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The visual system can extract the global shape of an object from highly variable local contour features. We
propose that there are separate systems for processing local and global shape. These systems are independent
and process information differently. Global shape encoding accurately represents the form of low-frequency
contour variations, whereas the local system encodes only summary statistics that describe typical features
of high-frequency elements. In Experiments 1–4, we tested this hypothesis by obtaining same/different judg-
ments for shapes that differed in local features, global features, or both. We found low sensitivity to changed
local features that shared the same summary statistics, and no advantage in sensitivity for shapes that differed in
both local and global features compared to shapes that differed only in global features. This sensitivity differ-
ence persisted when physical contour differences were equated and when shape feature sizes and exposure
durations were increased. In Experiment 5, we compared sensitivity to sets of local contour features with
matched or unmatched statistical properties. Sensitivity was higher for unmatched statistical properties than
for properties sampled from the same statistical distribution. Experiment 6 directly tested our hypothesis of
independent local and global systems using visual search. Search based on either local or global shape differ-
ences produced pop-out effects, but search for a target based on a conjunction of local and global differences
required focal attention. These findings support the notion that separate mechanisms process local and global
contour information and that the kinds of information these mechanisms encode are fundamentally different.

Public Significance Statement
In this paper, we explored the idea that shape information is encoded by two distinct mechanisms in the
visual system. The human visual system appears to form precise spatial descriptions of objects’ global
shape information, which has to do with larger regions of an object’s boundary. However, local infor-
mation, involving smaller, higher frequency fluctuations of position along a contour, appears to be
encoded, not with precise location information, but by a more compact statistical summary.

Keywords:Gestalt psychology, shape perception, form perception, local vs. global processing, global shape,
object recognition

What is the identity of the object shown in Figure 1A? The ques-
tion elicits two distinct but equally automatic responses. On the one
hand, the object is clearly a cloud, as evidenced by its puffy white

texture, its bright reflection of the sun, and its position in the sky.
On the other hand, something about the shape of the cloud signals
a horse in our perceptual systems. It would be simple to say that sur-
face qualities and context support a cloud percept, while shape cues
support a horse percept, but the contour features physically present
in the image bear very little resemblance to the set of physical con-
tour features typical in an actual horse. In Figure 1B and C, we find a
horse in a similar pose to the cloud horse and compare the edge map
(Canny, 1986) for the same local area in both images. The wisps and
curls present in the cloud are visibly absent in a real horse.

Any correspondence between the cloud in Figure 1 and a real horse
must be at a higher level of abstraction than the extraction of local con-
tour features. As the Gestalt psychologists observed long ago, the rep-
resentations we ultimately form of a shape are not a simple
conjunction of the local elements present during sensation (Koffka,
1999). Wertheimer (1923/1938) outlined several principles by
which distinct local elements could be organized to form a relational
whole. Although similarity was among these cues, the physical char-
acteristics of these individual elements mattered much less to percep-
tion of overall form than how they were arranged with respect to each
other. Under these principles, two contours with very different local
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elements can be perceived as the same as long as the relations between
their constituent elements are sufficiently similar.
There is a great deal of evidence from work on human perception

that the visual system extracts global properties of shape before
accessing features of individual elements. For example, when view-
ers are shown an S made up of small H’s or vice versa, they first per-
ceive the letter formed by the composition of elements and perceive
the identity of the composing elements only later (Navon, 1977).
Shape representations also appear to be insensitive to changes in
positions of elements provided that the curvature of contour they
define is preserved (Baker & Kellman, 2018). Research into the per-
ception and recognition of line drawings has also found that simpli-
fied pictorial representations of shape are encoded more rapidly and
accurately as the drawing’s fidelity to a photographic image deterio-
rates (Biederman& Ju, 1988; Hochberg&Brooks, 1962). Such find-
ings suggest that the visual system extracts abstract form based on
global relations in the physical stimulus, abstracting away from
local details.
These findings from human perception stand in stark contrast with

some recent studies on object recognition in deep convolutional neu-
ral networks (DCNNs). Comparisons between DCNNs’ and
humans’ use of shape in object recognition have shown a large diver-
gence in each systems’ sensitivity to local and global information.
Baker et al. (2020) found that when silhouettes of objects were part-
scrambled silhouettes such that many local contour features were
preserved but global shape was destroyed, deep networks continued
to classify the altered shapes with equal accuracy and confidence as
the unscrambled original images, but when we disrupted local con-
tour features by adding a serrated edge to the boundary of objects
while preserving global form, networks’ performance deteriorated
to chance levels. By contrast, humans had difficulty classifying
the part-scrambled images, but had no trouble with the images
with changed local contour features and preserved global shape
(Baker et al., 2018). When we introduced specialized training to
bias networks towards global shape classification, networks learned
to filter over larger variations in the contour but developed no sensi-
tivity to an object’s global shape (Baker et al., 2020). The large

influence of local contour features on deep network classification
suggests by contrast that humans have special capabilities for sepa-
rating local and global shape information.

Many plausible models of shape description, however, are not
well suited to handle variations in local contour features in a single
system. For example, consider theories of part decomposition that
separate objects into parts between local concavities (Barenholtz et
al., 2003; Hoffman & Richards, 1984). Typical objects like a real
horse will be organized into a set of parts that more or less aligns
with a semantic part decomposition for legs, neck, body, and tail.
For the cloud horse, small wisps and bumps around the outline create
breaks in good continuation that would give rise to a very different
(and more numerous) set of parts than would be seen in any real
horse outline. In other work, we have proposed a theory of contour
shape perception in which areas of similar curvature are represented
by a single segment of constant curvature (Baker et al., 2021; Baker
& Kellman, 2021). One issue in this approach concerns information
at different scales. If curvatures are analyzed only with fine-scale
detectors on the physical contour boundary, a constant curvature
segmentation of shapes with high-frequency contour information
would be made of many tiny primitives and would certainly not
match up with a topographically similar shape in which the high-
frequency contour features were omitted.

One way the visual system could separate local contour features
from global shape is by including a constraint for simplicity when
encoding a shape representation. Feldman and Singh (2006) imple-
mented such a method in their Bayesian estimation for shape skel-
etons. In the classical medial axis transform (Blum, 1973), the
skeletal representation of a shape is purely data-driven, and a
small bump or protrusion along the contour will always be cap-
tured by an axial branch. The maximum a posteriori skeletal trans-
form proposed by Feldman and Singh forces the algorithm to
tradeoff between simplicity in curvature and number of branches
(a prior) and fidelity to the original contour (a likelihood), resulting
in a representation that aims to capture the essential topography of
a shape without including all local variations to the bounding
contour.

Figure 1
Example of Objects with Different Local Contour Features but Similar Global Shape

Note. (A) Cloud shaped like a horse. (B, C) Neck and shoulder blades for the cloud horse and a real horse, with
corresponding edge maps. The edge maps were generated byMATLAB’s implementation of the Canny edge detec-
tion algorithm. Cloud image reprinted with permission from https://www.flickr.com/photos/christigain/
5636888777. See theonline article for the color version of this figure.
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Research on shapes formed from radial frequency (RF) patterns
has also lent important insight into how the visual system might
encode global shape irrespective of variation in local contour fea-
tures. RF patterns are sinusoidal modulations of differing amplitude
and frequency that can be independently added to a circle to change
its shape (see Figure 2). Wilkinson et al. (1998) added RF patterns to
circles to evaluate perceivers’ sensitivity to global (low RF) and
local (high RF) contour features. They found that participants had
accurate recognition for shapes with any RF of 6 or less.
Recognition for shapes with radial frequencies greater than 6 was
considerably more error-prone and deteriorated monotonically
with larger RFs. Converging evidence for special sensitivity in
low RF shapes was later found in a 2IFC task in which subjects dis-
criminated an RF shape from a circle. Sensitivity to a difference from
a circle was found to be better than predicted by local probability
summation (i.e., the probability that participants were attending to
a region modulated by the RF pattern during presentation) for RFs
between 3 and 5, but not for high-frequency patterns (Loffler
et al., 2003). The authors theorized that the visual system encodes
shape as a combination of RF patterns and that only low-frequency
RFs are ultimately used in our abstract representation of the shape.
Further evidence for separate global processing of shape was

obtained by research on the discriminability between RF3 and RF6
patterns. Participants could distinguish the two patterns from each
other better than would be predicted by probability summation
when they could see more than one cycle of the RF pattern, but not
when they were shown only a single RF pattern (Dickinson et al.,
2013; Green et al., 2018). These findings suggest that a global feature,
such as the angular separation between contour features wasmore use-
ful for shape discrimination than individual, local contour features.
In a separate paradigm, Prins et al. (2007) introduced jagged edges

to open contours to test the influence of local elements on the encod-
ing of contour shape. They found that the visual system disregarded
much of the local edge orientation information in their stimuli to
encode a more global representation of the unclosed contour in
question.
Clearly, the visual system has a robust capacity to extract a

representation of overall shape that can support matching across
variations in high-frequency local contour features that are incon-
sequential to the object’s global topography. It would be a mistake,
however, to think that local contour features are thrown out alto-
gether. When we see a cloud that looks like a horse, we do not

actually believe we are seeing a horse. This is true even if we
remove all surface and context information and attend only to
the object’s bounding contour, as evidenced by our visual
memory for puffs and wisps around the cloud horse’s boundary
in Figure 1. Any explanation for how we extract global shape
from high-frequency local contours should also explain what infor-
mation about local contour variation does get preserved in visual
representations.

Distinguishing Global and Local Contour Shape
Representations

In the current work, we propose a two-system theory of shape rep-
resentation that includes separate mechanisms for local and global
processing. The local processing system is responsible for encoding
high-frequency variations along an object’s contour, while the
global processing system encodes low-frequency topographical
information about the shape. These systems are distinguished in
twoways. First, in our theory, these systems operate largely indepen-
dently from each other such that changes to the high-frequency con-
tour features of an object do not affect our representation of its
overall shape, nor does our representation of the object’s shape inter-
act with our description of local contour features. Second, we posit
that the two systems not only have very different levels of specificity
but differ fundamentally in what they represent. While the global
processing system appears to encode a description of the object’s
overall shape based on positions of contours in space, the local sys-
tem encodes summary statistics about the local contour features, pos-
sibly estimating a distribution from which the contour variations
were sampled. This second characteristic implies that the local sys-
tem does little encoding of the specific locations of specific pertur-
bations along the contour.

The idea that features are not represented individually but as a
group has been proposed in other areas of object representation,
such as what people choose to present in line drawings. When draw-
ing a skyscraper, for example, one child chose not to individually
draw every window, instead drawing a few accurately and writing
“etcetera” for the rest (Arnheim, 1971). Kennedy (1974) found
that both children and adults omit repetitive details in line drawings
once a few detailed exemplars have been drawn that can be extrap-
olated to the others. One could well imagine that the information

Figure 2
Shapes Generated by the Addition of Radial Frequency Patterns (from Bell et al., 2007)

Note. (A) Circle deformed by the addition of a pattern with three cycles (RF3). (B) Circle deformed by the addition
of an RF24 pattern. (C) Circled deformed by the addition of RF3 and RF24 patterns.
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that is represented in visual memory uses similar simplifications to
free up perceptual resources for other visual tasks.
Some evidence for independent systems has already been found in

research on RF shapes showing that global shape is analyzed across
features in low-frequency channels while local shape is analyzed by
adding together information from individual features (Loffler et al.,
2003). Research has also shown that the addition of low-frequency
features does not affect participants’ sensitivity to differences between
a high-frequency contour and a circle or vice versa (Bell et al., 2007).
Research on processing of different RF patterns has given many valu-
able insights about differences between local and global shape pro-
cessing, but the statistics of contours defined in this way tend to be
much more constrained than in typical object contours. For example,
the bounding contour of a poodle or a pine tree has muchmore variety
in its local contour variations than would be captured by a small num-
ber of RF patterns. For this reason, we developed a different system for
generating high-frequency contour noise along an object’s boundary
that does not have the regularity of a circle modified by a relatively
small number of sinusoidal modulations.

Overview of the Experiments

In Experiment 1, we showed participants two shapes sequen-
tially and had them perform a forced-choice task to decide if the
shapes were the same or different. We tested for independence
between local and global shape processing mechanisms by gener-
ating shape pairs that differed in local contour features, in global
contour features, or in both local and global contour features.
We then assessed whether the inclusion of local and global con-
tour differences conferred an advantage in detecting a difference
in shape above what was conferred by one kind of difference. In
Experiment 2, we once again used a forced-choice same/different
task, this time controlling for the overall physical similarity
between pairs of shapes that differed in local and global contour
features. We tested whether observers have differential sensitivity
to local and global contour differences when the physical similar-
ity between the two conditions was matched. The results of
Experiments 1 and 2 indicated that local contour features were rep-
resented much less precisely than global features in the visual
brain.
In Experiments 3 and 4, we tested two alternative explanations for

participants’ poor sensitivity to local shape differences in
Experiments 1 and 2. In Experiment 3, we tested whether the indi-
vidual local features in Experiments 1 and 2 were too small for accu-
rate detection by increasing the overall size of both the local and
global features. In Experiment 4, we tested whether local features
are robustly represented but require longer encoding time.
In Experiment 5, we tested the hypothesis that our descriptions of

high-frequency shape are statistical rather than fully descriptive. We
compared sensitivity to contour changes that were sampled from the
same distribution from which the first set of contour features were
sampled with sensitivity to changes when the new features were
sampled from a different distribution. In Experiment 6, we sought
direct evidence for independence between local and global shape
processing. We used a visual search paradigm that both provided
converging evidence for the separation of local and global systems
and, following predictions from Feature Integration Theory, tested
a different behavioral prediction made by our independent systems
hypothesis.

Experiment 1

Experiment 1 tested sensitivity to changes in a contour that resulted
in different global shape, in different local contour features, or differ-
ent local and global contour features. We used a forced choice same/
different paradigm using briefly displayed novel shape contours. Of
particular interest to us were differences in sensitivity to global
shape changes and to changes to both the local and global features
of the shape.We expected that if both kinds of features were processed
in a single perceptual system, there should be some additive effect on
sensitivity when both features were changed. On the other hand, if
they were processed by separate systems and one system dominated
the shape recognition task, there might be no added benefit to sensi-
tivity when the other feature was also changed.

Method

Participants

Twenty-four undergraduates (17 female, seven male, Mage=
21.21) from the University of California, Los Angeles participated
in Experiment 1 for course credit. All participants had normal or
corrected-to-normal vision. The first seven participants completed
the study in the laboratory under controlled conditions, while the
other 17 completed the study online through Pavlovia due to social
distancing orders related to COVID-19. When analyzed separately,
similar patterns of results were observed in both the online and
in-person groups. All procedures completed by participants in this
and all subsequent experiments were approved by the UCLA
Office of the Human Research Protection Program.

Display and Apparatus

The participants tested in the laboratory were seated 70 cm from a
20-in. View Sonic Graphic Series G225f monitor. The monitor was
set to 1,024 × 768 resolution, with a refresh rate of 100 Hz. Each
square pixel of the display subtended 1.89′ of arc. Participants
were seated in a dark room with no windows and their heads were
kept in position by a chinrest.

For the online experiment, we instructed participants to sit a com-
fortable distance from the screen. Stimulus sizes were dynamically
adjusted to cover the same proportion of the screen regardless of par-
ticipants’ display resolution.

Stimuli

All stimuli were shown as black outlines on a gray background.
The stimulus was shown in the center of the screen, extending
over an average of 37.5% of the horizontal space and 60% of the ver-
tical space on the screen.

Experiment 1 included three conditions, with separate stimuli
generated for each condition. In all conditions, a novel shape was
generated by moving 12 control points toward or away from the cen-
ter of a circle a random distance, then fitting cubic splines through
the 12 control points in polar space.

In the Local change condition, we added contour features to the
boundary by moving 80 control points on the shape boundary
toward or away from its center. The average distance these control
points were moved was 1/10th the distance they were moved
when generating the global shape. We initially evenly spaced
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the control points along the boundary, then jittered some of them
a small distance so that the spacing was not truly uniform. We
then fit cubic splines through the 80 control points to create
local contour features as we did for the 12 control points to create
global contour features. A schematic for the formation of the stim-
uli is shown in Figure 3. To create different pairs in the local
change condition, we simply inverted the direction of each control
point so that bumps that extended away from the center reversed
to extend toward the center and vice versa. This technique pre-
serves as many statistical properties of the features as possible
while still introducing a large amount of physical difference to
the bounding contour.

In theGlobal change condition, we did not add any local contour fea-
tures to the novel shape.We generated a different pair bymoving one of
the 12 control points a random distance between 7% and 17% percent
of the total length of the contour toward or away from the shape’s cen-
ter. We then randomly selected a point adjacent to the one we moved
and shifted it toward or away from the center whatever distance was
needed so that the total length of the different display was the same
as the original shape (see Baker & Kellman, 2018 for more detail).

In the Combined local and global change condition, we generated
pairs of shapes as in the global change condition, but we added local
contour features to both members of the pair as in the local change
condition. Figure 4 shows pairs of shapes for all three conditions.

Figure 3
Schematic for Global and Local Shape Generation

Note. (A) First, a circle is deformed by moving 12 control points away from the center. (B) Then, cubic splines are fit through the 12 points. This creates a
shape with global features but no local features. (C) 80 control points along the shape’s contour are moved toward or away from the center of the shape. (D)
Cubic splines are fit through the 80 new control points. See the online article for the color version of this figure.

Figure 4
Stimulus Pairs for Experiment 1

Note. Left column: Shape pairs that differed in local features. Middle column: Shape pairs that differed in global
features. Right column: Shape pairs that differed in both local and global features.
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Design

The experiment consisted of three conditions, Local, Global, and
Combined, with 80 trials per condition. In half of the trials for each
condition, the same shape was shown in the first and second presen-
tation. In the other half, different shapes were shown as described
above. All trials were randomly interleaved. Participants received
five practice trials with feedback before beginning the main
experiment.

Procedure

In each trial, participants were first shown a fixation cross for
330 ms, after which the first shape was shown for 150 ms.
Following the presentation of the first shape, a mask was displayed
for 500 ms to block any apparent motion cues (Braddick, 1973) or
access to a visual icon (Smithson & Mollon, 2006). The second
shape was then shown for 1,000 ms. The second shape’s orientation
was always slightly different from the first, regardless of whether it
was a same or different trial. We rotated the shape 10–30 degrees in a
random direction. After the second shape had been shown, it was
masked and we displayed a response screen in which participants
were asked to decide if its outline was exactly the same as the first
shape, irrespective of any orientation differences. Participants
received no feedback during the main experiment. Sample trials
are shown in Figure 5.

Dependent Measures and Data Analysis

We analyzed the results in terms of a signal detection theory
(SDT) measure of sensitivity (d′), where a correct detection that
the second shape was different from the first was counted as a hit
and an incorrect response that the second outline was different was
counted as a false alarm. The same trials were identical for the
Local and the Combined conditions, so we combined them when
computing false alarm rates.

Transparency and Openness

All data from this and other reported experiments is publicly avail-
able on OSF (DOI https://doi.org/10.17605/OSF.IO/V4E2H, https://
osf.io/v4e2h/). All stimuli and code for generation is available by
request to Nicholas Baker.

Results

Average sensitivity for each of the three conditions is shown in
Figure 6. The results show a large difference in sensitivity between
changes to the local contour features of the shape (Local condition)
and changes to the global topography of the shape (Global condi-
tion). They also show no difference between the Global and
Combined conditions. A one-way repeated measures ANOVA con-
firmed a main effect for condition type, F(2, 46)= 26.32, p, .001,
η2partial = 0.534. Paired samples t-tests confirmed a significant differ-
ence in sensitivity between the Local condition and the Global con-
dition, t(23)= 9.67, p, .001, Cohen’s d= 1.97, 95% CI for
difference= [0.761, 1.17], and between the Local condition and
the Combined condition, t(23)= 5.13, p, .001, Cohen’s d=
1.05, 95% CI for difference= [0.570, 1.33]. These effects remained
significant after correcting for multiple comparisons. A one-sample
t-test found sensitivity to local shape changes to be greater than zero,
t(23)= 6.83, p, .001, Cohen’s d= 1.42, 95% CI= [0.221, 0.411].
A paired samples t-test for the Global and the Combined conditions
revealed no significant difference, t(23)= 0.09, p= .92, 95% CI for
difference= [−0.313, 0.343]. Raw accuracies showed the same pat-
terns, with similar performance in the Global and Combined condi-
tions (71.4% and 71.4% correct, respectively) exceeding
performance in the Local condition (55.0%).

We also found that participants used a different criterion when
judging shapes’ local contour features. We calculated the criterion
̂l center as a measure of the bias to respond “same” or “different” rel-
ative to a neutral criterion midway between the means of the signal
and noise distributions (for discussion, see Wickens, 2001). We rea-
soned that if local contour features were coded in a statistical fashion,
then there should be a higher criterion (greater tendency to say
“same”) in the Local condition, where different pairs shared the
same underlying contour statistics. The criterion was indeed reliably
higher in the Local condition (̂l center = 0.47) than in the Global con-
dition (̂l center = 0.30), t(23)= 2.39, p, .02, and also higher than in
the Combined condition (̂l center =−0.001), t(23)= 5.13, p, .001.
A more direct measure of the tendency to say “Same” to a different
pair may be the miss rate ( p[“same” | different]) in each condition.
The miss rate in the Local condition (0.61) reliably exceeded the
miss rate of 0.37 in the Global condition, t(23)= 6.79, p, .001;
and the Local condition also reliably exceeded the miss rate of
0.28 in the Combined condition, t(23)= 5.32, p, .001. The

Figure 5
Sample Trials for the Local, Global, and Combined Conditions

Note. See the online article for the color version of this figure.
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Global condition miss rate also exceeded that of the Combined con-
dition, t(23)= 2.07, p, .05.

Discussion

The results of Experiment 1 showed a clear difference in perfor-
mance for trials in which the shape’s global topography changed
compared to trials in which the global form remained the same
and only local contour features changed. Observers’ sensitivity to
change was markedly better in both conditions that included global
shape change than when only local changes occurred.
The logic behind Experiment 1 is similar to previous work in the

RF literature which gave evidence for the independence of local
and global shape mechanisms (Bell et al., 2007). Many of these stud-
ies focus on discrimination of RF shapes near threshold from the cir-
cular. The noncircular shape deviates from the circular through regular
sinusoidal modulations, although some previous work used other
kinds of contour modulation (Dickinson et al., 2015). The results of
Experiment 1 are consistent with these earlier findings and extend
the pattern of separate local and global contour processing to irregular
shapes whose features are generated by cubic spline fitting.
Our findings are also consistent with classification imaging work

which shows that participants’ perceptual decisions are influenced
more by low-frequency signals than high-frequency signals (Kurki
et al., 2014; Wilder et al., 2018). In addition to lending converging
evidence for greater global shape sensitivity, our results extend find-
ings in both the RF and classification imaging research to shape dis-
crimination tasks. In our study, rather than tasking participants with
distinguishing between a stimulus with shape and a “blank” stimulus
(i.e., a circle or ellipse with no additional shape features), partici-
pants were tasked with detecting a difference between two related
stimuli. Participants’ much greater sensitivity to differences in the
global shape than local shape suggests that they are not only better
at detecting these features but are also better at using these features
to compare and distinguish between similar shapes. These results
converge with other work comparing shape discrimination in low
and high RF patterns (Dickinson et al., 2013; Green et al., 2018).
Under our two-system theory of shape representation (Loffler et

al., 2003), local contour features are not represented individually,

but as a statistical distribution. The results of Experiment 1 furnish
evidence for such a hypothesis in more than one way. First, sensi-
tivity was poor in the Local condition. Note that for “different”
pairs in the Local condition, local contour features, including
their positions and curvatures, differed at essentially all locations.
If local contour positions and orientations were encoded in detail,
we would have expected relatively easy detection of differences for
“different” pairs and high levels of discrimination performance. On
the other hand, in this experiment, the statistics of the first and sec-
ond shape were matched in terms of the mean and standard devia-
tion of the amplitude of features as well as the frequency of
features along the contour. Poor sensitivity to actual contour same-
ness or difference in the local condition suggests little encoding of
precise contour features but is consistent with encoding of an
ensemble of statistical properties of the distribution from which
the features were sampled. Inspecting two contours that differed
by local features in Figure 4 (leftmost column), it is easy to see,
with simultaneous presentation, that the two are not the same.
However, when representing the shape in visual memory, these dif-
ferences appear to be abstracted over. The most common error in
the Local condition was responding “same” to pairs that were actu-
ally different. This tendency was considerably greater than in the
other conditions, as shown by reliable differences in criterion
and by the 0.61 miss rate. The data are consistent with the idea
that the sameness of statistical representation of local contour per-
turbations is often sufficient to produce perceived (or represented)
sameness.

Whereas sensitivity was low for the local change condition, stat-
istical analyses confirmed that participants had significantly higher
than zero sensitivity to local feature changes. This result forces us
to loosen somewhat our hypothesis about local contour features
being described only as a few statistical parameters. A more plausi-
ble explanation is that people primarily encode statistical informa-
tion about the local contour features, but they are able to encode a
few individual contour features with greater specificity. Non-zero
sensitivity in pairs with statistically matched local contour features
would then be explained by the probability that participants detected
a change in an attended local feature. This notion is somewhat sim-
ilar to the idea of local probability summation from work with RF
patterns (Bell et al., 2009; Loffler et al., 2003; Wilkinson et al.,
1998). Our conjecture is that the encoding of individual features is
effortful and done only when it would be directly helpful for a per-
ceptual task at hand.

The other major result from Experiment 1 that supports our two-
system theory is that participants showed the same sensitivity to
changes in only the global features of a shape as they did to changes
to both global and local features of the displays. This result also
points to the idea that two displays with different local features but
the same local feature statistics are difficult to perceive as different.
The extremity of this result is somewhat surprising given partici-
pants’ non-zero sensitivity to local contour features in the Local con-
dition. In a simple summation model applied to the Combined
condition, even if the probability of detecting a local change is
low, it should still increase participants’ overall sensitivity to a
change in the Combined condition. For example, if the probability
of detecting a local change is 30% and the probability of detecting
a global change is 70%, then the probability of detecting either a
local or a global change should be 79%. No such additivity was
observed in Experiment 1.

Figure 6
Results from Experiment 1
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One interpretation of this finding is that global information domi-
nates local information when both cues are present.When participants
need to detect a change based on only local features, they have some
(albeit low) chance of success; however, they appear to fail to use this
informationwhen global differences are present. It is important to note
that because the conditions were interleaved, participants did not
knowwhether the second shapewould have only local contour differ-
ences or local and global differences while forming a representation of
the first shape. They must, then, have encoded what local information
they could about the first shape in both conditions and discarded it
only after seeing the second shape. If so, this provides some evidence
that the visual system processes local contour features and global
shape features relatively independently, only choosing which descrip-
tion to use in its perceptual decision once the second shape has been
seen. The present results are consistent with a scheme in which the
visual system first checks for different outputs in the global shape sys-
tem and only compares outputs from the local contour system if no
global difference is detected.
The evidence from Experiment 1 for independent local and global

systems converges with previous evidence that local and global
information are processed independently. Kimchi and Palmer
(1985) used a Garner interference task (1974) to show that local con-
tour elements composing a shape did not interfere with global form
perception provided that the local elements were sufficiently small.
In the literature on RF patterns, the results from Loffler et al.
(2003) showing that only low-frequency signals benefit from global
pooling also support the claim that local and global processing are
fundamentally different mechanisms. The results from Bell et al.
(2007) showing that adding a low-frequency (global) signal had
no effect on a detection task for a high-frequency shape (and vice
versa) directly support the notion that local and global processing
are independent of each other.
The independence interpretation does not fully explain why there

is not some performance gain from checking for local differences
when the visual system does not detect a global difference in the
Combined stimulus condition. The primary answer lies in the sug-
gestion from the data that the encoding of local contour features
does not generally occur; to a first approximation, only some statis-
tical summary is represented. In Experiment 1, where local changes
disrupted the local contour position at essentially every location, the
use of local information for discrimination was still severely limited
by the fact that the local variations were sampled from the same stat-
istical distributions. Although performance in the local change con-
dition is consistent with the occasional encoding of some specific
local contour features, the low d′ value associated with local features
suggests that, if people responded in an unbiased way, they would
report a local contour difference in 56% of trials. Against chance
level performance of 50%, this suggests that accurate detection of
a local contour difference occurred in only 6% of trials. There are
a number of possible explanations for why observers might occa-
sionally encode some local contour information apart from the stat-
istical summary. We return to this issue in the discussion following
Experiment 2 and the General Discussion. For the moment, the over-
all conclusion is that the performance in Experiment 1 was generally
consistent with the global–local divergence of encoding and the idea
that the local system apprehends a statistical summary. The results
were generally inconsistent with any idea of local encoding that pre-
serves much information about specific contour fluctuations and
their locations apart from global shape.

Based on our theoretical framework, we would predict different
results if two shapes’ local contour features were sampled from dif-
ferent distributions. In that case, there should be both improved dis-
crimination for pairs with instances differing in local contour
characteristics as well as some evidence of additives effect in a com-
bined local and global change condition. This prediction was tested
in Experiment 3 below.

Experiment 2

In Experiment 1, we found that participants were less sensitive to
changes in local contour features than they were to global shape. We
interpreted this as a difference in the descriptive specificity of indepen-
dent local and global shape processing systems. An alternative expla-
nation is that the differences between pairs in the global condition were
simply larger than differences in the local condition and were therefore
easier to detect. In Experiment 2, we tested this alternative explanation
by equating the overall physical dissimilarity between local and global
shape changes and comparing subjects’ sensitivity to each. We pre-
dicted that if the two systems were distinct and represented information
differently, then subjects’ sensitivity to global shape changes should
still be higher than their sensitivity to local contour feature changes,
even if the overall physical dissimilarity was the same.

Method

Participants

Eighteen undergraduates from the University of California, Los
Angeles (12 female, five male, Mage= 21.5) participated in
Experiment 2 for course credit. Sixteen of the participants in
Experiment 2 also participated in Experiment 1. All participants
had normal or corrected-to-normal vision and completed the study
online through Pavlovia.

Display and Apparatus

Since the experiment was conducted online, display conditions
varied slightly from participant to participant. Subjects were
instructed to sit at a comfortable distance from the screen, and stim-
ulus sizes were adjusted to cover the same proportion of the screen
regardless of participants’ display resolution. We allowed these var-
iations for obvious practical reasons during the Covid-19 pandemic,
but also because the perceptual abilities under study here should
be robust across a range of ordinary screen sizes and viewing
distances.

Stimuli

All stimuli were shown as black outlines on a gray background.
Each stimulus was shown in the center of the screen, extending
over about 37.5% of the horizontal space and 60% of the vertical
space on the screen.

Pairs of locally and globally different shapes were generated as in
Experiment 1. The only difference in how shapes were generated
was that we reduced the amount the control point was shifted in
the Global condition from 7% to 17% in Experiment 1 to 2.7% to
6.7% in Experiment 2. This was done to better equate the physical
contour difference between local and global shape pairs. To that
end, we also used a measure of physical contour similarity to ensure
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that the shape pairs with local contour differences were as dissimilar
from each other as the shape pairs with global contour differences.
Similarity was measured as the ratio of the overlapping areas to
the non-overlapping areas for both contours. The equation we
used was as follows (Baker & Kellman, 2021):

Shape 1 and 2 overlap
Total area of Shape 1

+ Shape 1 and 2 overlap
Total area of Shape 2

2

We generated 120 shape pairs for each of the two conditions. The
average total shape difference was 4.52% for pairs of shapes in the
Global change condition and 4.62% for pairs in the Local change
condition. Sample shape pairs for Experiment 2 are shown in
Figure 7.
In addition to controlling for the physical similarity between pairs

of locally and globally different shapes, we used ShapeComp, a
measure of perceptual similarity developed by Morgenstern and col-
leagues, which uses a variety of shape representation models to esti-
mate the perceived dissimilarity between shapes across multiple
dimensions (Morgenstern et al., 2021). We found that in terms of
Morgenstern et al.’s estimate of perceived similarity, the average
Euclidean distance between local pairs was 1.42 times greater than
the distance between global pairs (22.56 vs. 15.79). If participants
still have more trouble distinguishing between members of local
pairs, this would support the hypothesis of statistical encoding,
rather than precise spatial localization, of local contour features.

Design

Experiment 2 had two conditions: a Local condition in which
shapes differed in local features, and a Global condition, in which
shapes differed in global features. There were 120 trials in each con-
dition. Local and global trials were randomly interleaved. There were
five practice trials with feedback before the main experiment began.

Procedure

The procedure for Experiment 2 was the same as in Experiment 1
except that there were no conditions in which both local and global
contour features changed. For trials in which local contour features
varied, both instances in a stimulus pair always had the same overall
shape and could differ only in local contour features. Likewise, if the
first stimulus had no local contour features, the second stimulus
could differ only in global shape properties.

Results

As in Experiment 1, the results were analyzed in terms of sensitiv-
ity, where a hit was a correct detection of a shape change, and a false
alarm was an incorrect report of a change in shape. Sensitivity to
both conditions is shown in Figure 8. A paired samples t-test con-
firmed a significant difference in sensitivity to global shape differ-
ences vs. local shape differences, t(17)= 7.15, p, .001, Cohen’s
d= 1.69, 90% CI for difference= [0.51, 0.82].

Discussion

In Experiment 2, we once again compared sensitivity to local and
global shape changes. We created pairs of shapes that differed in
either local contour features or global form and equated the physical
similarity between pairs in both conditions. These were tested in a
sequential forced-choice same/different paradigm. Despite having
equally different physical contours overall, pairs in the local change
condition were significantly less discriminable from each other than
pairs in the global change condition. These results clarify our inter-
pretation of the results in Experiment 1. Participants’ lower sensitiv-
ity to local shape changes cannot be explained by a smaller amount
of overall physical contour difference, but by a perceptual difference
in how local features and global features are encoded. We would
expect that, if one system processed both local and global contour
information in the same way, then sensitivity to a difference in
shape should depend only on the physical similarity of the two
shapes. On the other hand, if local and global contour features are
processed by distinct systems, the kind of information encoded in

Figure 8
Results from Experiment 2
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Figure 7
Shape Pairs for Experiment 2

Note. Left column: Pairs of shapes that differed in global features (A).
Right column: Pairs of shapes that differed in local features (B).
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one system might be more discriminative between shape pairs than
the other.
The outputs of ShapeComp (Morgenstern et al., 2021) predicted

that the locally different shape pairs should be more discriminable
from each other than the globally different shape pairs. The data
from Experiment 2 suggest the opposite pattern: sensitivity is
greater for globally different pairs than locally different pairs.
This suggests that some aspect of shape representation is driving
performance in our stimuli that is not fully explained by the repre-
sentational dimensions included in ShapeComp. We believe that
the statistical nature of the visual system’s representation of local
contour features is responsible for this difference. While both the
physical dissimilarity measures we employed and ShapeComp
are influenced by variation in individual local contour features,
we hypothesize that only variations that change the statistical
description of local features will influence the detection of local
contour changes.
Still, the comparison based on overall physical difference is not a

perfect one. The kinds of differences that local and global shape
changes produce on the shape contour are necessarily different
from each other. While a change to global shape typically involves
a relatively large perturbation of the contour in a single region,
changes to local shape are individually smaller and distributed
over a larger percentage of the object’s boundary. One reasonable
question is whether local changes of the magnitude tested here
pose difficulties for detection. Local changes as tested here were
designed to be readily apparent, but there are various hypotheses
relating to the probability of detection that could be raised here.
The following considerations are relevant to some of them. First,
as Figure 7 shows, when viewed simultaneously, the local contour
features for pairs of shapes were visibly different from each other.
This suggests that participants’ worse performance for local change
is not because the differences are below some threshold of detect-
ability. Second, it might be argued that each local difference is
harder to detect than any global shape difference in these experi-
ments. Whereas that is likely the case, it is important to note that
in our experiments, every pair of displays that differed by local fea-
tures did not differ by one such difference, but differed everywhere
in local contour positions and variations. The relevant question may
not be whether each local difference is as salient as a local one, but
how pervasive local differences may be missed, leading to the erro-
neous classification of two displays as “same.”Third, a different idea
is that numerous local changes may strain the capacity of a shape rep-
resentation system. Although that is true, accurate discrimination
between locally different pairs did not require the representation of
all local shape positions and features; in every case, representing
even one featural difference would have been sufficient.
Notwithstanding these considerations, it remains possible that
some combination of the smaller size of local feature changes,
observers’ strategies, and the time limitations of our task produced
issues of detectability, rather than representation, in Experiments 1
and 2. This possibility is explored in Experiment 3.
These observations and the results of Experiment 2 are directly

compatible with an account in which local features are perceptible
but are not encoded individually when we represent an object’s
contour shape. As in Experiment 1, local contour features in
Experiment 2 were changed by inverting the curvature polarity of
the bumps, the statistical properties of locally different shape
pairs should have been very similar. Participants’ low sensitivity

to local contour feature changes is consistent with the visual system
encoding a statistical description of local contour features, but not
encoding individual features specifically. It is true that the sensitiv-
ity in local trials was significantly different from chance, but d′ val-
ues of 0.4 suggest that participants only detected the change in 8%
of locally different trials. Possibly, some task-specific strategy or
serendipitous alignment of local and global features allowed partic-
ipants to answer accurately in the small proportion of trials in which
a local change was detected. In both Experiments 1 and 2, a local
contour change involved a change in all the contour’s all local fea-
tures. If participants were encoding specific local information in
any but a very small percentage of trials, their sensitivity to local
changes should have been much higher, as specific comparison
of any set of local contour features would lead to a detection of a
contour difference.

Experiment 3

In Experiments 1 and 2, we found evidence that visual represen-
tations of shape are more sensitive to global shape features than
local shape features. Equating the total amount of shape change
between locally different shapes and globally different shapes in
Experiment 2 provided some evidence that people’s greater sensi-
tivity to global shape could not be accounted for by the total
amount of shape difference in the pairs that differed in their global
features. Another possibility remains, however. Individual local
features in Experiments 1 and 2 may have been so small that
they were at or below the participants’ threshold for detection in
the conditions of our task. If this were the case, then the lower sen-
sitivity we observed to local shape changes might not be explained
by a difference in how the two kinds of features are processed but
by an inability to register the local features of the shape while they
were being displayed. Some evidence from past research on local
and global processing supports this view. Kimchi and Palmer
(1985) found that local elements did not interfere with the percep-
tion of global form provided that they were sufficiently small, but if
their size was increased, the local elements did interfere with the
perception of global form.

In Experiment 3, we tested this alternative interpretation of the
data from Experiments 1 and 2. We reasoned that if the main
cause of the difference in participants’ performance on the local
vs. global task was the size of the individual local features, then
increasing the overall size of the shape displays should increase
participants’ performance on the local task because the features
would be larger. We repeated Experiment 2 with shapes that
were 50% larger to test whether increasing the size of local features
meaningfully increased participants’ sensitivity to local shape
differences.

Method

Participants

Ten (nine male, one female, Mage = 26.9) participants completed
this study. Nine of the participants were recruited online through
Prolific and were compensated monetarily for their participation.
The tenth participant was one of the authors (Nicholas Baker). All
participants had normal or corrected-to-normal vision and all except
Nicholas Baker were naïve to the purpose of the study.
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Display and Apparatus

As in Experiment 2, the experiment was completed online, so
screen size and distance were not fixed. The experiment adjusted
the absolute size of stimuli so that it covered the same proportion
of the screen for different monitors.

Stimuli

The stimuli used in Experiment 3 were identical to those used in
Experiment 2 except that their dimensions on the screen were mul-
tiplied by 1.5 so that the shapes occupied a maximum of 56.25% of
the horizontal width of the screen and 90% of the vertical width of
the screen (vs. 37.5% of the horizontal extent and 60% of the vertical
extent in Experiment 2).

Design

The design of Experiment 3 was identical to the design of
Experiment 2, consisting of 120 Local condition trials and 120
Global condition trials. In each condition, the shape presented sec-
ond was different in half of the trials.

Procedure

The procedure of Experiment 3 was identical to the one used in
Experiment 2. Participants were shown a fixation cross for
330 ms, after which the first shape was shown for 150 ms. The
first shape was covered by a pattern mask for 500 ms, followed by
the second shape which was shown for 1,000 ms and then masked
again for 500 ms. Following the second mask, participants were
asked to decide whether the second shape was identical to the first
irrespective of a change in orientation.

Results

We once again analyzed participants’ sensitivity to a change in
local contour features vs. global shape. The results are shown in
Figure 9. Participants’ sensitivity to local changes with larger shapes

was very similar to the sensitivity observed in Experiment 2 with
smaller shapes. The same is true of participants’ sensitivity to global
changes. As in Experiment 2, we found a significant difference
between global and local shape sensitivity, t(9)= 5.01, p, .001,
Cohen’s d= 1.9. We tested for an interaction between the size of
the shape and participants’ sensitivity to local and global changes
with a 2× 2 mixed ANOVA with shape change (Local vs. Global)
as a within-subjects factor and stimulus size (original size vs. 50%
larger) as a between-subjects factor using the data from
Experiments 2 and 3. The ANOVA revealed no significant interac-
tion between the performance on the shape change conditions and
stimulus size, F(1, 26)= 0.01, p= .94, η2partial, 0.001. We used
between-subjects t-tests to analyze differences in performance for
local changes and global changes at the two different sizes. We
found that stimulus size differences produced no significant differ-
ence in either condition; local: t(21)= 0.40, p= .69, Cohen’s d=
0.16; global: t(21)= 0.15, p = .89, Cohen’s d= .07.

Discussion

Although the total amount of physical changewas equated between
local and global features in Experiment 2, by necessity the global
changes were larger than the local changes. This raised the possibility
that the local changes introduced in our first two experiments were
below some threshold of detection and that the difference we found
in participants’ sensitivity to each kind of change depended more
on a detection problem than differences in the way local and global
contour features are represented.

Experiment 3 addressed this possibility by increasing the overall
size of presented stimuli by 50%.As a result, more of the local features
should be above the threshold for detection. If it were the case that sen-
sitivity differences were driven merely by the small size of local fea-
tures, sensitivity to local feature changes was predicted to be higher
for the larger shapes. On the other hand, if participants’ insensitivity
to local contour features was really driven by a difference in how local
features are perceptually represented, we expected that changing the
size of the stimuli would have little effect on performance.

The results of Experiment 3 appear to support the notion that the
lower sensitivity to local shape features observed in Experiments 1
and 2 was caused primarily by a difference in what the visual system
represents, not in what is extractable from the physical stimulus.
Participants’ pattern of performance with 50% larger shapes in
Experiment 3 was almost identical to the participants’ performance
in Experiment 2. Detection of global shape changes was signifi-
cantly easier than detection of changes in individual local contour
features despite the increased size of local features. While we
might not expect differences between local and global shape sensi-
tivity to fully disappear under this manipulation, if participants’
insensitivity to local feature changes in Experiments 1 and 2 had
been mainly due to the small size of the local features, we would
have expected increased sensitivity from the 50% size increase tested
in Experiment 3. The data from Experiment 3 did not appear to sup-
port this prediction. Both the overall levels of performance and the
differences in sensitivity between global and local changes were
remarkably similar across the two experiments.

To ensure that the presented shape fully fits on the viewer’s dis-
play, we could only increase the total shape size by 50% in
Experiment 3. Although it would be possible for local information
in both the displays in Experiment 2 and their 50% enlargement in

Figure 9
Experiment 2 (Blue/Dark Gray) and Experiment 3 (Orange/Light
Gray) Results

Note. The error bars show the 90% confidence interval of the mean. See
the online article for the color version of this figure.
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Experiment 3 to be below some detection threshold or require spe-
cial scrutiny to encode, this is unlikely given the results we will dis-
cuss later (Experiments 5 and 6) showing that local information is
registered even in the smaller displays, albeit in a statistical summary
rather than in a representation of precise spatial position.
Experiment 3’s findings raise interesting questions about how the

visual system separates local contour features and global form from
each other. One simple way that local contour features could be sepa-
rated from the global form is by making use of the multiscale edge
detectors in early visual areas and sorting features as local or global
based on absolute spatial frequency. This explanation seems implausi-
ble in its basic form because it follows that retinal image sizewould be a
primary determinant of how contour shape is represented and therefore
makes the unlikely prediction that our contour representations would
change greatly with viewing distance. The data from Experiment 3
also cast doubt on this simple explanation, as some local features that
were below threshold in Experiment 2 would be above threshold in
Experiment 3. We return to this issue in the General Discussion.

Experiment 4

The results of Experiment 3 suggest that participants’ insensitivity
to local contour features is not restricted to cases in which the size of
the individual features is below some threshold. An important ques-
tion remains about what happens to the local shape information
later in perceptual processing. We found little evidence that humans’
shape representations include information about individual local ele-
ments from Experiments 1–3. An interesting question is whether this
result is somewhat specific to the presentation time used. Past research
using hierarchical displays (e.g., a large letter comprised smaller letter
elements) suggested an interplay of observers’ local and global shape
representations with time of exposure (Navon, 1977).
Kimchi (1998) tested whether configural or local features had a

more significant priming effect for various exposure durations of a
priming display. She found that short exposures (up to 150 ms)
resulted in greater configural priming than local priming. When
the exposure time of the priming stimulus was increased to 100–
390 ms, individual local elements had a greater priming effect
than the overall configuration of the display. The priming effect
reversed back to favor global configurations with longer exposures
(690 ms). These findings suggest that global information dominated
at brief and long exposure times, but there may be intermediate expo-
sure times at which individual local features are represented.
In Experiment 4, we tested whether participants’ insensitivity to

local contour features in our previous experiments is really due to
a different way of processing local vs. global shape features or if
this result is specific to the exposure duration we chose in
Experiments 1–3. Our 150 ms presentations are right in the range
where other research involving local and global information might
lead one to expect that global information would eclipse local infor-
mation. What would happen if the exposure time were increased to
350 ms, when some local information may figure more prominently
in observers’ representations? We tested participants’ sensitivity to
local and global changes at both 350 ms, where past research has
shown that local features are spontaneously individuated, and at
690 ms where global features appeared to reassert dominance in
the hierarchical display work. Our goal was to determine whether,
as in Kimchi (1998), increasing participants’ exposure time to stim-
uli with both local and global contour features would result in greater

sensitivity to changes in individual local contour features relative to
sensitivity to global shape changes.

Method

Participants

We conducted two studies, one in which participants saw the first
stimulus for 350 ms and one in which they saw the first stimulus for
690 ms. For the 350 ms study, we collected data from ten participants
(five male, five female, Mage= 29.6). Nine of the participants were
recruited online through Prolific and were compensated monetarily
for their participation. The tenth participant was one of the authors
(NB). For the 690 ms study, ten (six male, four female, Mage = 22.8)
participants completed this study. For the 350 ms study, nine partici-
pants were recruited through Prolific and one was an author (NB). All
participants had normal or corrected-to-normal vision and all except
NB were naïve to the purpose of the study.

Display and Apparatus

Since the experiment was completed online, screen size and dis-
tance were not fixed. The experiment adjusted the absolute size of
stimuli so that it covered the same proportion of the screen for differ-
ent monitors.

Stimuli

The stimuli used in Experiment 4 were identical to those used in
Experiment 2.

Design

The design of Experiment 4 was identical to the design of
Experiment 2, consisting of 120 Local condition trials and 120
Global condition trials. In each condition, the shape presented sec-
ond was different in half of the trials. The experiment differed
from Experiment 2 only in the exposure time of the first display
(350 ms for 10 participants and 690 ms for 10 participants).

Procedure

The procedure of Experiment 4 was identical to the one used in
Experiment 2 except for exposure times to the first shape display.
Participants were shown a fixation cross for 330 ms, after which
the first shape was shown for 350 or 690 ms in the two conditions,
respectively (instead of 150 ms in Experiment 2). The first shape
was covered by a pattern mask for 500 ms, followed by the second
shape which was shown for 1,000 ms and then masked for
500 ms. Following the second mask, participants were asked to
decide whether the second shape was identical to the first irrespec-
tive of a change in orientation.

Results

The results of Experiment 4 are shown in Figure 10, along with
the earlier results from Experiment 2 (150 ms presentation time)
for comparison. One participant’s data from the 690 ms condition
was not included in the analysis due to at-chance performance in
all conditions. Including this participant’s data did not meaningfully
alter the results.
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As in Experiment 2, we found a significant difference between
performance in the Local and Global conditions with both
350 ms, t(9)= 3.77, p= .004, Cohen’s d= 1.19, and 690 ms of
exposure time, t(8)= 5.10, p, .001, Cohen’s d= 1.54. To analyze
whether varied exposure times had an effect on the relationship
between participants’ performance on the global task vs. the local
task, we conducted a 2× 3 mixed ANOVA with shape change
(local vs. global) as a within-subjects factor and exposure duration
(150, 350, or 690 ms) as a between-subjects factor, including the
data for 150 ms from Experiment 2. The ANOVA revealed no signif-
icant interaction between the performance on the shape change con-
ditions and exposure time, F(2, 34)= 0.07, p= .93, η2partial, 0.01.
There was a significant main effect for local vs. global shape, F(1,
34)= 73.84, p, .001, η2partial = 0.69, but not for exposure duration,
F(2, 34)= 2.81, p= .074, η2partial = 0.14.
Individual comparisons revealed a marginally significant differ-

ence in local sensitivity for 150 ms vs. 350 ms, t(26)= 2.09,
p= .05, Cohen’s d= 0.82, and for 350 ms vs. 690 ms, t(17)=
2.13, p= .05, Cohen’s d= 0.98, but no significant differences
between local performance for 150 ms vs. 690 ms, t(25)= 0.80,
p= .43, Cohen’s d= 0.33. There was no significant difference
in global sensitivity between the 150 ms condition and either the
350 ms condition, t(26)= 1.43, p= .16, Cohen’s d= 0.57, or
the 690 ms condition, t(25)= 0.29, p= .82, Cohen’s d= 0.09,
nor was there a significant difference between the 350 ms condi-
tion and the 690 ms condition, t(17)= 1.10, p= .29, Cohen’s
d= 0.51.

Discussion

In Experiment 4, we tested an alternative interpretation of our data
that global information is not necessarily represented better than
local information but rather, the time course of its representation is
different. This hypothesis was inspired by work by Kimchi (1998,
2015), using a different paradigm, that showed that the local constit-
uent elements of a display can have equal priming potency as more
global shape properties, but these local elements require more
encoding time before their effects manifest.
We tested for the possibility that local contour features in our dis-

plays would be represented in a way more similar to what was

observed for global contour features by extending the presentation
duration of the first display from 150 to 350 ms, the encoding time
at which local priming matched or slightly exceeded global priming
in Kimchi’s (1998) study, and at 690 ms, the encoding time at which
configural information reasserted dominance. In our experiment, the
results showed little effect for exposure time on participants’ relative
sensitivity to local and global shape properties. Performance was
slightly (but not significantly) lower in both the Local and Global
conditions at 350 ms (Experiment 4) than in the corresponding con-
ditions at 150 ms (Experiment 2). Statistical analysis showed no
interaction between exposure duration and type of shape change
when we analyzed the data from Experiments 2 and 4 together.
These results suggested that overall performance may vary modestly
with exposure duration (or due to the different subject groups in the
three exposure duration conditions) but there was no indication of
differences in the relative strength of global and local information
across the different exposure durations in our paradigm.

Why does exposure time appear to play such a small role in our
experiment compared to previous findings in local vs. global encod-
ing? Our own stimuli and paradigm differed from those used by
Kimchi in several important ways. First, the individual local features
in our experiments were randomly sampled from a distribution, not
uniform in shape as in Kimchi’s (1998) study. Consequently, encod-
ing the individual local features in our shapes would require repre-
senting a large number of individual local features, while
encoding the local elements in the displays used by Kimchi could
be accomplished by categorizing all the local elements as either
checkers or columns. We believe that Kimchi’s (1998) findings
are in fact consistent with our hypothesis that the local features are
not encoded individually but statistically. Priming based on local
features in Kimchi’s study could be accomplished without represent-
ing each square or rectangle individually, but by encoding a statisti-
cal description of the local elements in the display.

Another key difference is that in our displays, the local elements
were only along the shape’s bounding contour, whereas in Kimchi’s
displays, they formed the internal texture of the shape. It seems
possible that improved performance observed by Kimchi was
due to some kind of texture processing that is not evoked by our
displays.

Experiment 5

Experiments 1–4 supported our global–local theory by furnishing
evidence that local contour feature changes were poorly represented.
Experiments 2 and 3 tested other possible interpretations, such as the
possibility that local changes were not detectable, and found evidence
of the same pattern of results evenwhen the size of figures, and of their
local contour perturbations, were increased by 50% andwhen the total
amount of difference was equated for global and local stimuli. These
results cast doubt on the idea that there is a single general contour
shape processing system, but they do not comprise a direct test of
our proposal that local contour features are encoded via a statistical
summary. In Experiment 5, we addressed this issue directly by inves-
tigating participants’ sensitivity to changes in local contour features in
the presence of changes to their summary statistics. Our hypothesis
was that when the new set of contour features was sampled from a dif-
ferent distribution, participants would be more sensitive to the change
than when the new set of features was sampled from the same
distribution.

Figure 10
Experiment 4 Results

Note. The data for 150 ms are from Experiment 2. The error bars show
the 90% confidence interval of the mean. See the online article for the
color version of this figure.
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Method

Participants

Twenty-one (18 female, two male, one gender not specified,
Mage= 20.9) participants from the University of California, Los
Angeles completed this study online for course credit. All partici-
pants had normal or corrected-to-normal vision.

Display and Apparatus

Since the experiment was completed online, screen size and dis-
tance were not fixed. The experiment adjusted the absolute size of
stimuli so that it covered the same proportion of the screen for differ-
ent monitors.

Stimuli

All stimuli were shown as black outlines on a gray background.
The stimulus was shown in the center of the screen, extending
over 37.5% of the horizontal space and 60% of the vertical space
on the screen.
We generated four kinds of shape pairs for comparison in

Experiment 5: matched statistics, different frequency, different
phase, and different amplitude. In the Matched Statistics condition,
we sampled a new set of contour features from the same distribution
from which the features for the first member of the pair were sam-
pled. Both sets of contour features had 80 control points and the
mean of the distribution from which amplitudes were sampled was
the same. We also wanted to ensure that shape pairs were not merely
sampled from the same distribution but did in fact have matched sta-
tistics themselves. To that end, we computed the mean and standard
deviation of the amplitude of bumps for both shape pairs and resam-
pled until the differences in their means and standard deviations were
both less than 0.01.
In the different frequency (Frequency Change) condition, we

manipulated the number of bumps along the contour by a Weber
fraction of 1.5, such that the original stimulus with 80 bumps was
paired with another shape that had either 53 or 120 bumps. The

mean and standard deviation of the amplitudes were matched as in
the matched statistics condition.

In the different amplitude (Amplitude Change) condition, the
amplitude of the bumps was increased or decreased by a Weber frac-
tion of 1.5. The frequency of the bumps was kept the same as the first
member of the pair. Sample shape pairs for all four conditions are
shown in Figure 11.

In the different phase (Phase Change) condition, we shifted all the
local contour features so that the peaks and troughs were approxi-
mately halfway between the peaks and troughs in the first member
of the pair (1.67% of the contour’s total length). This had the effect
of preserving all frequency and amplitude statistics but changing the
spatial relationships between the local and global features. Whereas
the prediction from a summary statistics view of local contour pro-
cessing is that changes in the amplitude and frequency would change
the contour statistics sufficiently to enhance discrimination, the pre-
diction for phase was the opposite. The essence of the local contour
statistics hypothesis is that the visual system does not in general
encode the local contour orientations or fluctuations at specific loca-
tions. If so, then preserving frequency and amplitude statistics, but
moving the positions of particular features to different places
along the contour (phase shift) should be difficult to discriminate.

Design

The experiment consisted of four change conditions with 40 trials
per condition plus another 160 no-change trials. All conditions were
randomly interleaved. Participants completed eight practice trials
before beginning the main experiment. At least one trial from each
of the four conditions was completed during practice.

Procedure

Apart from the difference in stimuli, the procedure and instruc-
tions for Experiment 5 were identical to those used in
Experiments 1 and 2. Participants were shown two shapes, one
after the other, then asked to determine whether the second shape

Figure 11
Sample Shape Pairs for Experiment 5

Note. Columns from left to right: (A) Matched Statistics condition, (B) Frequency Change condition, (C)
Amplitude Change condition, and (D) Phase Change condition.
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was exactly the same as the first shape apart from a difference in
orientation.

Results

As in Experiments 1–4, we analyzed results in terms of sensitiv-
ity, where a hit was a correct detection of a change in shape and a
false alarm was an incorrect report of a change in shape. Since
there were no differences in the same trials between conditions,
false alarm rates were calculated as the proportion of “different”
responses across all same trials in the experiment.
The primary results of Experiment 5 are shown in Figure 12. A

one-way repeated measures ANOVA confirmed that there were dif-
ferences in sensitivity between conditions, F(3, 60)= 28.84,
p, .001, η2partial = 0.59. Paired samples t-tests revealed a significant
difference between the Amplitude Change and Frequency Change
conditions, t(20)= 2.96, p= .008, Cohen’s d= 0.67, 95% CI for
difference= [0.078, 0.366]; a significant difference between the
Frequency Change and Matched Statistics conditions, t(20)=
2.47, p= .022, Cohen’s d= 0.52, 95% CI for difference= [0.032,
0.236]; a significant difference between the Amplitude Change
and Matched Statistics conditions, t(20)= 5.35, p, .001, Cohen’s
d= 1.16, 95% CI for difference= [0.226, 0.486]; and a significant
difference betweenMatched Statistics and Phase Change conditions,
t(20)= 4.33, p, .001, Cohen’s d= 0.97, 95% CI= [0.207, 0.549].
After correcting for multiple comparisons, the difference between
the Frequency Change and Matched Statistics conditions became
marginally significant.

Discussion

Experiment 5 tested the hypothesis that the system responsible for
processing local contour features primarily encodes information
about the distribution from which features are sampled, not the prop-
erties of individual features. We hypothesized that the statistical
information people encode about high-frequency contour features
might include information related to the mean and standard devia-
tion of the amplitude of features and the frequency of features
along the contour. We therefore predicted that participants would
have the greatest sensitivity to local contour feature changes that
included a change in the frequency or amplitude of the features,

and that participants should be relatively insensitive to changes
that did not affect these summary statistics of the features, such as
resampling from the same distribution or shifting the same features
a small amount along the contour.

Our results broadly aligned with these predictions. Sensitivity was
highest for amplitude and frequency differences and lower for phase
differences and matched statistics. Performance in the Amplitude
Change and Frequency Change conditions, but not the other condi-
tions, approached participants’ sensitivity to a global shape change
in Experiments 1 and 2. This suggests that outputs from the process-
ing system responsible for local features are much more sensitive to
differences in the statistical distributions from which local features
are sampled than specific descriptions of individual features.
These results show that local contour perturbations on the order of
those used in Experiments 1 and 2 are not simply poorly encoded;
rather, discrimination is poor when local contour features are
changed but summary statistics are preserved. In Experiment 5,
when summary statistics were varied, performance was reliably bet-
ter than in the earlier experiments. The latter finding indicates that
the issue is not the detectability of local contour perturbations but
what gets encoded into shape representations. Local contour pertur-
bations as used in these experiments must be detectable; otherwise,
changes in their statistics would be undetectable. The particular posi-
tions and topography of local contour features are not encoded as
such; rather these detectable properties appear to be utilized as inputs
into a summary statistical representation for purposes of shape
representation.

Participants performed better for changes in the mean amplitude of
contour features than for changes in the frequency of features, and
both of these were better detected than local feature differences that
had matched statistics. In our design, we equated the Weber fraction
for differences in amplitude and frequency, using a ratio of 1.5:1 for
both conditions. It appears that the local processing system’s sensitiv-
ity to the frequency of features is coarser, by this metric, than its sen-
sitivity to the amplitude of local features, resulting in less reliable
detection of contour changes brought about by a change in frequency.
One reason that the statistical representation for local feature ampli-
tudes might be more precise than local feature frequencies is that fre-
quencies are a second-order relation that depends on the prior
detection of amplitude. In order to detect the frequency of local con-
tour features, one must determine the distance between peaks of indi-
vidual features, which presupposes that the peaks have been detected.
By that point, amplitude should already have been obtained.

Another possible explanation for participants’ higher sensitivity to
amplitude than frequency has to do with how the visual system sepa-
rates local contour features from global shape. Oneway the visual sys-
tem could do this is by comparing the responses of oriented detector
outputs at multiple scales, selecting the scale that perceives a relatively
small number of contour features, and discarding features below that
scale in its global shape representation (see “General Discussion” for a
more detailed description of this hypothesis). If the visual system sep-
arates global shape from local contour features in this way, the rough
amplitude of the local features can be obtained for free simply by
looking at the chosen scale of detectors, whereas frequency requires
additional processing to be represented statistically.

Sensitivity (d’) for contour features that were different but statisti-
cally matched to the first shape was 0.66. Performance was better for
this Matched Statistics condition than was observed in Experiment 1
(d′ = 0.32) or Experiment 2 (d′ = 0.44).We sampled an entirely new

Figure 12
Sensitivity Results from Experiment 5 by Stimulus Condition

Note. Error bars show the 90% confidence interval of the mean. See the
online article for the color version of this figure.
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set of contour features for each stimulus pair with locally different
instances in Experiment 5, whereas in the previous experiments,
we inverted the polarity of all contour features. We did this to test
a more specific hypothesis about what statistical properties of the
local contour the visual system represents. Statistics were matched
in terms of mean amplitude, variance of the amplitude, and fre-
quency. These statistics appear to play a large role in subjects’ sen-
sitivity to a contour change, but observers’ higher sensitivity to
contour differences in Experiment 5 may indicate that the system
processing local contours encodes types of statistical information
about local features beyond those we matched. For example, the
visual system might encode more information about the distribution
of curvatures within local contour features, although past research
indicates low sensitivity to curvature differences of local features
in search tasks (Dickinson et al., 2018).
One particularly striking result is how low participants’ sensitivity

was for pairs of shapes in which the local features were phase-shifted
a small distance along the shape’s contour. Unlike the other three
conditions, the features in the phase condition were otherwise iden-
tical to those in the first display, so any statistical differences we may
not have accounted for in the matched statistics condition would be
precisely matched in phase-shifted shape pairs. At the same time, if
local contour features were represented precisely in the same system
as global features, we would expect high sensitivity to changes in
phase as the shift along the contour alters relationships between
local and global features. Performance in the Phase Change condi-
tion suggests independence between local and global contour fea-
tures, as there appears to be no precise binding between local
features and their position on the shape’s global structure.

Experiment 6

In Experiments 1–5, we found evidence that the visual system is
more sensitive to the global shapes of objects than to relatively high-
frequency, low-amplitude local contour features along an object’s
boundary. While shape representations appear to include descrip-
tions of global features and relations of parts, local contour features
are seemingly described by a small set of statistical properties.
Differences in processing for local and global shape information
suggest that they are handled by distinct systems. If so, we would
predict that these two systems would have distinguishable effects
on other perceptual tasks. In Experiment 6, we developed a conver-
gent measure and additional direct test for the independence of local
and global shape features in the context of visual search.
In visual search, targets that differ from distractors by a single fea-

ture tend to “pop out” from the search array, resulting in a search time
that is independent of the number of elements in the array (Treisman,
1986; Wolfe & Horowitz, 2017). However, when the visual system
must integrate two independent features, such as shape and color,
search time becomes serial, increasing with the size of the array
(McElree & Carrasco, 1999; Quinlan & Humphreys, 1987;
Treisman & Gelade, 1980; Wolfe & Bennett, 1997). According to
Treisman and Gelade’s (1980) Feature Integration Theory, basic
visual features are extracted automatically and in parallel across
the visual field, but independent features of an object can only be
integrated together with focused attention.
Experiment 6 tested whether local and global aspects of shape are

processed together or independently in human perception. If
descriptions of local contour features and global form are

represented in independent systems, we reasoned that models of fea-
ture integration from visual search might predict that they should
require focused attention to be integrated together. If, on the other
hand, our theory is incorrect and local and global features are pro-
cessed in the same system, differences among items in what we
have been calling local and global features would not require con-
junction search. Readily detectable contour shape differences, either
local or global, or their combinations, might all produce more effi-
cient search than is typically seen for conjunctions of properties pro-
cessed separately.

Method

Participants

Twenty-one (8 female, 11 male,Mage= 31.9) people participated
in this study. About half the participants completed the study for
course credit. The other half volunteered to complete the study with-
out compensation. All but two participants were naïve to the purpose
of the experiment before completing it. No significant differences
were found in the data with these two participants omitted. All par-
ticipants had normal or corrected-to-normal vision.

Display and Apparatus

All participants completed the experiment online and had variable
screen sizes. They were instructed to sit 1.5 times the diagonal length
of their screen away from the monitor while completing the experi-
ment but were also told they could adjust if this distance was uncom-
fortable for them.

Stimuli

All shapes were shown as black outlines on a white background.
Each shape extended over up to 16.7% of the horizontal space on the
screen and up to 22% of the vertical space. In each trial, there was a
target shape and 4, 8, or 12 shapes in a search array. The target was
always shown in the top left of the screen outlined by a blue square.
In target-present trials, there was also an identical target in the search
array. In the target-absent trials, no shape in the search array was
identical to the target. The shapes in the search array were displayed
in a grid. The four-element search array was in a 2× 2 grid, the
eight-element search array was in a 4× 2 grid, and the
twelve-element search array was in a 4× 3 grid. Shapes in each
search array were positioned so that the mean distance from partic-
ipants’ fixation was equated for all three array sizes. All elements
in the search array were rotated by the same magnitude and direction
10–30 degrees off from the target exemplar in the top left.

We tested three different search array conditions: Local, Global,
and Conjunction. In the Local condition, all shapes in the search
array had the same global form as the target, but only the target
had the same local contour features. The distractors all had different
local contour features from each other, but the frequency of their
contour features was matched, while the target had a different fre-
quency of features. In half of the target-present trials, the target
shape had 25 bumps along its contour while the distractors had 80
bumps, and vice versa in the other half. In terms of actual contour
features, all shapes in the array were unique, but in terms of statistics
of features, only the target was unique. This arrangement differed
from most visual search studies in which distractors are typically
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uniform or fall into a small number of categories with identical items
in each. Our design leveraged the idea that pop-out in this context
might be possible based on the common contour statistics of distrac-
tors, despite the uniqueness of the local contours of each item in the
display (for displays where local information was varied between
target and distractors).
In the Global condition, both the target and all shapes in the search

array had the same set of local contour features added to them. The
local contour features had 25 bumps in half of the trials and 80 in the
other half. The target always had a global form different from any of
the distractor. The distractors all shared the same global form and
were identical to each other.
In the Conjunction condition, the target had a unique combina-

tion of local contour features and global form. All shapes in the
array had added local contour features, half of which had the
same frequency as the target and half of which had a different fre-
quency. Likewise, half of the shapes in the array had the same global
form as the target and half had a different global form. No distractor
had both the same global form and the same frequency of local con-
tours as the target. A sample search array for each condition is
shown in Figure 13.

Design

Experiment 6 employed a 3 × 3 (condition type× search array
size) within-subjects design. Different condition types were done
in blocks with randomly interleaved search array sizes in each
block. Each block consisted of 20 target-present trials plus 20
target-absent trials for each of the three array sizes. The order of
the three blocks was randomized for each subject to eliminate any
systematic fatigue or practice effects. Participants completed six
practice trials before beginning the main experiment.

Procedure

In each trial, participants were first shown the search target shape
by itself in the top left of the screen enclosed by a blue square. The
target remained on the screen for 1,500 ms. It then disappeared and a
red fixation cross was presented in the center of the search array loca-
tion for 500 ms. The fixation cross disappeared, and the search array
was shown on the screen. The target in the top left was also shown
with the search array for participants to use as a reference if needed.
Participants were instructed to decide if the target was present or

Figure 13
Sample Displays for Experiment 6

Note. (A) A 4-element search array in which the target has different local contour features than the distractors. (B) An 8-element search array in which the
target has different global form than the distractors. (C) A 12-element search array in which the target has a unique combination of local features and global
form. The black rectangles (not present in the experiment) are added in the figure to separate the displays. The blue/dark gray rectangle within each condition
was shown during the trial to show subjects the target they were supposed to look for in the search array. See the online article for the color version of this figure.
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absent in the search array. They were told to respond affirmatively as
soon as they had found the target, but to check all shapes in the array
before reporting that the target was absent. Participants were given
feedback after each trial telling them if the target was present or
absent.
During practice, we showed each of the three different target con-

ditions and each of the three different array sizes. Feedback in practice
wasmore detailed than during the main experiment. After participants
responded, the target (if present) was circled in red and an explanation
about how the target differed from the distractors was given. This
explanation was different for each of the three conditions.
Before each block in the main experiment, participants were given

a brief explanation of how the target would differ from distractors in
the next block of trials. We did this to reduce any confusion partic-
ipants might have in what to look for during the first few trials in the
new condition.

Dependent Measures and Data Analyses

Two subjects were excluded from the final data set because their
accuracy was below 65% in all three conditions. For the remaining
subjects, we analyzed time to respond as a function of array size
for the local, global, and conjunction conditions. We report target-
present data only, where search time more systematically varies
betweeen feature and conjunction searches (e.g., Treisman &
Gelade, 1980; Quinlan & Humphreys, 1987), whereas target-absent
data may involve additional issues of search termination criteria that
are not of primary interest here (Chun & Wolfe, 1996). All of the
main findings of this experiment, however, remain unchanged
when target-absent data are also considered.

Results

The results of Experiment 6 are shown in Figure 14. In the
Conjunction condition, there appears to be a clear linearly increasing
function relating response time to increasing set size of the search
array. The Local and Global conditions showed much flatter search
functions across different array sizes in the local and global condi-
tions. Following Quinlan and Humphreys (1987), we performed a
repeated measures ANOVA and tested for a linear component in

within-subjects contrasts for each display condition. For the
Conjunction condition, where the target had a unique conjunction
of local and global features, an ANOVA confirmed a substantial lin-
ear relationship between response time and set size, F(1, 18)=
40.51, p, .0001. This linear component accounted for 72.2% of
the variance; the search slope was 258 ms per item, and the ratio
of the slope to the intercept was more than five times larger than
in either the local or global condition (0.15 vs. 0.022 and 0.028,
respectively).

In the Local condition, there was a reliable linear component, F(1,
18)= 16.39, p= .001, which accounted for 40.6% of the variance.
In the Global condition, there was also a reliable linear component,
F(1, 18)= 13.92, p= .002, which accounted for 43.6% of the vari-
ance. Compared to the slope in the Conjunction condition, both the
Local and Global conditions were quite shallow. Search time
increased by 46 ms per item in the local condition and 53 ms per
item in the global condition. These increases were less than 1/5 of
the 258 ms per item slope in the Conjunction condition and minimal
relative to the intercept terms for each condition (2,047 and 1,869 ms
for the local and global conditions, respectively).

Differences in response times in this experiment cannot be
explained by a speed-accuracy tradeoff. In our data, accuracy for
the Local, Global, and Conjunction conditions was 93.7%, 95.4%,
and 95.1%, respectively. A repeated measures ANOVA confirmed
that there were no significant accuracy differences between the con-
ditions, F(2, 36)= 0.61, p= .512. Some research has found a differ-
ence in accuracy for conjunction search trials compared to feature
search trials (Treisman, 1993; Wolfe, 1994), but we found no evi-
dence for a loss in accuracy when searching for a conjunction of
local and global shape features compared to searching for a single
feature.

Discussion

Experiment 6 compared visual search time for shapes that dif-
fered in local contour features and/or features of global form.
Our hypothesis was that local and global features are distinct and
processed independently, and focal attention should be required
to integrate both features together (Treisman & Gelade, 1980).
An alternative hypothesis is that local and global features are pro-
cessed by the same system and that global features are simply larger
local features. Under this hypothesis, we might expect that search
time for a conjunction of local and global features should not be
different from search time for local or global features on their
own. Participants had flat or nearly flat search times for both
local contour features and global form. This suggests that the dif-
ferences between targets and distractors in the Local and Global
conditions comprised features that could be searched for in parallel
across the visual field. Although search times did increase slightly
with larger array sizes, the increases were small enough relative to
the intercepts that they are most likely explainable by the presence
of more retinally eccentric shapes in the larger array (Eckstein,
2011; Palmer, 1995; Scialfa & Joffe, 1998) and/or crowding effects
from shapes being closer together in larger arrays (Vlaskamp &
Hooge, 2006).

The speed at which participants could detect the target in the
Local difference condition is especially remarkable because all
shapes in the array, including distractors, had unique sets of local
contour features. What defined the task and made the target shape

Figure 14
Response Times as a Function of Array Size in Experiment 6

Note. Error bars represent the 90% confidence interval of the mean. See
the online article for the color version of this figure.
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pop out among the distractors was not the uniqueness of its high-
frequency features but a unique set of statistical properties of the
high-frequency features. Shapes that had matched statistical proper-
ties, but different local elements, could only be differentiated by
close scrutiny, but shapes with different statistical properties popped
out in the array. In Experiment 5, we found a (statistically adjusted)
marginal difference in discriminability for shape pairs with matched
statistics and shape pairs with a frequency ratio of 1.5:1. We conjec-
tured that the visual system’s sensitivity to differences in frequency
might depend on a larger Weber fraction. The results of Experiment
6 support that conjecture: statistical differences in frequency resulted
in pop-out with the 3.2:1 ratio used here.
Previous research using a visual search paradigm has found that

other kinds of local features cannot be searched for in parallel.
Dickinson et al. (2018) compared visual search times for targets
that differed from their distractors by the frequency of their RF pat-
tern (a global feature) or by the curvature of frequency-matched con-
tour distortions (a local feature). They found that only global
properties, such as the relations between features resulted in parallel
search time, whereas the curvatures of individual features needed to
be searched through in serial time.
Why, then, do we find that local contour feature differences pop

out in our search arrays but not in those used by Dickinson et al.
(2018)? The key difference might be the use of a statistical contrast
vs. a more specific local feature underlying search in the two tasks.
In Dickinson et al., the targets differed in their local contour prop-
erties; in a key comparison, rectified RF patterns (i.e., patterns with
an orientation discontinuity at their peaks) were searched among
regular RF patterns (i.e., patterns that are differentiable at all
points). If the local contour system is really concerned with the
overall statistics of the contour’s local features, it might find that
the two displays are generally very similar to each other, made
up either of smooth (in the case of regular RF patterns) or mostly
smooth (in the case of rectified RF patterns) parts. In its statistical
representation of local shape, the visual system may be relatively
insensitive to the variations of local contour features used in the
Dickinson et al. studies. As a result, it may form a statistical
description of the rectified RF shape’ local contour features that
is very similar to the description of the regular RF shapes’ local
contour features. If the cornersof the rectified RF shapes factor lit-
tle into humans’ statistical estimations of local shape in these pat-
terns, then Dickinson et al.’s results are consistent with our findings
supporting a statistical representation, rather than precise local
description, of local contour perturbations.
Support for the hypothesis that local and global shape features are

distinct and independent comes from the large increase in search
time as a function of array size observed in the conjunction condi-
tion. Pop-out ceases when detection of the combined features is
required in the search task. Even if one argued that the single-feature
visual search tasks in the local and global conditions are not truly
parallel, the difference in slope for the conjunction condition indi-
cates an integration of two independent features. Under the alterna-
tive hypothesis that local and global features are processed in the
same system, wewould expect the degree towhich visual search var-
ies with array size to depend on the similarity between the target and
the distractors (Pashler, 1987), regardless of whether differences are
local, global, or both.
In the conjunction search task, the difference between the target

and the distractor was never smaller than it was in either the global

search task or the local search task. It differed from half the distrac-
tors by the same amount as in the local search task and half the dis-
tractors by the same amount as in the global search task. If global and
local features are part of the same description, then, the slope in the
conjunction condition might have been expected to be no more than
the mean of the slope of the local and global conditions. Instead, it is
much greater than either slope, indicating that the two features are
distinct, and the visual system must integrate them together in a pro-
cess that requires focal attention. For example, in a basic ideal
observer model of the task using a shape description in which
local features and global features were not separated, we would
expect the ideal observer to have a faster search rate than in either
the local or global task. The total amount of shape difference is
strictly larger in the conjunction task than in either of the other
two tasks, but search rate is serial. Local and global features appear
to be processed separately from each other and integrated together
only through focal attention.

General Discussion

The goal of this research was to investigate the relations of shape
coding of the global form of an object and descriptions of the local
features from which the object’s shape is composed. Logically,
global shape must be based in some fashion on the local positions
of contour elements, but a century of research in perception has
shown that what is ultimately represented often depends on relations
among elements and often results in little retention of elements pre-
sent during sensation (Baker & Kellman, 2018; Kanizsa, 1976;
Koffka, 1999; Navon, 1977; Pomerantz & Portillo, 2011; Tanaka
et al., 1998). At the same time, some information about local contour
features is preserved from local sensory information (Erens et al.,
1993; Kimchi, 1998; Mamassian et al., 1996). We aimed to clarify
the degree to which local and global information are processed
together and to better understand what information about a shape’s
local contour features is represented beyond the visual icon.

Our hypothesis was that local contour features and global shape
descriptions are largely processed independently and in separate sys-
tems. This theory was partly inspired by past experiments studying
the discrimination between simple circles and circles modified by
the addition of RF patterns, which showed that detection of the target
is different when high (local) and low (global) RF patterns are added
to the contour (Bell et al., 2007; Jeffrey et al., 2002). Investigation of
the influence of the orientation of individual elements on global con-
tour perception has also suggested that local orientation features are
processed separately from global shape (Prins et al., 2007). We also
hypothesized that the visual system represents local contour features
in a fundamentally different way from global form. While represen-
tations of global form are highly descriptive about the curvature, rel-
ative size, orientation, and relative positions of various parts,
representations of local contour features do not in general specifi-
cally describe the individual elements. Instead, we proposed that
the visual system captures statistical summaries of the properties
of local contour features, it is mainly sensitive to contour differences
that change these statistical properties.

Differences in participants’ sensitivity to global form and local
contour features in Experiment 1 supported the idea that the two
kinds of shape features are handled by different systems.
Experiment 1 also found that sensitivity was as high for global
shape differences as for a combined global and local shape
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differences. The shapes in the local and global conditions always had
strictly more total dissimilarity than the global only condition. If
local and global contour features are processed in a single system,
we would have predicted larger differences in the contour to corre-
spond to better accuracy in detecting a shape change. A lack of
any indication of additivity in local and global features suggested
that they are handled in separate systems and do not necessarily inter-
act in recognition tasks.
Experiment 2 followed up on this finding by equating the amount

of physical difference between locally and globally distinct shape
pairs. If local and global information are processed in the same sys-
tem, we expected the amount of physical difference between the
pairs to be the main predictor for detectability of differences between
the two shapes. Participants should therefore have had similar sensi-
tivity in the local and global conditions when similarity was equated.
To the contrary, sensitivity was markedly higher in shape pairs that
differed in global features than shape pairs that differed in local fea-
tures, providing evidence that the two kinds of contour features are
processed in different systems with different representational priori-
ties. Similar results have been obtained with alternative methods. For
example, an analysis of Fourier descriptors using reverse image cor-
relation found that low-frequency shape components played a larger
role in shape discrimination than high-frequency components
(Wilder et al., 2018).
In addition to physical dissimilarity, we used ShapeComp

(Morgenstern et al., 2021) to predict perceived similarity using a
combination of many prominent models of shape representation.
ShapeComp predicted that locally different shapes should be more
discriminable from each other than globally different shapes, the
opposite of what we observed in our data. This discrepancy supports
the view that local contour features are described statistically, in a
fundamentally different way than global features. Models that
include local contour properties as individualized features in the
visual system’s shape representations cannot fully explain perfor-
mance on visual discrimination tasks.
In Experiments 3 and 4, we tested two alternative explanations for

participants’ low sensitivity to local contour features. We first tested
the hypothesis that the local features in Experiment 2 were below a
threshold for detection or were less impactful because they required
special scrutiny to encode. We enlarged the stimulus’ size on the
screen by 50% and compared participants’ sensitivity to the
enlarged stimuli with the sensitivity observed in Experiment
2. Analyses revealed no difference in participants’ sensitivity,
and specifically, no gain in representation of local features, with
enlarged displays. These results suggest that the visual system
does not fail to extract local contour features due to their retinal
size but due to a difference in how these kinds of features are rep-
resented. The results of Experiment 3 also suggest that the mecha-
nism by which local and global features are processed separately is
size invariant within some range, having to do with object-centric
concerns like the relative size of local and global features rather
than features of the proximal stimulus.
In Experiment 4, we tested the hypothesis that local features are

individually represented in our shape descriptions but take more
encoding time than global features. We extended the exposure dura-
tion of our stimuli from 150 to 350 ms and 690 ms, but once again
found no difference in observers’ sensitivity to local contour fea-
tures. The lack of improvement in the local condition with additional
processing time supports the notion that perceivers ultimately form a

statistical, not an individuated representation of local contour fea-
tures. When the statistics of the local features were matched as in
Experiment 4, observers were unable to detect a difference between
shapes even with longer exposure.

Participants’ low sensitivity for phase-shifted contour features in
Experiment 5 also suggests independent local and global processing
systems. In this condition, local contour features were preserved but
shifted along the global form of the object. If participants repre-
sented local and global features together, then all of the changes in
the spatial relationships between the small and large features
would result in a very different percept. Instead, the visual system’s
description of local contour features appears to be independent of
their position relative to the global features of the shape.
Participants’ low sensitivity to phase in the local condition con-
trasted sharply with the global condition, where the angular posi-
tions of curvature features are a highly salient cue (Pasupathy &
Connor 1999, 2001, 2002). In Experiments 1–4, we rotated the
shapes a small amount between their first and second presentation.
This did not appear to affect participants’ sensitivity to global
shape differences, suggesting that the angular position of global fea-
tures is an object-centric consideration in global shape encoding,
defined by the relative positions of global features, as has been pre-
viously proposed (Dickinson et al., 2013, 2018).

Experiment 6 was an additional direct test of independence
between local and global systems, using a converging method.
Following Treisman and Gelade’s (1980) Feature Integration
Theory, we predicted that if local and global aspects of shape are dis-
tinct feature dimensions, then they should require focal attention to
be integrated together. This hypothesis was confirmed in a visual
search task in which the target could differ from distractors in
local statistical properties, global form, or a conjunction of the
two. While targets that differed only in local statistical properties
or global form popped out in the search array, targets with a conjunc-
tion of local and global features required serial search time. Targets’
physical dissimilarity to distractors was just as high in the
Conjunction condition as in the Local or Global conditions, so a
steeper search slope in the conjunction condition is evidence that
the visual system needs to integrate distinct features together to do
the task.

Besides implicating separate systems for global and local contour
information, the results of our experiments also support the idea that
the visual system represents statistical properties of local contour
features rather than each feature individually. In Experiments 1–4,
local change trials inverted the polarity of all bumps along the
object’s contour. Even though no local contour feature was the
same, participants had difficulty detecting a difference between
locally different shape pairs. Participants’ poor performance sug-
gests that matching shapes based on local features is not primarily
done by probability summation of local detectors (Loffler et al.,
2003). Because all bumps were inverted, the representation of
even a small number of local contour features would provide high
sensitivity to local changes in Experiments 1–4. On the other
hand, if the visual system’s primary tool for local feature comparison
involves looking for a difference in the distribution from which fea-
tures were sampled, sensitivity should be low for inverted bumps
(assuming equal probability of positive and negative curvature
bumps).

In Experiment 5, we proposed that the visual system primarily
encodes the mean and variance of the amplitude of bumps and the
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frequency of bumps. We tested this by generating shape pairs that
had matched frequency, amplitude, and variance. We compared sen-
sitivity to these statistically matched pairs with shape pairs that had
different frequency or different mean and variance of the amplitude.
We also compared the statistically matched pairs with pairs whose
local contour features were the same but were shifted slightly
along the contour. Results confirmed that sensitivity was highest
when the summary statistics for shapes’ contour features differed
in either frequency or amplitude.
Pop-out of the target in the local condition in Experiment 6 lent

further support to the hypothesis that the visual system represents
statistical properties of local contour elements rather than individu-
ally representing each element. Despite all shapes in the array having
unique local contour features, we found that participants quickly
detected the target in the local condition, irrespective of the size of
the array. Though they were not physically identical, all distractors
had the same number of bumps along their contour, while the
target always had 3.2 times more or fewer bumps. Pop-out for
local features appears to depend on different statistical properties
of the local contour elements, not differences in the individual
elements.
Evidence from previous studies shows that local features do not

always pop out in visual search paradigms (Dickinson et al., 2018).
This evidence coheres with our account of a statistical representa-
tion of local contour variation. Especially when local perturbations
are numerous, we might think of the local contour system described
here as being concerned with “contour texture.” By contour tex-
ture, we refer to repeating (although not necessarily uniform) var-
iation along a contour boundary. Contour texture would be an
excellent candidate for statistical representation because its features
are numerous and not individually diagnostic for the identity of an
object. For example, it might be useful to know the basic statistical
pattern of leaves on a tree, wool on a sheep, or gears on a wheel, but
representing them individually could stress the visual system’s rep-
resentational capacities without contributing much information
that is not already captured in a statistical summary. The contour
texture hypothesis is particularly attractive because it is consistent
with earlier findings that high-frequency RF patterns are repre-
sented in a fundamentally different way from low-frequency pat-
terns (Bell et al., 2007; Loffler et al., 2003).
One aspect of our data that our hypothesis about statistical

descriptions of local contour features does not explain is why sensi-
tivity is greater than zero in statistically matched shape pairs. One
possibility is that the visual system is sensitive to more kinds of stat-
istical features than we equated in Experiments 1–5. Participants’
higher sensitivity to the statistically matched shape pairs than the
phase-shifted shape pairs in Experiment 5 suggests that this might
be the case. Given that even sensitivity to the inverted bumps in
Experiments 1–4 is non-zero, though, it seems likely that the visual
system can represent some local contour features with specificity,
albeit rarely.
Another possibility is that participants adopted a task-specific

strategy for scrutinizing andmemorizing a few local contour features
and checking for their presence or absence in the second shape stim-
ulus. This hypothesis is indirectly supported by the fact that sensitiv-
ity to local contour feature changes was lowest in Experiment 1,
where shapes with high-frequency contour features could undergo
a global change in addition to the local change. If memorizing a sin-
gle local feature or small number of local contour features is effortful

and unnatural, we would expect participants to do it less when other
cues for discrimination are potentially available. A different poten-
tial explanation is that a local feature sometimes gets encoded as a
global feature if, by random chance, it is particularly large or placed
in a particularly salient position on the shape’s global form, such as a
local maximum or minimum. While either strategy could potentially
lead to better-than-zero sensitivity to differences between statisti-
cally matched local contour features, neither appears to be used
often, as the observed sensitivity to local contour feature changes
suggested that participants only truly detected a local difference in
a small number (less than 10%) of trials.

Why might human shape representations employ a separation of
global shape description and local contour characteristics? The rea-
sons involve the functional importance of shape descriptions in
perception, cognition, and action. In biological vision, shape is
the primary basis for object recognition (Baker et al., 2018;
Biederman & Ju, 1988). Shape often provides the most crucial
information about an object’s functional properties, as well as its
conceptual category and name (Imai et al., 1994; Landau et al.,
1992). For most of these purposes, it is global shape and relations,
not local contour detail, that are most important. The shape infor-
mation that allows the classification of a tree as a maple tree, rather
than a poplar or spruce, is to be found in its overall shape. As one
can easily verify by looking at any particular tree, the overall shape
impression is based on real information but is also an abstraction:
Following the exact contours of leaves and branches and gaps gives
both more and less than the overall shape perceived. The zigs and
zags of particular edges of leaves or needles provide information
that goes beyond the global shape, whereas the overall shape per-
cept extends through small gaps and indentations despite a lack
of local information there. With regard to useful categorization
and seeing of similarities involving natural kinds in the world, a
fully detailed map of exact contour features of each instance of a
tree, dog, or cat would be an impediment to useful categorization,
as no two instances would match. The same is true when we con-
sider shape descriptions of terrain; while hiking, we want to plan
our path based on major topographic features and their relations.
Consistent with these ideas, evidence indicates that the primacy
of global shape in human processing (Baker & Kellman, 2018;
Pomerantz et al., 1977). Conversely, local information furnishes
other important information, such as object texture and material
properties.

Understanding how the visual system processes global and local
information might be crucial to understanding how to build artificial
visual systems that more closely match human perceptual capabili-
ties. In current state-of-the-art artificial neural networks, there is
strong evidence to suggest that local and global shape properties
are not processed separately from each other (Baker et al., 2018,
2020). Without the separation of these properties into independent
feature dimensions, these artificial systems tend to make erroneous
responses that humans would never make. For example, straighten-
ing out local edge features on a bear’s back results in it being clas-
sified as a warplane, or adding a serrated pattern to a violin results
in a bald eagle classification. These errors seem ridiculous to us,
but we might be prone to very similar confusions without separate
systems to process local and global shape. The results reported
here suggest that our global description of the shape is separated
from the local elements composing its boundary, which would
allow us to still see a bear as a bear if some contour features were
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straightened or to see similarity between a horse and a cloud despite
the numerous wisps and curls along the cloud’s bounding contour.
Building artificial systems with similar capabilities may also require
separate shape-coding systems for local and global information.
The findings of our study also offer valuable insights into the tran-

sition from transient, literal descriptions of local stimulus informa-
tion to more durable, abstract descriptions of shape. Past research
has shown that this abstraction takes meaningful processing time
to compute and results in a very different representation of the
shape than what is present during initial sensory activations (Baker
& Kellman, 2018). The results reported here suggest that two differ-
ent forms of abstraction take place in visual shape encoding. In the
local domain, contour features are abstracted by estimating a statis-
tical distribution from which they are likely to be sampled, and
only this distribution persists in the abstract shape representation.
In the global domain, the visual system extracts contour shape
apart from local contour fluctuations, then describes the relative
size, orientation, and curvature of each part in an object-centric for-
mat, as evidenced by the visual system’s invariance to planar trans-
formations in several of our tasks.
How does the visual system abstract global form from high-

frequency contour features? One possibility is that the global pro-
cessing system uses oriented detectors at different scales to extract
the low-frequency features from a shape. Multi-scaled detectors in
early visual areas are sensitive to particular orientations in the visual
field (Gur et al., 2005; Hubel & Wiesel, 1962). Curvature along a
contour could be estimated by the difference in the preferred orien-
tation of nearby detectors. Elsewhere, we have proposed the exis-
tence of what we called arclets, higher-order neural detectors
derived from co-circular oriented units, that span a range of turning
angles connecting linked elements and scales (Baker et al., 2021;
Garrigan, 2006; Kellman & Garrigan, 2007). The existence of
such detectors is consistent with considerable evidence regarding
constant-curvature representations in a variety of visual tasks
(Baker & Kellman, 2021; Kellman & Garrigan, 2007), and they
may play a special role in the attainment of abstract, symbolic
descriptions in vision from initially local, transient, and subsymbolic
activations (for discussion, see Baker et al., 2021).
For a contour with no high-frequency features, the most precise

description of curvature would be obtained from arclets at the small-
est scale—as the size of each detector approaches a point, the differ-
ence between the curvature estimated by the turning angle and the
contour’s true curvature approaches zero. Detectors at multiple
scales, however, may have important applications in contour repre-
sentation, including obtaining size invariance for contours scaled
up or down (Baker et al., 2021; Kellman & Garrigan, 2007).
Another application of larger scale arclets, especially relevant to
the present work, might be to encode the curvature of a contour’s
global shape in the presence of smaller, high-frequency contour fea-
tures, as illustrated in Figure 15, which shows a zoomed-in portion of
a contour with added local contour features. Detectors at the finest
scale are sensitive to orientation changes given by local contour fea-
tures, but larger scale detectors would remain sensitive to more
global properties of the shape.
It is unlikely that the visual system processes global information

with detectors larger than some fixed scale and local information
below that. Small contour features are often processed as part of
an object’s global shape when they are not accompanied by other
similar small features. Likewise, we can still encode the global

form of an object with high-frequency contour features when it is
scaled up, which would sometimes result in local elements crossing
a threshold to be processed globally. A more likely hypothesis is that
the visual system settles on the scale of global detectors depending
on the properties of the object’s contour. One simple way it could do
this is by looking at the profile of curvatures outputted by detectors at
multiple scales. Going from the largest scale detectors to the small-
est, there should be a point in which the curvature profile dramati-
cally changes in contours with high-frequency features. For the
shape in Figure 15, detectors of a scale too large to be much activated
by the orientation of local elements will output a curvature profile
corresponding to the underlying global shape of the object.
However, at a certain point, the scale of the detectors will be small
enough that they are influenced by the orientation of local features,
resulting in a curvature profile that includes dozens of turns and
reverses in curvature polarity. The visual system might use the cur-
vature profile outputted from arclets at the largest scale at which there
is still a reasonable fit, or, conversely, the finest scale at which ade-
quately fitting arclets describe the contour’s curvature with a limited
number of sign changes.We offer this hypothesis at present only as a
conjecture to suggest how early neural coding might support separa-
ble local and global coding schemes. It does, however, have intrigu-
ing connections to other recent ideas about abstract shape
representations and how they are obtained (Baker et al., 2021;
Baker et al., 2021; Baker & Kellman, 2021). Further research is
needed to develop a systematic theory of global shape extraction
from multi-scale filters.

Conclusion

We conducted six experiments, the results of which point to a dis-
sociation in human perception between local features along a con-
tour and the global form defined by relations between them. The
system that encodes information about local elements does not pre-
cisely represent their properties individually, instead estimating a
few statistical properties that are shared by local elements. The sys-
tem that encodes global form represents parts of the object with
much greater specificity and spatial precision. Although they are
both concerned with representations of shape, the local and global
processing systems are distinct from each other and operate

Figure 15
Comparison of Two Detectors’ Sensitivity to High-Frequency
Contour Features

Note. Three small detectors in the bottom left pick out changes along the
contour from local features while the larger detectors on the top abstract
over them.
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independently. Descriptions of the shape that require integration of
local and global contour features can only be formed with focal
attention as is needed for other distinct visual feature dimensions.
Our theoretical separation of global and local shape processing sys-
tems and the experimental evidence for this separation may reflect
the important differences of global and local shape descriptions
for perception, cognition, and action. For similar reasons, this dis-
tinction and an understanding of differences in the types of process-
ing involved may have important consequences for the development
of artificial vision systems.

Context of Research

This work originates from Nicholas Baker and Philip Kellman’s
interest in abstraction in visual perception and representation, and
the relation between the perception of overall configuration and
local structure. We became curious about these issues by observing
that humans can effortlessly see overall form as similar in displays
whose local information, context, and meaning differ radically. A
cloud may look like a fish, or, in a classic example, observers may
report seeing the Virgin Mary (or at least a face) in a slice of toast.
We seek to understand how the visual system can grasp the overall
shape similarities of objects, abstracting this away from local, non-
essential features that may differ completely. This issue connects
directly to classic Gestalt ideas in perception (“the whole differs
from the sum of the parts”), but our work aims to discover the com-
putational processes and mechanisms that lead to abstraction in
visual perception. The issue of local vs. global shape is also timely
and interesting to us because some recent research into how top-
performing artificial intelligence systems, such as deep convolu-
tional neural networks (DCNNs) classify images suggests that the
abstraction and priority in biological vision for global form are not
inevitable. While humans are much more sensitive to global form,
DCNNs are exclusively concerned with local contour features.
The contrast suggests that biological vision systems have evolved
specialized routines for extracting and representing global shape.
One of the aims of the current paper was to begin to understand dif-
ferences in how local and global features are encoded and to test the
possibility that they are handled by independent systems. In future
work, we hope to continue efforts to understand differences between
the local and global systems, and to develop more detailed models of
abstraction and representation in visual processing of separable
global and local contour shape properties.

Constraints on Generality

Experiments in this paper were collected from a subject pool of
undergraduates at the University of California, Los Angeles and
(primarily) from a database of participants from Prolific. The only
requirements for participation through Prolific were fluency in
English and normal or corrected-to-normal vision. Given the diver-
sity of our participant pool and the nature of our research questions
into basic mechanisms of visual perception, we believe that these
findings should generalize broadly.
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