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Hierarchical stimuli (large shapes composed of small shapes) have long been used to study how humans perceive the global and the local
content of a scene—the forest and the trees. Studies using these stimuli have revealed a global advantage effect: humans consistently
report global shape faster than local shape. The neuronal underpinnings of this effect remain unclear. Here we demonstrate a correlate
and possible mechanism in monkey inferotemporal cortex (IT). Inferotemporal neurons signal the global content of a hierarchical
display �30 ms before they signal its local content. This is a specific expression of a general principle, related to spatial scale or spatial
frequency rather than to hierarchical level, whereby the representation of a large shape develops in IT before that of a small shape. These
findings provide support for a coarse-to-fine model of visual scene representation.

Introduction
Perceptual psychologists have made frequent use of hierarchical
displays to analyze global and local visual perception in humans.
Hierarchical displays are well suited to this purpose because they
allow measuring responses to the same shape both at the level of
the whole object and at the level of its parts. A key phenomenon
discovered by the use of such stimuli is the global advantage
effect: humans report global shape faster than local shape
(Navon, 1977, 2003; Kimchi, 1992). This effect might depend on
hierarchical level, size, or spatial frequency (Kimchi, 1992). Its
neuronal underpinnings are not well understood. It is known
that the right and left hemispheres of humans contribute dispro-
portionately to the processing of global and local shape, respec-
tively, as indicated by studies of brain activation (Fink et al., 1996;
Han et al., 2002), brain injury (Robertson and Lamb, 1991), and
performance in the two visual hemifields (Hübner, 1998). How-
ever, studies in humans have not revealed any obvious mecha-
nism, such as stronger or earlier neuronal responses to global
shape, that could explain the global advantage effect. This issue is
not only of basic but also of clinical relevance because tests in-
volving hierarchical figures have been used as probes for visual
system dysfunction in a variety of developmental disorders and
diseases (Bihrle et al., 1989; Slavin et al., 2002; Johnson et al.,
2005; Behrmann et al., 2006).

We set out to investigate this issue by monitoring neuronal
responses to hierarchical stimuli in monkey inferotemporal cor-
tex (IT). Inferotemporal cortex is a natural target for study be-

cause, as the terminus of the ventral stream, a chain of areas
dedicated to pattern vision (Ungerleider and Mishkin, 1982), it
contains neurons selective for complex images (Tanaka, 1996,
2000). We used an identical set of stimuli in recording from all
neurons so as to characterize the population representation of
displays that could also be used in human behavioral experi-
ments. We aimed to answer the following specific questions: are
IT neurons sensitive to both global and local shape; do global and
local signals differ in strength or timing; do different neurons
represent global or local image content; and, if so, is it because
they are specialized for representing shape at a particular hierar-
chical level (global or local) or at a particular scale (large or small)
or spatial frequency (low or high)?

Materials and Methods
Stimuli
The stimulus set consisted of four hierarchical stimuli and four solid
stimuli in the form of circles and diamonds (Fig. 1 A). The use of shapes
containing detail solely in the visual field periphery (Navon and Norman,
1983) prevents confounds that occur when some local elements are on or
near the fovea (Kinchla and Wolfe, 1979). The diamonds and circles
forming the local components of the hierarchical stimuli were of equal
area. The length of the side of a local diamond was 1.54°, and the diameter
of a local circle was 1.74°. A global diamond and a global circle were of the
same relative size. The length of the side of a global diamond (the distance
between the centers of the small shapes at adjacent corners) was 6.4°, and
the diameter of a global circle (the distance between the centers of dia-
metrically opposed small shapes) was 7.2°. The small solid shapes were
identical to the local components of the hierarchical stimuli. The large
solid shapes (contours with a width of 0.62°) were of the same size as the
global shapes. All displays were centered at fixation with the exception of
the small solid shapes, which were centered at an eccentricity of 3.6° in
the visual field opposite the recording hemisphere. It was necessary to
place the small shapes eccentrically so as to equate them to local elements
in the hierarchical displays with regard to retinal visual acuity. Each
stimulus was white and had a luminance of 30.3 cd/m 2 against a back-
ground of �0.001 cd/m 2. The viewing distance was 46 cm.
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Behavioral testing in humans
Six right-handed adults, five male and one female, completed tests con-
ducted under a protocol approved by the Institutional Review Board of
Carnegie Mellon University. All viewing conditions, including screen
distance and the configuration, size, eccentricity, and luminance of the
stimuli, were identical to those imposed during single neuron recording
in monkeys. The sole deviation from practice in the monkey experiments
was to present the small stimuli above instead of lateral to fixation. Each
participant sat with his/her head resting on a chin rest, facing the screen
with the left and right index fingers on two keys. Each trial began with
onset of a red cross on which participants were instructed to maintain
fixation. After an interval of 750 ms, a stimulus appeared for 150 ms.
Participants were instructed to depress the right key for a circle and the
left key for a diamond. After a correct response, the fixation cross was
flashed several times to provide feedback to the subject. After a practice
session, which continued until the participant was comfortable with the
task, four blocks of trials ensued.

Global block. The four hierarchical stimuli were presented in random
order. The participant was instructed to respond on the basis of the global
shape. Testing continued until 25 trials had been correctly completed for
each stimulus.

Local block. The four hierarchical stimuli were presented in random
order. The participant was instructed to respond on the basis of the local
shape. Testing continued until 25 trials had been completed correctly for
each stimulus.

Large and small blocks. The two solid stimuli of a given size were pre-
sented in random order. Testing continued until 25 trials had been com-
pleted correctly for each stimulus.

The order of the global and local blocks and that of the large and small
blocks was counterbalanced across participants. The global and local
blocks were always presented first.

Analysis of human behavioral data
To assess the dependence of reaction time (RT) on task factors in the
global and local blocks, we performed a four-way ANOVA with RT as the
dependent variable and with hierarchical level (global or local), congru-
ence status (congruent or incongruent), shape at the attended level (cir-
cle or diamond), and subject (six subjects) as factors. To assess the de-
pendence of RT on task factors in the large and small blocks, we
performed a three-way ANOVA with RT as the dependent variable and
with size (large or small), shape (circle or diamond), and subject (six
subjects) as factors. In both analyses, shape was included as a factor to

account for variance that would otherwise have been treated as noise.
However, effects involving shape were uninterpretable because shape
(circle or diamond) was correlated with responding hand (right or left).
Accordingly, we do not comment on these effects in the main text. Cross-
condition differences in percentage correct were assessed statistically by
applying a � 2 test to counts of correct and incorrect trials collapsed across
participants.

Neuronal recording
Two rhesus macaque monkeys, one male and one female (laboratory
designations Je and Ec), were used. All experimental procedures were
approved by the Carnegie Mellon University Institutional Animal Care
and Use Committee and were in compliance with the guidelines set forth
in the United States Public Health Service Guide for the Care and Use of
Laboratory Animals. All aspects of the behavioral experiment (stimulus
presentation, eye position monitoring, and reward delivery) were under
control of a computer running Cortex software (NIMH Cortex). Eye
position was monitored by means of a scleral search coil system (River-
bend Instruments). At the beginning of each day’s session, a varnish-
coated tungsten microelectrode with an initial impedance of �1.0 M� at
1 kHz (FHC) was introduced into the temporal lobe through a transdural
guide tube advanced such that its tip was �10 mm above IT. The elec-
trode was then advanced by use of a micromanipulator until phasic visual
responses were observed. Action potentials of single neurons were iso-
lated from the multineuronal trace using a commercially available spike-
sorting system (Plexon). All waveforms were recorded during the exper-
iments, and spike sorting was performed off-line using commercially
available spike-sorting software (Plexon). Neurons were selected for re-
cording if they appeared to respond to at least one of the eight stimuli.
This was the only step of selection. Consequently, the data may be taken
as accurately reflecting the population representation of the fixed set of
stimuli used in the behavioral phase of the experiment. At the end of the
data collection period, recording sites were established by structural
magnetic resonance imaging to occupy the ventral bank of the superior
temporal sulcus and the inferior temporal gyrus lateral to the rhinal
sulcus [at levels ranging from anterior 14 (A14) to A22 mm in Je and A9
to A18 mm in Ec relative to the interaural plane].

We monitored neuronal activity during passive fixation. A trial began
with onset of a small red fixation cross and attainment of fixation. After a
delay of 200 ms, eight stimuli were presented in succession, each with a
duration of 200 ms followed by an interval of 200 ms during which the
fixation cross was again visible. After completion of the sequence, the

Figure 1. A, The visual stimuli. The square frame around each is provided for spatial reference but was not visible to the monkey. At its center, corresponding to the center of the monitor, is a small
fixation cross. This was displayed before and after but not during presentation of the stimulus. B, Six observers performed a two-choice circle– diamond discrimination task under viewing conditions
precisely matched in all respects to those imposed during neuronal data collection (see Materials and Methods). There was a significant global advantage effect as evidenced by the fact that
responses to global shape were significantly faster than responses to local shape (global mean � 450 ms, local mean � 479 ms; ANOVA, p � 0.00001). In contrast, the global percentage correct
(91%) and the local percentage correct (93%) did not differ significantly (� 2 test, p � 0.29). There was interference between the local and global levels as evidenced by the fact that responses to
congruent stimuli were significantly faster than responses to incongruent stimuli (congruent mean � 441 ms, incongruent mean � 489 ms; ANOVA, p � 0.00001) with interference in the two
directions (global–local and local– global) of equal strength as evidenced by the absence of a significant interaction between hierarchical level (global or local) and congruence status (congruent or
incongruent) (ANOVA, p � 0.46). This effect were mirrored in the percentage correct scores. The percentage correct on congruent trials was significantly greater than on incongruent trials both in
the global task (96% vs 88%, � 2 test, p � 0.0002) and in the local task (97% vs 89.5%, � 2 test, p � 0.0002). Finally, responses to large solid stimuli were significantly faster than responses to small
solid stimuli (large mean � 407 ms, small mean � 423 ms; ANOVA, p � 0.009), whereas the percentage correct scores for large and small shapes (96% and 95%) did not differ significantly (� 2

test, p � 0.99). Each error bar represents �SEM for the corresponding condition as based on intrasubject variability with intersubject variability factored out. This was computed as the average of
the SD across six subjects divided by �6.
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display vanished and the monkey was rewarded with �0.1 cc of water.
Although the fixation window was large (4.2°), we found on post hoc
analysis that the gaze remained closely centered throughout the duration
of each trial. The average across sessions of the SD of horizontal and
vertical gaze angle was 0.2°. On each trial, two images were presented in
alternation for a total of four presentations each. There were eight trial
conditions representing the cross of four stimulus pairs (two congruent
hierarchical stimuli, two incongruent hierarchical stimuli, two large
stimuli, and two small stimuli) with two orders (stimulus A first and
stimulus B first). The sequence in which conditions were imposed was
random subject to the constraint that within each block of eight success-
fully completed trials, there had to be one successfully completed trial
conforming to each condition. Over the course of a session, consisting of
two such blocks, each of the eight images was presented 16 times.

Statistical assessment of shape selectivity
To characterize the selectivity of each neuron for hierarchical stimuli, we
performed an ANOVA with global shape (diamond or circle) and local
shape (diamond or circle) as factors and with the firing rate 50 –250 ms
after stimulus onset as the dependent variable (see Fig. 3A). To charac-
terize selectivity for large solid stimuli (and likewise for small solid stim-
uli), we performed an ANOVA with shape (diamond or circle) as the
single factor and with the firing rate 50 –250 ms after stimulus onset as the
dependent variable.

Latency of onset of discriminative shape signal
For each neuron, we estimated the onset time of the shape signal as the
leading edge of the time window in which the difference between the
firing rates elicited by the two shapes was most significant. We adopted
this approach because it maximized the signal-to-noise ratio and thus
minimized random jitter in the estimate of latency. For each window in a
large family ranging in duration from 10 to 200 ms and ranging in start
time from 50 to 200 ms (in 1 ms steps), we performed a t test comparing
the firing rates elicited by a (global or local) circle and diamond across
trials. Onset time was taken as the leading edge of the window yielding the
lowest p value.

We cross-checked results obtained by this method through use of a
more orthodox but more noise-prone approach based on finding the
earliest window of fixed size within which the firing rates elicited by two
shapes were significantly different (t test, � � 0.05). Over window sizes
ranging from 50 to 150 ms, the global onset time was consistently shorter
than the local onset time. The effect achieved maximal significance with
a window of 90 ms. It is on this window that comments in Results are
based.

To cross-check the method further, we applied it to simulated data in
which the signal had a known latency. We generated spikes according to
a Poisson process in which, 100 ms after stimulus onset, the firing rate
shifted from baseline to a steady level corresponding to the peak of the
measured population response (see Fig. 5 A, B). We generated two sets of
spikes with 32 trials each, corresponding to the responses to the preferred
and nonpreferred shapes. We then measured the latency of the discrim-
inative shape signal. The estimated latency (110 ms) was only slightly
offset from the preset value of 100 ms. This was true regardless of whether
signal strength was matched to the observed mean for global shapes or
the observed mean for local shapes.

Latency of response onset
To estimate the latency of the onset of the visual response—as distinct
from the onset of discriminative activity—we used an approach identical
to the one described above with the exception that we used a t test to
compare the firing rate within a given window to the firing rate 0 –50 ms
after stimulus onset.

Population histograms
To create population histograms, we calculated the firing rate in succes-
sive 15 ms bins beginning with onset of the stimulus. We identified the
preferred shape using one half of all trials, and constructed the popula-
tion histogram using the other half. We repeated this procedure twice,
identifying the preferred shape first on the basis of odd-numbered trials
and then on the basis of even-numbered trials, after which we averaged

the results. This procedure eliminates the spurious signal that would arise
if the histogram were based on the same trials used to identify the pre-
ferred shape.

Partial correlation analysis of selectivity for global, local, large,
and small shape
For each neuron and for each condition (global, local, large, and small),
we computed an index of shape selectivity: sign(C � D) � Z, where C and
D were the firing rates 50 –250 ms after onset of a circle or diamond, and
Z was the z-score corresponding to the p value of the main effect of shape
in the corresponding ANOVA. The sign of the index reflected which
stimulus the neuron preferred, and its magnitude reflected the statistical
significance of the preference. We adopted this approach to emphasize
the contribution of significantly selective neurons. Measures of partial
correlation were generated with the Matlab partialcorr function. Each
measure reflected the degree to which shape selectivity under a given
condition (say global) was correlated with shape selectivity under an-
other condition (say large) after factoring out of their common correla-
tions with shape selectivity under other conditions (in this example, local
and small).

Results
Representation of global and local shape
We recorded the responses of 123 neurons in the left inferotem-
poral cortex of two monkeys (Ec: n � 70; Je: n � 53) while they
passively viewed hierarchical stimuli from a set (Fig. 1A) for
which human observers exhibited a global advantage effect (Fig.
1B). Some IT neurons showed clear signs of sensitivity to global
or local image content (Fig. 2). Cell 1 was selective for local con-
tent, responding most strongly to hierarchical stimuli composed
of circles. Cell 2 was selective for global content, responding more
strongly to circular than to rhomboidal arrangements of ele-
ments. To determine how frequent such effects were, we per-
formed an ANOVA (� � 0.05) on the data from each neuron
with firing rate 50 –250 ms after stimulus onset as the dependent
variable and with global and local shape as factors (see Materials
and Methods). This revealed a significant main effect of global
shape in 17% of neurons and of local shape in 24% of neurons
(Fig. 3A). The two rates of incidence were not significantly differ-
ent (� 2 test, p � 0.27). To compare the strengths of global and
local signals, we computed for each neuron an index representing
how well it differentiated between a circle and a diamond at each
level: (C � D)/(C 	 D), where C and D were the responses to the
circle and diamond as measured 50 –250 ms after stimulus onset.
The distributions of the indices are shown in Figure 3, B and C.
The median magnitude of the global index was less than the
median magnitude of the local index, and the difference was
significant (global median � 0.25, local median � 0.32; Wil-
coxon rank-sum test on distributions of absolute values, p �
0.028). Thus, although approximately comparable numbers of IT
neurons were selective for global and local shape, the strength of
the signal was somewhat greater for local shape.

IT neurons respond more weakly to a stimulus when it is
repeated than on the first presentation (Baylis and Rolls, 1987;
Miller et al., 1991; McMahon and Olson, 2007; Liu et al., 2009).
Therefore it seemed possible that that the global and local shape
signals might vary in strength across the four successive presen-
tations of a stimulus that occurred in each trial. To assess this
possibility, we separated neuronal responses into four groups
according to whether the presentation was the first, second, third,
or fourth in the trial. The mean firing rate 50 –350 ms after stim-
ulus onset (13.8, 11.6, 11.9, and 11.8 Hz during phases 1– 4, re-
spectively) was, as expected, significantly greater during phase 1
than during later phases (paired t tests, p � 0.00003). However,
the strength of the global shape signal (6.4, 6.3, 6.8, and 5.8 Hz for
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21 globally selective neurons) and the strength of the local shape
signal (9.3, 8.8, 9.6, and 8.8 Hz for 29 locally selective neurons)
were not significantly different between the first and later phases
(paired t tests, p 
 0.6).

We wondered whether global and local signals developed at
different times following stimulus onset. To investigate this pos-
sibility, we identified, for each globally or locally selective neuron,
the leading edge of the time window in which the difference

between the firing rates elicited by the two
shapes was maximally significant (Fig.
4A). The onset time of the global shape
signal was significantly shorter than the
onset time of the local shape signal (global
mean � 99 ms, local mean � 127 ms; dif-
ference � 28 ms; t test, p � 0.01). An alter-
native method based on finding the time at
which the difference in firing rates first
achieved significance yielded shorter esti-
mates of latency but the same difference
(global mean � 74 ms, local mean � 102
ms; difference � 28 ms; t test, p � 0.04).
The global signal developed at a time in-
distinguishable from the time of onset of
the visual response itself (response
mean � 95 ms, global mean � 99 ms; t
test, p � 0.86), whereas the local signal was
significantly delayed relative to visual re-
sponse onset (response mean � 94 ms, lo-
cal mean � 127 ms; t test, p � 0.0009). The
trend was present in both monkeys and
achieved significance in one (Ec, t test, p �
0.001). We confirmed it in an independent
analysis demonstrating that the mean
global signal (3.2 Hz) was significantly
stronger than the mean local signal (0.3
Hz) during an early phase of the response
50 – 80 ms after stimulus onset (t test, p �
0.02). Finally, the effect was visible in his-
tograms representing population activity
(Fig. 5A,B) and remained so upon sepa-
rate consideration of responses to congru-
ent and incongruent stimuli (see Fig. 7).
These differences in timing might have

been specific to global and local signals themselves or to the neu-
rons carrying them. To distinguish between these possibilities, we
repeated the analysis on a subset of 12 neurons exhibiting signif-
icant main effects of both global and local shape (Fig. 3A). The
difference in latency was still present (global mean � 97 ms, local
mean � 139 ms; t test, p � 0.006). We performed an identical
analysis on 15 neurons exhibiting interaction effects between

Figure 2. Responses of two IT neurons to hierarchical and solid stimuli. Cell 1 (ec099a_ch1) responded selectively to hierarchical stimuli containing local circles and to a local circle in isolation.
Cell 2 (je180b_ch1) responded most strongly to hierarchical stimuli with the global form of a circle and to a large solid circle. Ticks represent action potentials (1 row for each trial). Histograms
represent mean firing rate in successive 25 ms windows.

Figure 3. IT neurons were selective for shape at the local and global level in hierarchical stimuli and for the shapes of large and
small stimuli. A, Counts of statistically significant effects in an ANOVA with global shape and local shape as factors. B, Distribution
of an index representing the strength of selectivity for global shape in hierarchical displays. C, Distribution of an index representing
the strength of selectivity for local shape in hierarchical displays. D, Counts of statistically significant effects in an ANOVA,
performed independently for large and small solid stimuli, with shape as the sole factor. E, Distribution of an index representing
the strength of selectivity for the shape of a large solid stimulus. F, Distribution of an index representing the strength of selectivity
for the shape of a small solid stimulus. B, C, E, and F are based on data from all 123 neurons. Shaded bars in each panel represent
neurons in which the represented form of selectivity was statistically significant.
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global and local shape. Again, the mean latency of global signals
(121 ms) was less than the mean latency of local signals (151 ms),
and the effect approached significance (t test, p � 0.07). Thus the
difference between global and local latencies was a property of the
signals rather than of the neurons.

To determine whether the relative timing of global and local
signals was consistent across the four successive presentations of
a stimulus that occurred in each trial, we divided each neuron’s
responses into four groups according to whether the presentation
was the first, second, third, or fourth in the trial. Due to a lack of
power arising from the fact that each stimulus was presented only
four times at a given trial phase, the method for measuring la-
tency that we had applied to the combined data yielded uninter-

pretable results when applied to the subsets of data. Accordingly,
we adopted a cruder measure. For each neuron, and for each pair
of stimuli, we identified the preferred stimulus as the one eliciting
greater activity during the period 100 –350 ms after stimulus on-
set. Then we measured the strength of the discriminative signal
(difference in mean firing rates evoked by preferred and nonpre-
ferred stimuli) during the period 0 –100 ms after stimulus onset.
The mean across neurons of the global signal was 3.4, 1.6, 1.4, and
3.8 Hz during phases 1– 4, respectively. The corresponding values
for local signal were 0.3, �0.4, 1.5, and 2.9 Hz. During no phase
was the difference between the global and local signals significant
(paired t tests, p 
 0.1). Nevertheless the difference was generally
positive (3.1, 2.0, �0.1, and 0.9 Hz during phases 1– 4, respec-
tively), in accordance with the idea that the global signal was
stronger than the local signal very early in the response regardless
of phase.

Representation of large and small shapes
Neurons exhibiting selectivity for shape at a given hierarchical
level might have done so either because they processed shape at
that level (global or local) or because they processed shape at a
particular scale (large or small). If scale were the determining
factor, then we would expect neurons selective for shape at a
given level (global or local) in a hierarchical display to exhibit
concordant shape selectivity at the corresponding scale (large or
small) in a solid display. This was the case for the cells shown in
Figure 2. Cell 1 preferred hierarchical displays made up of local
circles and responded selectively to a small solid circle. Cell 2
preferred hierarchical displays in the form of a global circle and
responded selectively to a large solid circle. To assess the degree to
which shape selectivity in one context (global or local) was cor-
related with shape selectivity in the other context (large or small),
we performed a partial correlation analysis. This revealed that the
global shape index was significantly correlated with the large (but
not the small) shape index, whereas the local shape index was
significantly correlated with the small (but not the large) shape
index (Fig. 6). We conclude that selectivity for shape at the global
or local level was at least in part explained by selectivity for shape
at a large or small scale.

To determine whether the two distinctive traits of global sig-
nals—their lower strength and their earlier onset—were related
to the scale at which global shape was defined, we analyzed the
responses of the same neurons to large and small solid stimuli.
Upon comparing indices of selectivity for large and small solid
shapes (Fig. 3E,F), we observed an insignificant trend favoring
large shapes (large median � 0.38, small median � 0.31; Wil-
coxon rank-sum test on distributions of absolute values, p �
0.95). Thus the relative weakness of global shape signals cannot
have derived from weakness in signals representing large shape. It
may have arisen instead from the poor definition (due to frag-
mentation) of global shape in a hierarchical display. Upon com-
puting, for each neuron selective for large or small shape, the time
at which the difference in firing rate between the preferred and
the nonpreferred shape became significant (Fig. 4B), we found
that the latency of the large shape signal was significantly shorter
than the latency of the small shape signal (large mean � 104 ms,
small mean � 130 ms; t test, p � 0.003). The large-shape signal
developed at a time indistinguishable from the time of onset of
the visual response itself (response mean � 100 ms, large-shape
mean � 104 ms; t test, p � 0.86), whereas the small-shape signal
was significantly delayed relative to the onset of the visual re-
sponse (response mean � 113 ms, small-shape mean � 130 ms; t
test, p � 0.01). These patterns are evident even at the level of

Figure 4. Global and large shape signals have a shorter latency than local and small shape
signals. A, Cumulative distributions of the latency of the discriminative signal for global shape
carried by 21 globally selective neurons (black) and the signal for local shape carried by 29 locally
selective neurons (gray). Numbers under the arrows indicate the mean global and local laten-
cies (in milliseconds) for the corresponding groups of cells. B, Cumulative distributions of the
latency of the discriminative signal for large shape carried by 31 large-shape selective neurons
(black) and the signal for small shape carried by 34 small-shape selective neurons (gray). C,
Global signal lead time (local latency minus global latency) was positively and significantly
correlated with large-signal lead time (small latency minus large latency) across 38 neurons
selected on the basis of exhibiting significant global or local selectivity.
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population activity (Fig. 5C,D). The large–small latency differ-
ence was closely related to the global–local latency difference as
indicated by the fact that the two measures were significantly and
positively correlated across the population of 38 neurons exhib-
iting a significant main effect of global or local shape (Fig. 4C).
We conclude that the global signal developed earlier because
shapes at a larger scale elicit discriminative neuronal activity
earlier.

Representation of congruent and
incongruent stimuli
Humans processing hierarchical stimuli
respond more slowly to incongruent than
to congruent displays (Navon, 1977; Kim-
chi, 1992). In some cases, global-to-local
interference is stronger than local-to-
global interference (Navon, 1977; Kimchi,
1992), but this is not always the case
(Navon and Norman, 1983; Kimchi, 1992;
Poirel et al., 2008). In the present study,
global-to-local and local-to-global inter-
ference both occurred and were equivalent
in strength (Fig. 1B). Interference effects
are commonly thought to arise from re-
sponse conflict (Miller and Navon, 2002).
By this account, when an incongruent
stimulus is displayed, global and local sig-
nals representing opposite shapes are re-
layed from visual cortex to frontal cortex,
where they interfere with each other dur-
ing the period when shape evidence is be-
ing accumulated. Signals representing
shape at the relevant level prevail because
they are stronger (due to enhancement by
attention), but they take longer to prevail
because signals representing the opposite
shape at the irrelevant level are still present
(due to incomplete attenuation by atten-
tion). To test this account of interference
in the monkey would require monitoring
neuronal activity during task performance

rather than during passive fixation as in the present study.
Putting aside consideration of this issue, it is still possible to

pose the question, do IT neurons, during passive fixation, distin-
guish better between congruent than between incongruent stim-
uli? To answer this question, we inspected population plots rep-
resenting the responses of globally and locally selective neurons
to their preferred and nonpreferred global shapes under condi-
tions of congruence (Fig. 7A,B) and incongruence (Fig. 7C,D).
The strength of the shape signal (represented by the width of the
gray ribbon) indeed appeared to be reduced for incongruent
stimuli. To assess the significance of the reduction, we computed,
for each globally selective neuron and for each locally selective
neuron, a measure of signal attenuation on incongruent trials,
[(Pc � Nc) � (Pi � Ni)]/(Pc 	 Nc 	 Pi 	 Ni), where Pc was the
firing rate 50 –350 ms after onset of the neuron’s preferred shape
in a congruent setting, Ni was the firing rate after onset of the
nonpreferred shape in an incongruent setting, and so on. The
incongruence index was greater than zero, an effect that achieved
significance among globally selective neurons (mean index �
0.11; t test, p � 0.03) but not among locally selective neurons
(mean index � 0.01; t test, p � 0.62). The effect presumably arose
from the tendency, present but not significant in the sampled
population, for neurons to prefer the same shape at both the
global and the local level (Fig. 6).

In a subpopulation of neurons (n � 15), global and local
signals combined nonlinearly, as indicated by the presence of a
global–local interaction effect (Fig. 3A). The interaction effect by
its nature took the form of a stronger response either to congru-
ent or to incongruent stimuli. To assess whether one trend was
predominant, we computed the mean across the 15 neurons of
the firing rates elicited by congruent and incongruent stimuli.

Figure 5. Time course of population responses. A, Average response of 21 globally selective neurons to preferred global shape
(thick lines) and nonpreferred global shape (thin lines). B, Corresponding plot for 29 locally selective neurons. C, Corresponding
plot for 31 large-solid-shape-selective neurons. D, Corresponding plot for 34 small-solid-shape-selective neurons. The width of
the gray ribbon in each plot corresponds to the strength of the shape signal.

Figure 6. Partial correlation, across neurons, of four indices reflecting selectivity for global,
local, large, and small shape. The preferred shape at the global level in hierarchical displays was
significantly correlated with the preferred large (but not small) solid shape. The preferred shape
at the local level in hierarchical displays was significantly correlated with the preferred small
(but not large) solid shape. The preferred large solid shape was significantly correlated with the
preferred small solid shape. Each partial correlation coefficient reflected the degree to which
shape selectivity under a given condition (say global) was correlated with shape selectivity
under another condition (say large) after factoring out their common correlations with shape
selectivity under other conditions (in this example, local and small).
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The congruent response (21.9 Hz) was
slightly greater than the incongruent re-
sponse (20.1 Hz), but the effect did not
achieve significance (t test, p � 0.28).

Discussion
We have characterized the responses of a
population of IT neurons to a fixed set of
hierarchical stimuli. The essential findings
are as follows: that neurons in macaque IT
represent both the global and the local
shape of a hierarchical stimulus; that the
global signal develops earlier than the local
signal; and that this effect is specific to the
size of the shape as distinct from its hierar-
chical level. We will first discuss these find-
ings in relation to previous observations
on form selectivity in monkey IT. We will
then consider whether the timing of neu-
ronal activity in monkey IT constitutes a
plausible mechanism for the global advan-
tage effect in humans.

We found that 17% of neurons are se-
lective for the global configuration of the
image. This should be taken as a lower
bound since the images were not tailored
to the requirements of individual neurons
as determined by either receptive field lo-
cation or shape selectivity. The demon-
stration of selectivity for global configura-
tion goes beyond the common observation
of shape selectivity (Schwartz et al., 1983;
Kobatake et al., 1998; Brincat and Connor,
2004; Kayaert et al., 2005; Lehky and Sereno, 2007). Tested with
solid shapes, as in most previous studies, a neuron might exhibit
selectivity either because it is sensitive to local detail (e.g., the
sharp corners of a diamond) or because it is sensitive to global
configuration (e.g., the overall form of a diamond). That shape
selectivity depends on local details has been suggested by studies
demonstrating sensitivity to changes in a restricted part of an
image (Baker et al., 2002; Brincat and Connor, 2004). That it
depends as well on overall form has been suggested by the obser-
vation that IT neurons remain selective for faces even after sub-
stantial blurring (Rolls et al., 1985, 1987). Using stimuli that allow
global and local content to be varied independently, we have
obtained firm new evidence for sensitivity to overall form as dis-
tinct from local detail.

We found that at least 24% of IT neurons are sensitive to the
identity of local elements in a hierarchical display. These neurons
do not simply represent texture (Sáry et al., 1993; Kovács et al.,
2003; Köteles et al., 2008) but rather represent the shape of the
local elements. This is indicated by the significant positive corre-
lation across neurons between the preferred local element in a
hierarchical figure and the preferred unitary small solid shape
(Fig. 6). It is an interesting question whether, as the elements in a
hierarchical display become progressively smaller and more nu-
merous, there is a limit beyond which IT neurons still differenti-
ate between hierarchical figures containing different local ele-
ments but represent local content in a texture-based rather than a
shape-based code.

We found that neurons preferring a given large solid shape
tend to prefer the corresponding small solid shape (Fig. 6). Thus
there is a tendency for shape selectivity to be scale invariant.

However, neurons selective for a shape at a given hierarchical
level (global or local) tend to exhibit matching selectivity at the
corresponding size (large or small) more than at the other size
(small or large) (Fig. 6). These observations are compatible with
previous reports, which have emphasized that shape selectivity is
scale invariant over a range of 1° to 12° in size but have also noted
that the pattern can break down at extremes of the range (Sato et
al., 1980; Lueschow et al., 1994; Ito et al., 1995; Hikosaka, 1999;
Brincat and Connor, 2004; Zoccolan et al., 2005). The global
(�8°) and local (�1°) shapes in our study are near these
extremes.

The key finding that global shape signals, although weaker
than local signals, develop at shorter latency is surprising. La-
tency, if it varies across stimulus categories, generally varies in-
versely with response strength. For example, extrastriate neurons
respond more strongly and earlier to primate versus nonprimate
faces (Kiani et al., 2005), to upright versus inverted faces (Tsao et
al., 2006), and to high-contrast versus low-contrast images (Lee
et al., 2007). Likewise, signals discriminating the category of a face
(human or monkey) are stronger and develop earlier than signals
discriminating between individuals in a category (Sugase et al.,
1999). In each of these cases, the response might develop earlier
simply because, being stronger, it crosses the neuronal activation
threshold earlier. The early onset of global signals requires an-
other form of explanation. One possibility is that low-spatial-
frequency information (sufficient to define global but not local
shape) arrives in IT earlier than high-spatial-frequency informa-
tion. Neuronal visual response latency in primary visual cortex
has been reported to decline by �10 ms per octave as spatial
frequency increases (Frazor et al., 2004). This observation is com-

Figure 7. Time course of population responses to congruent and incongruent hierarchical displays. A, Average response of 21
globally selective neurons to their preferred global shape (thick lines) and nonpreferred global shape (thin lines) for congruent
displays. B, Corresponding plot for responses of 29 locally selective neurons. C, Average responses of 21 globally selective neurons
to their preferred and nonpreferred global shapes for incongruent displays. D, Corresponding plot for 29 locally selective neurons.
The width of the gray ribbon in each plot corresponds to the strength of the shape signal.
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patible with our finding that global and local shapes defined at
scales differing by around three octaves elicit discriminative re-
sponses offset in time by �30 ms. It also fits with the observation
that high-pass filtering abolishes the global advantage effect in
humans (Badcock et al., 1990; LaGasse, 1993). However, we can-
not rule out a role for image attributes distinct from spatial fre-
quency but correlated with it in our stimulus set. These include
the size of the shape (large and small for shapes in which low and
high spatial frequencies predominate) and the location of the
shape’s center (foveal and peripheral for shapes in which low and
high spatial frequencies predominate). To assess the impact of
these factors would require the use of images in which they vary
independently of spatial frequency.

There is striking agreement between the lead time of the global
signal in monkey IT (28 ms) and the global advantage effect in
humans processing the same stimuli (29 ms). However, to con-
clude that monkey physiology explains human performance
would require answering three questions in the affirmative.

Do monkeys exhibit a global advantage effect?
Nonhuman primates have been reported to base their responses
to hierarchical stimuli preferentially on local content (Fagot and
Deruelle, 1997; Fagot and Tomonaga, 1999; Spinozzi et al., 2004,
2006; De Lillo et al., 2005). However, the reports are based on
tasks that place no premium on response speed. There has been
one behavioral study of nonhuman primates (macaque mon-
keys) performing a speeded response task closely modeled on the
classic (Navon, 1977) human paradigm. This task did reveal
faster responses to global shape (Tanaka and Fujita, 2000).

Is discriminative signal latency the same during active as
during passive processing?
At least two factors absent during passive viewing could affect
neuronal visual responses during active processing of hierarchi-
cal stimuli. (1) Shape discrimination training is known to induce
a subtle improvement in the ability of neurons to differentiate
between stimuli (Kobatake et al., 1998; Baker et al., 2002; Rainer
et al., 2004; Freedman et al., 2006; Cox and DiCarlo, 2008). How-
ever, it has never been observed to affect the latency of visual
responses or of discriminative signals. (2) Attention—in this case
to the global or local level of the display—might affect the neu-
ronal firing rate (Chelazzi et al., 1993; Desimone, 1996). How-
ever, attention does not affect visual response latency (Lee et al.,
2007). It is reasonable therefore to expect latency to be unaffected
by active processing.

Do monkey and human brains process hierarchical stimuli in
the same way?
The representation of hierarchical stimuli is lateralized to some
degree in the human brain, with global and local processing pref-
erentially represented in the right and left hemispheres (Robert-
son and Lamb, 1991; Fink et al., 1996; Hübner, 1998; Han et al.,
2002). Monkeys do exhibit some signs of functional lateralization
(Hamilton and Vermeire, 1988; Hauser, 1993; Vallortigara and
Rogers, 2005) but do not exhibit right hemisphere global special-
ization (Tanaka et al., 2001). That there is a species difference in
hemispheric specialization does not, however, necessarily argue
for a difference in the relative timing of global and local signals.

Coarse-to-fine processing
It has been proposed that object recognition depends on a system
of coarse-to-fine processing in which the coarse organization of
an image determines a subset of possible interpretations and fine

details then provide disambiguating information. This scheme
was originally put forward as a means for computing depth from
disparity (Menz and Freeman, 2003), but has since been applied
to object recognition in general (Morrison and Schyns, 2001; Bar
et al., 2006). Supporting evidence includes the observation that
humans process visual images more efficiently when the content
at different spatial frequencies is presented in low-to-high than in
high-to-low order (Schyns and Oliva, 1994; Parker et al., 1997).
The key finding of the present study—that neurons in IT carry a
coarse representation of shape before they become sensitive to
finer detail—is compatible with the coarse-to-fine model and
indeed constitutes support for it on the assumption that such a
temporal offset would be unlikely to have developed in primate
evolution without contributing to visual perception.
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