons were trained for weeks but people were trained only for
inutes) and the response variables were not the same in the two

pecies (accuracy in pigeons and response times in people), so it
ould be argued that the experiments were incomparable.

However, methodological differences are common in all com-
arative studies involving such distantly related species. For
xample, training in most human experiments takes in the scale
f minutes to hours, whereas training in pigeon experiments takes

n the scale of weeks to months. If anything, such methodological
ifferences should be the source of differences in the results across
pecies; yet, we still found in both species an increase in general-
zation to novel views after training with affine transformations.

Regarding the use of different performance measures in both
pecies, practically all previous relevant research regarding view
nvariance in object recognition have used proportion of correct
esponses as the performance measure in pigeons and response
imes as the performance measure in people. Thus, our selection
f response measures permits linking the present results with the
revious literature in both pigeons and people.

The generality of our results across species despite method-
logical differences suggests that, although the brain systems

nvolved in shape perception in the avian and primate brains are
ot homologous (Shimizu and Bowers, 1999), under at least some
ircumstances, both species might use similar strategies to achieve
nvariant object recognition (Soto and Wasserman, 2012a,b, 2014).
he learning mechanism suggested by the current results may  be
f such importance for object recognition that it either has been
onserved across millions of years of independent evolution or it
as evolved independently on at least two separate occasions.
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