
Vision Research 46 (2006) 1901–1910
www.elsevier.com/locate/visres

0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2005.12.008

Size-invariant but viewpoint-dependent representation of faces

Yunjo Lee a,¤, Kazumichi Matsumiya b, Hugh R. Wilson a

a Centre for Vision Research, York University, 4700 Keele Street, Toronto, Ont., Canada M3J 1P3
b Research Institute of Electrical Communication, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980–8577, Japan

Received 12 November 2004; received in revised form 16 December 2005

Abstract

The present study investigated the role of size and view on face discrimination, using a novel set of synthetic face stimuli. Face discrim-
ination thresholds were measured using a 2AFC match-to-sample paradigm, where faces were discriminated from a mean face. In Exper-
iment 1, which assessed the eVect of size alone, subjects had to match faces that diVered in size up to four-fold. In Experiment 2 where only
viewpoint was manipulated, a target face was presented at one of four diVerent views (0° front, 6.7°, 13.3°, and 20° side) and subsequent
matches appeared either at the same or diVerent view. Experiment 3 investigated how face view interacts with size changes, and subjects
matched faces diVering both in size and view. The results were as follows: (1) size changes up to four-fold had no eVect on face discrimina-
tion; (2) threshold for matching diVerent face views increased with angular diVerence from frontal view; (3) size diVerences across diVerent
views had no eVect on face discrimination. Additionally, the present study found a perceptual boundary between 6.7° and 13.3° side views,
grouping 0° front and 6.7° side views together and 13.3° and 20° side views together. This suggests categorical perception of face view. The
present study concludes that face view and size are processed by parallel mechanisms.
 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

A face is a three-dimensional (3D) object that is encoun-
tered from many directions and various distances and thus,
face recognition requires representation of invariant
aspects of facial structure across these changes. Despite
these challenges, recognizing faces is usually an easy and
eVortless task for us. However, how the brain accomplishes
face recognition under variations and changes in size and
viewpoint still remains unclear. The present study
addressed this question psychophysically and investigated
how robust face perception would be under changes in size
and view. Use of a psychophysical paradigm allows us to
quantify these eVects and also provides insight into the neu-
ral mechanisms that underlie them.

Recent fMRI studies have provided evidence that the
fusiform face area (FFA; Kanwisher, McDermott, & Chun,
1997) is involved in analyzing objects or faces independent
of the visual cues deWning their shape, such as size, but
could respond selectively to diVerent viewpoints (Andrews
& Ewbank, 2004; Grill-Spector & Malach, 2001; Grill-
Spector et al., 1999; Vuilleumier, Henson, Driver, & Dolan,
2002). Grill-Spector and her colleagues observed that the
overall activation of the posterior fusiform gyrus (FG) is
sensitive to diVerent views of the same faces or cars but not
to changes in size and position. The face-selective voxels
remained strongly adapted to size and position changes
even though a robust recovery from adaptation was
observed when the stimulating face was rotated. Andrews
and Ewbank (2004) found the same results in the FFA that
corresponds to the posterior FG region from Grill-Spector
et al. (1999). Adaptation to repeated presentations of the
same face persisted in the FFA despite changes in size, but
FFA responses were sensitive to the manipulation of view-
point and emotional expressions. In contrast, they failed to
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Wnd any adaptation to repetitions of the same face in face-
selective regions in the superior temporal lobe (STS). Also,
Vuilleumier et al. (2002) showed similar results with objects
presented in a long-term repetition priming design. The
right FG showed priming-induced decreases by repetition
of the same viewpoint, irrespective of size, suggesting view-
point-dependent and size-invariant representations in neu-
ronal populations in that region.1 These results are
consistent with data from single-cell recording of the pri-
mate inferotemporal cortex (IT) or the superior temporal
sulcus (STS) and fMRI studies with human and primate
subjects, which independently studied the eVects of size and
viewpoint changes (Desimone, Albright, Gross, & Bruce,
1984; Ito, Tamura, Fujita, & Tanaka, 1995; Logothetis &
Pauls, 1995; Logothetis, Pauls, & Poggio, 1995; Lueschow,
Miller, & Desimone, 1994; Malach et al., 1995; Op De
Beeck & Vogels, 2000; Perrett, Mistlin, & Chitty, 1987; Per-
rett et al., 1985, 1991; Pourtois et al., 2005; Rolls & Baylis,
1986; Sáry, Vogels, & Orban, 1993; Schwartz, Desimone,
Albright, & Gross, 1983; Wang, Tanaka, & Tanifuji, 1996).

Single-cell recording studies on monkeys have shown
that IT cells are invariant to size changes and other shape
properties. Schwartz et al. (1983) demonstrated that many
IT cells are selective for shapes systematically varying in
boundary curvature and maintain this selectivity over a
two-fold increase in size, 3–5° of position changes, and con-
trast change. Sáry et al. (1993) also reported preserved
shape selectivity over a four-fold size change and 4–5° of
position changes. Ito et al. (1995) tested wide ranges of size
with simply shaped images and found two types of cells:
cells that are sharply tuned to particular ranges of size and
those responsive to wide ranges of size. 43% of the anterior
IT cells studied responded to ranges of linear size variation
less than 2 octaves, but 21% responded to size ranges of
more than 4 octaves. The selectivity for shape was mostly
preserved throughout the entire range of size changes. On
the other hand, Op De Beeck and Vogels (2000) found posi-
tion-dependent size eVects in the anterior part of the infe-
rior temporal cortex (TE). They presented the four stimulus
sizes over a four-fold range either in the foveal or periphe-
ral position. When the general response pattern was sepa-
rately plotted for each position, the average response
increased with size at the periphery but the eVect of size dis-
appeared at the foveal position.

Using fMRI, Sawamura, Georgieva, Vogels, VanduVel,
and Orban (2005) found object adaptation and size invari-
ance in macaque IT complex and human LOC though they
failed to Wnd complete size invariance unlike Grill-Spector

et al. (1999). Their overall human data agree with
Grill-Spector et al. (1999), but the extent of size invariance
in Sawamura et al. was somewhat smaller. This discrepancy
might result from the diVerent ranges of sizes used in these
two studies. Sawamura et al. used Wve discrete sizes of the
same object over a four-fold range (2.3–9.2°), while Grill-
Spector et al. presented 30 diVerent sizes over a range of
10–30°.

Invariance to size changes has also been observed with
face stimuli. Rolls and Baylis (1986) found that the major-
ity of neurons in the macaque middle and anterior STS
showed invariant responses with respect to size as well as
contrast alternation of the stimulus. The median size
change that can produce greater than half of the maximal
response was a factor of 12.0. Desimone et al. (1984) also
demonstrated that IT and STS neurons maintained their
selectivity to both monkey and human faces or hands over
a wide range of size changes. In their previous studies, they
found that macaque IT neurons have large receptive Welds
of median size 26° £ 26° that invariably included the fovea
(Desimone & Gross, 1979; Gross, Rocha-Miranda, &
Bender, 1972). With these receptive Welds larger than the
stimulus, IT neurons responded to stimuli regardless of
sizes changed within the receptive Weld (Desimone et al.,
1984). In the human brain, activation of the LOC posteri-
orly including the lateral aspect of the posterior FG was
not inXuenced by a four-fold change in visual size of both
faces and objects (Malach et al., 1995).

While neuroimaging data have reported complete size
invariance in the FFA and LOC (Andrews & Ewbank,
2004; Grill-Spector & Malach, 2001; Grill-Spector et al.,
1999; Malach et al., 1995; Vuilleumier et al., 2002), most
neurophysiological studies found size-invariant responses
in a fraction of the neurons in the macaque IT that is
homologous to the human LOC (Ito et al., 1995; Lueschow
et al., 1994; Op De Beeck & Vogels, 2000; Schwartz et al.,
1983). This surprising discrepancy would be attributed to
the diVerent approaches taken by these two techniques.
Most single-cell studies report size-invariance in terms of
stimulus selectivity, whereas fMRI assesses size-invariance
on neuronal response levels (Sawamura et al., 2005). In sin-
gle-cell studies, changes in size or position usually alter the
absolute Wring rate of the neuron, but the relative prefer-
ence for a stimulus is maintained over changes within the
receptive Weld. To this extent, IT neurons may exhibit size
and position constancy (Desimone et al., 1984; Logothetis
& Pauls, 1995).

Despite the size-invariant representation of faces and
objects in the human and primate ventral stream, the major-
ity of these cells appear to be viewpoint-dependent. In a
study by Logothetis et al. (1995), a population of IT cells
responded selectively to learned views of previously unfa-
miliar objects, while some of these view-selective cells exhib-
ited response-invariance for changes in size or position. Six
out of the nine view-selective cells tested showed size-invari-
ant responses. Logothetis et al. (1995) found only a very
small number of cells that showed viewpoint-invariance.

1 Additionally, Vuilleumier et al. (2002) found a hemispheric asymme-
try: the left FG showed a generalization across views and sizes. The dis-
crepancy between the results of Vuilleumier et al. and Grill-spector and
her colleagues (1999, 2001) seem to arise from diVerent presentation para-
digms adopted. The immediate fMR adaptation paradigm used by Grill-
Spector may favor perceptual stages of processing, whereas the long-term
repetition priming used in Vuilleumier et al. is likely to assess more ab-
stract, memory-based stages of processing (Pourtois, Schwartz, Seghier,
Lazeyras, & Vuilleumier, 2005).



Y. Lee et al. / Vision Research 46 (2006) 1901–1910 1903

Most cells were tuned maximally to one view of an object,
and their response fell gradually as the angle of rotation
increased from the preferred view. Systematic view tuning
curves were obtained when these cell responses were plotted
as a function of rotation angle (Logothetis & Pauls, 1995).

With face stimuli, it was found that a majority of cells in
the macaque superior temporal sulcus (STS) are viewer-
centered and exhibit unimodal tuning to one view (Perrett
et al., 1985, 1987, 1991). Perrett et al. (1985, 1987) found
that subpopulations of cells in macaque STS were selec-
tively tuned to four characteristic views of the head: the
front full face view, left and right proWle views, and the
back of the head. Desimone et al. (1984) also found face-
selective cells in macaque IT and STS, some responding
preferentially to the front view and some to the proWle.
Similarly, Wang et al. (1996) demonstrated with optical
imaging study that IT cells selectively respond to faces, and
the activation spot moved systematically in one direction
across the cortex as the same face was rotated from the left
proWle to the right proWle (that is, left proWle, 45° left, front,
45° right, and right proWle).

Using event-related fMRI during long-term repetition
priming, Pourtois et al. (2005) found that the FFA in both
hemispheres showed view-sensitive repetition eVects, while
the medial portion of the left FG showed repetition eVects
across all types of viewpoint changes. The left medial FG,
which is adjacent to but not overlapped with the more lat-
eral FFA, did not show any preferential category-selective
responses for faces or houses. Their study suggests that
both view-dependent and view-independent processes are
embedded in the human temporal cortex, but full view-
invariant representation of faces is not achieved in the
FFA.

Psychophysical results have supported the viewpoint-
dependent representation in that when we recognize objects
or faces from diVerent viewpoints, there is a cost in reaction
times (RTs) and sensitivity (BülthoV & Edelman, 1992;
Edelman & BülthoV, 1992; Hill, Schyns, & Akamatsu, 1997;
Logothetis, Pauls, BülthoV, & Poggio, 1994; Shepard &
Metzler, 1971; Tarr & Pinker, 1989). A viewpoint-depen-
dent representation (viewer-centered coding) depends on
the particular vantage point of a viewer relative to the
object being recognized and captures how the object
appears from a particular viewpoint. Thus, separate viewer-
centered coding is needed to enable recognition of the
object from diVerent views. If an object is represented in
this manner, a change in orientation would degrade its rec-
ognition. Shepard and Metzler (1971), for example, mea-
sured the time required to recognize two perspective
drawings of the same 3D objects and found that RT
increased linearly with the angular diVerence in the por-
trayed orientations. Moreover, Edelman and BülthoV

(1992) found that generalization to novel views from a sin-
gle trained view falls oV with increasing angle of rotation.
The availability of depth information through stereopsis
did not change the dependence of error rate on viewpoint.
With face stimuli, Hill et al. (1997) demonstrated that when

subjects learned one view for 1 s and were immediately
tested with diVerent views, generalization from the learned
front view was progressively poorer as the angle of rotation
increased. Viewpoint-dependent recognition of objects was
also observed with monkeys in animal psychophysical
experiments (Logothetis et al., 1994). Monkeys trained with
one view of an object performed best with that view and
gradually worse as stimulus was rotated farther from the
learned view. They failed to recognize views that diVered
more than 40° from the training view.

In the experiments reported here, we investigated how
size and viewpoint aVected face discrimination. The present
study employed synthetic faces introduced by Wilson,
LoZer, and Wilkinson (2002) in a face discrimination task.
Unlike Hill et al. (1997), the discrimination task did not
involve any learning or memory of faces. The goal of
Experiment 1 was to assess the eVect of size. Experiment 2
tested the eVect of viewpoint, where viewpoint is expressed
in terms of the angle of rotation in depth away from the
front view. Experiment 3 investigated how face view inter-
acts with size changes. We found that four-fold changes in
size did not aVect face discrimination, but that changes in
viewpoint did. Threshold increased with angular diVerence
from a front view. However, we found no interaction
between size and view changes. These results suggest paral-
lel processing of size and views in the FFA. Our results thus
provide psychophysical support for fMRI Wndings
(Andrews & Ewbank, 2004; Grill-Spector & Malach, 2001;
Grill-Spector et al., 1999; Vuilleumier et al., 2002).

2. General methods

2.1. Apparatus and calibration

All experiments were conducted on an iMac computer with 1024 £ 768
pixel spatial resolution, 75 Hz refresh rate and 8 bit/pixel gray scale. From
a 1.31 m viewing distance, the screen subtended 13.4° £ 10.1°, and each
pixel was 47.0 arcsec in diameter. Mean luminance was 38.0 cd/m2. Stimuli
were generated in the Matlab environment and displayed using the Psy-
chophysics Toolbox (Brainard, 1997; Pelli, 1997). All experiments were
conducted in a dimly lit room.

2.2. Stimuli: Synthetic faces and synthetic face cubes

Human faces are extremely complex stimuli, which make it diYcult to
link a particular observed behavior to the underlying neural mechanisms.
Synthetic faces signiWcantly reduce the complexity of face stimuli based on
37 measurements of geometric information in the face eliminating the Wne
detailed texture of hair and skin, yet they provide subjects with suYcient
geometric information for accurate discrimination (Wilson et al., 2002).
Fig. 1 shows synthetic faces used in Experiment 2. Using fMRI, we have
shown that synthetic faces generate 85% as large a BOLD signal in the
FFA as do gray scale face photographs (LoZer, Yourganov, Wilkinson, &
Wilson, 2005).

Synthetic faces were derived from frontal and 20° side views of individ-
ual face photographs. The 20° side view was chosen to avoid occlusion of
one eye by the nose as well as protrusion of the nose beyond the head con-
tour. Head shape and inner hairline are digitized relative to the bridge of
the nose in polar coordinates. The shape of the head was represented by 16
radial measurements equally spaced around the head; the inner hair line
was digitized at 9 additional radii on and above the horizontal meridian of
the polar coordinates. The 16 points of the head shape were converted into
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sums of radial frequencies (RFs) of 1–7 cycles (see Wilkinson, Wilson, &
Habak, 1998; Wilson et al., 2002). Additionally, 14 measurements of facial
feature positions were digitized: 4 for locations of eyes (x and y coordi-
nates), 1 for height of brows, 3 for length and width of nose, 6 for location
of mouth and thickness of lips. These points individuate only the location,
width and length of facial features. For individual feature shapes, generic
eye, nose, and mouth templates were used. Next, images were bandpass
Wltered with a 2.0 octave bandwidth diVerence of Gaussians (DOG) Wlter
centered at 10.0 cycles per face width, which is optimal for face perception
(Gold, Bennett, & Sekuler, 1999; Näsänen, 1999). Averaging over a set of
40 faces generated mean synthetic faces for frontal and 20° side view of
each gender.

To assess the metric of synthetic face space, Wilson et al. (2002) devised
the concept of face cubes that consist of groups of several synthetic faces
made mutually orthogonal with respect to a given original face. One face
serves as the origin of a local coordinate system, and four other faces
deWne the axes that are mutually orthogonal and normalized to the same
total geometric variation. The origin face was subtracted from the face
vectors for each of four other faces and produced face-diVerence vectors
from the origin on 37 measurements. The Wrst vector A of these diVerence
vectors was normalized to have a length of k based on a Euclidean norm.
A second diVerence vector B was rotated to be perpendicular to A using
Gram-Schmidt orthogonalization (see Wilson et al., 2002) and then nor-
malized to length k. This process was repeated with two more vectors (for
a total of four) for the experiments of the present study.

A synthetic face cube consists of 21 faces: at the coordinate origin there
is a mean face, and along each axis (a total of 5 axes including a diagonal)
four faces are separated by the same increment step (see Wilson et al.,
2002). For example, if the maximum geometric variation is 12%, along
each axis, the four faces diVered by 3%, 6%, 9%, and 12% from the mean.

2.3. Procedure

All experiments used a 2AFC match-to-sample paradigm and the
method of constant stimuli. In each trial, a target face was presented for
110 ms and followed by a wide Weld noise mask for 200 ms. The 110 ms of
target presentation time has been reported to be suYcient for optimal face
processing (Lehky, 2000). The position of the target face was randomly jit-
tered by §0.72° from the center of the screen to prevent continuous Wxation
on any one feature of the face. The noise was a random dot pattern band-
pass Wltered with the same DOG Wlter used for synthetic faces with the same
peak spatial frequency and bandwidth. Immediately after the mask, two
comparison faces were presented side by side and remained on the screen
until the subject made a decision. The subject responded with a mouse click
on the face that appeared to be identical to the previously Xashed target. The
next trial was initiated by another mouse click by the subject.

Faces were discriminated from a mean face in order to calculate the
face discrimination threshold in terms of geometric variation relative to
the mean head radius. A mean face was always one of comparison faces,
and it was also presented as the target face 20% of the time. However, sub-
jects reported that they were not aware that one of the comparison faces
was always a mean face. Also, a control experiment was conducted with

three comparison faces where the third face (as an additional distractor)
came from an orthogonal axis but had the same increment distance as the
other comparison face. In this control experiment, 20% of the time the
mean face was presented as the target. The results have shown that sub-
jects were able to choose the target face among three choices though their
threshold increased by a factor of 1.37 in the same-view matching and 1.24
in the cross-view matching.

Each run used only one synthetic face gender and consisted of a total
of 120 to 140 trials. Experiments were repeated at least four times alternat-
ing the gender of faces, and data were averaged across gender, as Wilson
et al. (2002) found no statistical diVerence in discrimination thresholds
between face genders. In each condition, the Wrst experimental run was dis-
carded as practice and then data from at least 3 runs were collected. In
order to compute threshold, percentage correct responses were obtained
along all Wve axes and averaged across axes for each increment value.
Then, data were Wt with a Quick (1974) function using maximum likeli-
hood estimation, and the 75% correct point from a psychometric function
was chosen as threshold.

3. Experiment 1: The eVect of size

The eVect of size on face discrimination was studied
using a size change between the target and comparison
faces. The size change was equal to a factor of four.

3.1. Subjects

Five subjects, including an author, with normal or cor-
rected-to-normal vision participated in this experiment.
Four were female, and the mean age was 24 years.

3.2. Stimuli

Synthetic face cubes were generated as described in Sec-
tion 2, except that all faces in the cube were generated at
twice the linear size and bandpass Wltered at half the fre-
quency to produce large faces with a peak at 4.0 cpd. All
faces in this cube were then subsampled by averaging each
2 £ 2 square of pixels to produce a cube of identical faces
half as large with twice the peak frequency. Repetition of
this procedure then produced a Wnal face cube that con-
tained faces 0.25 times as large as the original cube. In this
experiment, the largest cube and smallest cubes were used
to generate a factor of four linear size diVerence between
Xashed target and comparison faces. A large male mean
face subtended approximately 3.15° £ 4.36° of visual angle.

Fig. 1. Synthetic faces used in Experiment 2: from left to right, 0° front, 6.7°, 13.3°, and 20° side views. This example is a mean female synthetic face.
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3.3. Procedure

There were four conditions by combination of target
and comparison face sizes: both target and comparisons
were small; target was small and comparisons were large;
comparisons small and target large; and both target and
comparisons large. Subjects were tested with same-view
matching of these faces.

3.4. Results

Results of four observers for each face view in experi-
ments employing the 4.0 linear size diVerence between Xashed
and comparison faces are plotted in Fig. 2. From left to right
thresholds are plotted for the smallest size alone, Xashed
small followed by comparison large (S/L), Xashed large fol-
lowed by comparison small (L/S), and Wnally the largest size
alone. Upper and lower graphs plot thresholds for front
views and 20° side views, respectively. To determine whether
discrimination across a four-fold size change was more diY-

cult than discrimination with no size diVerence, the 2£2

repeated-measures ANOVA was performed separately for
front and side views on the variables, Same Size (2 levels:
small alone and large alone) and DiVerent Size (2 levels: S/L
and L/S). For the front view, none of the eVects were signiW-

cant: Same Size [F(1,3)D0.923, pD0.408, !2 D0.235], DiVer-
ent Size [F(1,3)D2.672, pD0.201, !2 D0.471], and Same
Size£DiVerent Size [F(1,3)D0.496, pD0.532, !2 D0.142].
For the side view, there was a signiWcant main eVect of Same
Size [F(1,3)D45.850, pD0.007, !2 D0.939], but the main eVect
of DiVerent Size was not signiWcant [F(1,3)D4.359, pD 0.128,
!2 D0.592], nor was the interaction between Same Size and
DiVerent Size [F(1,3)D0.047, pD0.842, !2 D0.016]. Examin-
ing the individual side view data revealed that one subject
(AD) had a higher threshold in the Small condition than in
the Large condition (by a factor of 3.32), and so these results
suggest that subject AD had diYculty with matching small
faces rather than diVerent sized faces. Moreover, in Fig. 2,
thresholds were higher for the conditions where a small face
was Xashed as a target. The t-tests comparing thresholds
from a small and large target showed a signiWcant diVerence
with side view [t(7)D2.645, pD0.033, dD 0.935] but not with
front view [t(7)D2.071, pD0.077, dD0.732]. It is important
to note that the spatial frequency content of a small face sub-
sampled from a large face is shifted to higher spatial frequen-
cies and has less power. Hence, a small face Xashed for
110ms should have a higher threshold than a large face
Xashed for the same duration.

One-way ANOVAs and post-hoc comparisons were fur-
ther conducted to compare four stimulus size conditions.
With the front view, there was still no signiWcant diVerence
among four stimulus size conditions [F(3,12) D 1.025,
p D 0.416, !2 D 0.204]. The four stimulus size conditions for
the side view almost reached the p-level [F(3,12) D 3.310,
p D 0.057, !2 D 0.453]. Tukey’s HSD found a barely signiW-
cant diVerence between the S/L and Large conditions of
side view with a p value of 0.047, but a ScheVé test failed to
Wnd a signiWcant diVerence in any of the comparisons.
Fig. 2 (side view) shows that subjects had the largest thresh-
old in S/L, but the other DiVerent Size condition, L/S, did
not have a signiWcantly higher threshold than the Same Size
conditions (small or large alone). Therefore, the overall
results seem to indicate that size constancy operates on
faces over a linear size range and peak spatial frequency
range of at least 4.0.

4. Experiment 2: The eVect of viewpoint

The eVect of viewpoint on face discrimination was inves-
tigated. The viewpoint of the target and comparison faces
was manipulated, while the size of faces was held constant.

4.1. Subjects

Four subjects, one author and three naive volunteers,
participated in this experiment. All had normal or cor-
rected-to-normal vision, and three of them were female.
The mean age was 26 years.

Fig. 2. Discrimination thresholds of faces diVered in size (n D 4). Small
condition is when both the target and comparison faces were small; S/L is
for small target and large comparisons; L/S for large target and small
comparisons; and Large is when both the target and comparisons were
large. Error bars indicate 1 standard error (SE) above and below the
mean.
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4.2. Stimuli

Four equally spaced face viewpoints were used: 0° fron-
tal view, and 6.7°, 13.3°, 20° side views (see Fig. 1). All faces
were drawn from a 4D face cube described in Section 2 for
one gender and one view (either front or 20° side). For
example, four front view faces were selected randomly from
our database of 40 female and 41 male faces. These four
front view faces were Wrst orthogonalized and normalized,
and four equal-distance increments were then created along
each cube axis (total four) as well as the principal diagonal.
The 20° side face corresponding to each front face was gen-
erated by adding the 20° mean side face (M20) and the
diVerence from its mean ("20). The new sets of 6.7° and
13.3° side views were morphed by adding a pair of corre-
sponding frontal and 20° side views that were weighted
appropriately. That is, a 6.7° side view was generated by
giving 2/3 weight to the front view and 1/3 to the 20° side
view on the corresponding axis and then adding these two
diVerently weighted frontal and 20° side faces (i.e., 2/
3M0 + 1/3M20 + 2/3"0 + 1/3"20). In the case of a 13.3° side
view, a 1/3 of frontal view and a 2/3 of corresponding 20°
side view were added (i.e., 1/3M0 + 2/3M20 + 1/3"0 + 2/3"20).
Orthogonalization and normalization procedures were per-
formed in all face views to create synthetic face cubes and
face spaces. Fig. 1 shows examples of these four face views.

4.3. Procedure

In each experimental run, the face view of a Xashed tar-
get and two comparisons was manipulated. The target and
comparison faces had the same view (same-view matching)
or diVerent views (cross-view matching). A novel set of syn-
thetic face cubes was created for each run to minimize
learning eVects.

Same-view matching tasks were conducted to measure a
baseline threshold to each face view. Cross-view matching
measured a threshold for angular diVerence between Xas-
hed target and comparison views in two directions. In one
direction (starting from 0°), the angular diVerence was
based on a front view. Thus, the threshold measure of a 6.7°
angular diVerence has two conditions: matching a Xashed
front view to a 6.7° side view and matching a Xashed 6.7°
side view to a front view. Data from these two conditions
measuring threshold to the 6.7° angular diVerence were
combined later because the two conditions were statistically
indistinguishable [t(3) D 0.95, p D 0.41]. Also, in all subse-
quent experiments, the results of two conditions measuring
threshold to the same angular diVerence were collapsed
because there was no statistical diVerence between thresh-
olds of those two conditions. Threshold to a 13.3° angular
diVerence was measured in two conditions by matching a
Xashed front view to a 13.3° view and matching a Xashed
13.3° view to a front view, and there was no statistical
diVerence between the two conditions [t(3) D 0.005,
p D 0.996]. But threshold to a 20° angular diVerence was
tested in only one condition, matching a Xashed front view

to a 20° side view. On the other hand, the other direction
(starting from 20°) based the angular diVerence on a 20°
side view. That is, threshold to a 6.7° angular diVerence was
measured by matching a 20° view to a 13.3° view and vice
versa, and threshold to a 13.3° angular diVerence was by
matching a 20° view to a 6.7° view and vice versa. These two
conditions measuring thresholds for the same angular
diVerence were not statistically diVerent at both 6.7° and
13.3° angular diVerences, [t(3) D 0.46, p D 0.67] and
[t(3) D 0.35, p D 0.75], respectively. Threshold to a 20° angu-
lar diVerence, however, was measured only by one condi-
tion, matching a Xashed 20° side view to a front view.

4.4. Results

The 2 £ 4 repeated-measures ANOVA was conducted on
the discrimination threshold for the variables, Direction (2
levels: starting from 0° and starting from 20°) and Angular
DiVerence (4 levels: 0°, 6.7°, 13.3°, and 20°). A main eVect of
Angular DiVerence was found highly signiWcant [F(3,
9) D 15.450, p D 0.001, !2 D 0.837], so that there was an eVect
of viewpoint. Neither a main eVect of Direction [F(1,
3) D 2.176, p D 0.237, !2 D 0.420] nor the interaction between
Direction and Angular DiVerence [F(3, 9) D 2.818,
p D 0.100, !2 D 0.484] was signiWcant.

Fig. 3 shows the mean discrimination thresholds of both
cross-view matching and same-view matching (baseline)
across four subjects. Discrimination threshold for matching
diVerent views was plotted as a function of angular diVerence
between target and comparison views. Baseline threshold was
plotted in the same graph to be compared with that for view
change. Threshold for view change increased with angular
diVerence from the front view. Threshold elevation, which is

Fig. 3. Mean discrimination threshold of cross-view matching (view
changes) as a function of angular diVerence between target and compari-
son views (n D 4). Baseline threshold (same-view matching) is plotted as a
function of face view. Threshold for view changes only includes the results
of “starting from 0°” conditions where side view faces were matched with
a front view. Error bars indicate 1 SE.
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deWned as a ratio of threshold for angular diVerence to its cor-
responding baseline, is depicted in Fig. 4. In same-view match-
ing, subjects tended to be most sensitive to the 0° front view
face that is almost bilaterally symmetric. This may represent a
perceptual advantage to a bilateral symmetric pattern.

Threshold elevations in Fig. 4 demonstrate intriguing
results. There was only a slight increase of threshold at 6.7°
angular diVerence, which is not statistically signiWcant and
has a small Cohen’s d eVect size [t(3) D 0.264, p D 0.809,
d D 0.132], but a signiWcant increase in threshold was
observed at the 13.3° and 20° angular diVerences,
[t(3) D 4.092, p D 0.026, d D 2.046] and [t(3) D 3.750,
p D 0.033, d D 1.875], respectively. In addition, threshold ele-
vation at the 20° angular diVerence was comparable to that
of 13.3° angular diVerences. Four face views used in the
present study are spaced with equal intervals of 6.7°
between two adjacent views. Despite this equal interval,
threshold elevation by view change did not follow a simple
linear function. Instead, subjects’ performance suggested
that 0° and 6.7° views were treated similarly, and 13.3° and
20° views were treated similarly. These results might reXect
a categorical perception of face views that 0° front views
and 6.7° side views are perceptually grouped together, while
13.3° and 20° side views are separately grouped. General-
ization over views was successful between front and 6.7°
side views and then it fell oV as the angular diVerence from
the front view increased.

5. Experiment 3: Interaction between size and face view

Thus far, the eVects of size and view change have been
evaluated independently in experiments 1 (size) and 2
(view). Results revealed that size changes did not aVect face
discrimination whereas view changes did. The purpose of
the present experiment is to assess whether an interaction
exists between size and view change on face discrimination.

5.1. Subjects

Six subjects, including one author, participated in this
experiment. Four of them were the same subjects partici-
pated in Experiment 2. All had normal or corrected-to-nor-
mal vision and Wve were female. The mean age was 25 years.

5.2. Stimuli

The synthetic face stimuli described in Section 2 were
used. The linear dimension of comparison faces was
reduced to half in the twofold condition, and to one fourth
in the four-fold condition. A target face remained the same
size as in Experiment 2. There were two face views tested,
front and 20° side, and the Xashed target face diVered from
the comparison faces in both view and size.

5.3. Procedure

Subjects participated in cross-view matching between
front and 20° side views where the size of target and com-
parison faces were diVerent. There were two conditions:
matching a Xashed front view to a 20° side view, and
matching a Xashed 20° side view to a front view.

5.4. Results

Fig. 5 compares the results of testing faces diVering in
both size and view with those of matching same-sized faces.
Upper and lower graphs plot thresholds for matching a
Xashed front view to a 20° side view (F/S) and matching a
Xashed 20° side view to a front view (S/F), respectively.
One-way ANOVAs comparing three diVerent size condi-
tions revealed no statistically signiWcant diVerence: in F/S,
[F(2, 11) D 0.435, p D 0.658, !2 D 0.073]; and in S/F, [F(2,
11) D 0.315, p D 0.736, !2 D 0.054]. Therefore, view-matching
thresholds were independent of size diVerences between tar-
get and comparison faces.

6. Discussion

The present study investigated the eVect of size and
viewpoint on face discrimination and explored how face
view interacts with diVerence in size, using a novel set of
synthetic face stimuli. The results were as follows: (1) size
changes up to four-fold had no eVect on face discrimination
indicating almost perfect size constancy; (2) threshold for
matching diVerent face views increased with angular diVer-
ence from frontal view; (3) 0° and 6.7° views were perceptu-
ally grouped together, as were 13.3° and 20° views; (4) no
interaction between face view and size was found, as size
diVerences across diVerent views had no eVect on face dis-
crimination. These results are consistent with previous psy-
chophysical Wndings on synthetic face adaptation
(Anderson & Wilson, 2005): identity-speciWc face adapta-
tion transfers across diVerent sizes up to four-fold but not
to a 20° diVerent viewpoint. Moreover, the present study

Fig. 4. Threshold elevation as a function of angular diVerence between tar-
get and comparison views. Threshold elevation was calculated by taking a
ratio of threshold for view changes to its corresponding baseline.
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illustrates psychophysical evidence consistent with fMRI
and neurophysiological Wndings, which all indicate the size-
invariant but viewpoint-variant characteristics of monkey
IT neurons and human FFA responses (Andrews &
Ewbank, 2004; Desimone et al., 1984; Grill-Spector &
Malach, 2001; Grill-Spector et al., 1999; Ito et al., 1995;
Logothetis & Pauls, 1995; Logothetis et al., 1995; Lueschow
et al., 1994; Malach et al., 1995; Op De Beeck & Vogels,
2000; Perrett et al., 1985, 1987, 1991; Pourtois et al., 2005;
Rolls & Baylis, 1986; Sáry et al., 1993; Schwartz et al., 1983;
Vuilleumier et al., 2002; Wang et al., 1996).

The present study employed a perceptual discrimination
task since no learning or long-term memory was involved,
and results should be interpreted within this framework.
Previous studies found that the eVects of size changes could
depend on task demands or the level of recognition. In

Biederman and Cooper (1992), visual priming was not
aVected by size changes, but when the task required epi-
sodic memory, both RTs and errors increased with a
change in object image size. Jolicoeur (1987), testing recog-
nition memory in an old–new paradigm, found that objects
presented at the same size as in the learning phase were
more quickly and accurately recognized than those shown
at a diVerent size. These results suggest that images of an
object may be stored in a size-speciWc manner in long-term
memory, and recognition of these images would need extra
time for size transformation (Ito et al., 1995).

In an earlier study of size eVects on face recognition,
Kolers, Duchnicky, and Sundstroem (1985) used a 5:1 lin-
ear size range of faces. After viewing faces at one size, they
reported that performance was best when faces to be rec-
ognized were presented at the same size. Furthermore,
performance fell oV as the ratio between study and recog-
nition faces increased. However, there is a major diVer-
ence between this study and ours. Kolers et al. (1985)
created their stimuli from large photographs that were
reduced in size to make the smaller stimuli. Due to resolu-
tion limitations, therefore, the smaller stimuli contained
less information than the larger stimuli. Thus, their results
may be interpreted as indicating that recognition is best
when the information content is identical but is degraded
when comparing face pictures with diVerent amounts of
information. Due to bandpass Wltering and incorporation
of 37 geometric measurements, however, our synthetic
face stimuli contained precisely the same amount of infor-
mation at all sizes (although the peak spatial frequency
band was shifted with size). Thus, our results indicate that
when the quantity of information is constant, face dis-
crimination exhibits size constancy even across spatial
frequency bands.

For baseline measures in Experiment 2, all subjects were
most sensitive to a frontal view, which is most nearly bilat-
erally symmetric. Previous studies using a perceptual dis-
crimination task have found results similar to those of the
present study. Wilson et al. (2002) found that subjects
showed a lower threshold to a front view than a 20° side
view face. In another study, subjects were more sensitive to
patterns with a high degree of bilateral symmetry than to
those with little or no bilateral symmetry (Wilson, Wilkin-
son, Lin, & Castillo, 2000). High sensitivity to a front view,
which is almost bilaterally symmetric, is likely due to
redundancy of information present in the front face: one
side is almost a mirror of the other, so only one side of the
face needs to be discriminated (Tarr & Pinker, 1990). How-
ever, there is a limitation in generalizing the results of same
view matching to memory. When faces were memorized,
this advantage of front view did not seem to matter in rec-
ognizing the same view faces. In a face recognition task by
Hill et al. (1997), all the views learned (frontal, three-quar-
ter, and proWle) were equally well recognized.

Experiment 2 conWrmed the viewpoint-dependency of
face representation. More interestingly, it showed a clear
discontinuity in the pattern of threshold elevation as a

Fig. 5. Interaction between face view and size. The results of testing faces
diVering in both size and view are compared with those of matching same-
sized faces. Same indicates discrimination threshold of no size change
between target and comparison faces (n D 6). Two-fold indicates threshold
for a two-fold change in size (n D 4). Fourfold shows threshold of a four-
fold size change (n D 4). F/S is the condition that front faces (target) were
matched to 20° side views (comparisons). S/F is when 20° side views (tar-
get) were matched to front views (comparison). Error bars indicate 1 SE.
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function of angular diVerence. That is, a large elevation of
threshold occurred between 6.7° and 13.3° angular diVer-
ences while thresholds for 0° and 6.7° angular diVerences
were comparable to each other, and those of 13.3° and 20°
diVerences were similar. It is likely that subjects treated 0°
front and 6.7° side views similarly, and 13.3° and 20° side
views similarly. Thus, a perceptual boundary may exist
between 6.7° and 13.3° views. Assuming approximate sym-
metry, this suggests that representations of speciWc face
views have an eVective bandwidth of about §10°. These
results also appear to be consistent with a categorical repre-
sentation: within a group, there seems to be a small percep-
tual diVerence but the perceptual diVerence is enhanced
between groups.

This idea is consistent with the neurophysiological Wnd-
ings proposing population coding of faces and objects in
monkey IT and STS. A number of studies have suggested
that objects, including faces, are represented as a collection
of speciWc views, each represented by a group of neurons
selective to a combination of features within that view
(Abbott, Rolls, & Tovee, 1996; Jolicoeur & Humphrey,
1998; Logothetis et al., 1995; Wallis & BülthoV, 1999;
Young & Yamane, 1992). Psychophysical studies also sug-
gest that 3D objects are represented as collections of associ-
ated 2D images taken from multiple perspectives (BülthoV

& Edelman, 1992; Edelman & BülthoV, 1992; Logothetis
et al., 1994).

Viewpoint-dependent representations, however,
appear to be observed with novel objects, but not with
familiar ones. Booth and Rolls (1998) placed real plastic
objects in the cages of monkeys destined for neurophysi-
ological experiments for a period of time before testing,
so that the monkeys became familiar with those objects.
They then identiWed neurons in IT that responded
equally to diVerent views of the same familiar object but
not to other objects even if the features or images were
similar to the familiar one. These results imply that see-
ing an object from diVerent views may build a view-
invariant representation (Booth & Rolls, 1998). The
view-invariant responses seem to be formed by associat-
ing together the output of view-dependent neurons
(Booth & Rolls, 1998; Rolls, 1992) and require only a
small number of object views in training (Logothetis &
Pauls, 1995). Neural network models also have proposed
that a view-independent, object-centered recognition is
achieved by 2D, viewer-centered representations that
interpolate between the small number of stored views or
templates (Poggio & Edelman, 1990; Rolls, 1992). Spatio-
temporal order appears to play a crucial role in associat-
ing diVerent views (Wallis & BülthoV, 2001).

Our results provide psychophysical support for fMRI
Wndings that the FFA appears to show size constancy but
not orientation constancy (Andrews & Ewbank, 2004;
Grill-Spector & Malach, 2001; Grill-Spector et al., 1999;
Vuilleumier et al., 2002). In our study, Experiments 1 and 2
showed robust compensation for size change but not for
view change. Furthermore, Experiment 3 demonstrated

that thresholds for matching diVerent views are indepen-
dent of size diVerences. We conclude that, in the human
visual system, processing of face view and size may proceed
in parallel.
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