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ABSTRACT 
 
A shape can be more difficult to identify when other shapes are near it. For example, 

when several grating patches (see Fig. 1) are viewed parafoveally, observers are 

unable to report the orientation of the central patch. This phenomenon, known as 

‘crowding,’ has historically been confused with lateral masking, in which one 

stimulus attenuates signals generated by another stimulus. Here we show that despite 

their inability to report the orientation of an individual patch, observers can reliably 

estimate the average orientation, demonstrating that the local orientation signals are 

combined rather than lost. Our results imply that crowding is distinct from ordinary 

masking, and is perhaps related to texture perception. Under crowded conditions, the 

orientation signals in primary visual cortex are pooled before they reach 

consciousness. 
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INTRODUCTION 
 
Outside the laboratory, objects rarely appear in isolation. A single tree may be 

surrounded by forest.  Sometimes it is easy to isolate an object from its surroundings, 

but objects in severely cluttered scenes are less-readily identified than objects in 

isolation. For example, acuity for letters on the (left and right) edges of an eye-chart is 

often greater than acuity for letters in the middle1. As a rule of thumb, for maximum 

acuity, no other letters should appear within x/2 of a letter at x deg eccentricity2. 

Vernier acuity and orientation discrimination are also hampered by visual clutter, even 

when observers look directly at the target3-6.  

 

Visual impairment from clutter, known as crowding, appears at first sight to be an 

undesirable nuisance. However, there is often a good reason not to examine individual 

objects (like trees), particularly when the ensemble of objects (like a forest) can be 

informative. When the visual system computes a statistic based upon an ensemble of 

objects, it is said to perform a textural analysis. One well-established textural analysis 

is the extraction of mean orientation from an ensemble of tilted lines7. In this article 

we describe several experiments with similar ensembles of tilted objects. Our  results 

lead  us to conclude that crowding implies textural analysis. Although unavailable  for 

conscious access, the visual system’s estimates of individual lines  are still available 

to the averaging process responsible for texture perception  Moreover, the precision of 

these estimates is independent of their number. Therefore crowding must be 

distinguished from any ‘masking’ process which causes an irretrievable loss of 

information from the masked stimulus. 

 

Fig. 1 shows a typical display. We varied both the total number of patches and the 

number that were tilted. Observers were asked to report the direction (CW or CCW) 

of the tilted patch(es). Tilt thresholds (for 75% accuracy) were estimated from their 

responses. 
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RESULTS 
 

Crowding in the periphery. 

We define crowding as an elevation of target tilt threshold caused by (untilted) 

distractors that occurs even when there is no uncertainty regarding which objects are 

tilted and which are not. This definition serves to distinguish crowding from the 

‘uncertainty effect’ predicted by Signal Detection Theory (SDT)8and commonly 

observed in visual search tasks in which the presence of distractors can impair 

performance without interacting with the target9.  Our observers were thus told that 

only the central patch in a nine-patch array (see Fig. 1) would be tilted. They were 

asked to report its direction. Threshold for LP was 12.5 deg. MM could not attain 75% 

accuracy with any tilt. On the other hand, when the target was presented in isolation, 

threshold was approximately 3 deg for LP and 2 deg for MM. Significant threshold 

elevation occurred even when the target was moved to the position nearest fixation 

(11.1 deg for LP, 21.7 deg for MM). Thus, unlike large, widely-spaced patches10,11 our 

stimuli meet the operational requirement for crowding.  

 

Pooling targets with horizontal distractors. 

There are at least two logical explanations of crowding. The first is masking, in which 

the distractors corrupt the visual system’s estimate of the target’s tilt. (Note that it is 

the orientation of the target that is masked, not its visibility.) The second explanation 

is pooling, in which the visual system’s estimate of the target’s tilt isaccessible only 

after it has been combined with estimates of the distractors’ tilts. Note that these two 

explanations are not mutually exclusive. This experiment will show that the pooling 

model alone is sufficient to explain crowding and the masking model is not. 

In the simplest pooling model10, the visual system computes the average of its 

estimated tilts. If n of the elements are tilted and m-n are not, then the average tilt will 

be proportional to n. Our nine-patch array is thus well-suited to test this simple 

pooling model. A linear decrease in threshold with the number of targets would 

support the simple pooling model. Any less-rapid decrease could be used as evidence 

against pooling.  
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For this experiment, target position/s were randomised. We also used two different 

conditions, a “phase incoherent” condition, in which the phases of patches were 

mutually independent, and a “phase coherent” condition, in which the targets and 

distractors were each phase-locked; i.e. all the targets were effectively windows onto a 

single underlying grating and all the distractors were effectively windows onto a 

different underlying grating. The purpose of manipulating phase was to see whether or 

not pooling occurred within a single receptive field, such as a simple cell in V112. If it 

did, then performance should be much worse in the phase-incoherent condition.  

As shown in the top panels of Fig. 2, thresholds fell as the number of targets rose, and 

were similar for the two phase conditions.  The data are well-fit on log-log axes by a 

line having a slope of –1. This is exactly as predicted by the simple pooling model: the 

total number of noise sources is constant at 9, but each target contributes its own 

signal; therefore the average signal/noise ratio is proportional to the number of targets.  

The slope of –1 does not in itself rule out masking, which makes no specific 

predictions about the slope.  However, any slope other than –1 would have ruled out 

the simple form of the averaging model 

 

 
 

Pooling targets without distractors 

The simple pooling model predicts that performance should improve with the number 

of targets, even in the absence of distractors.  If the targets were independently noisy, 

then both the mean and the variance of their summed signals would be proportional to 

their number N. The signal-to-noise ratio should thus be proportional to √N, and 

thresholds should decrease accordingly. To test this prediction, we again varied the 

number of targets, this time with no distractors present. As shown in the lower panels 

of Fig, 2, thresholds again fell as the number of targets rose. However, these data 

cannot be explained by the simple (early-noise) model because they are not well-fit 

(on log-log axes) by a line having a slope of –0.5.  The data suggest that there is a 

limit of about 1 deg below which thresholds cannot fall.  Such a limit for orientation 

discrimination has been noted previously and has been ascribed to a ‘late noise’ which 

limits the precision of geometrical representation13,14. We therefore decided to 

incorporate a late noise into the pooling model. 
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In our Pooling Model (formally specified in METHODS), the independent, noisy 

orientation signals arising from all of the patches were averaged, just as they were in 

the simple model. Our model differs from the simple model in that the average (noisy) 

orientation signal is further perturbed by another (late) noise process. The model has 

two parameters: the variance of the early noise and the variance of the late noise. We 

fit the data from the distractor-present and the distractor-absent experiments, allowing 

these paramaters to vary between observers but not between experiments. The Pooling 

Model fit all of the data well. 

 

 We also wanted to see whether or not the data could be explained without pooling. 

Therefore, we tried to fit it with the Max Model of SDT, which assumes that 

observers base their responses solely upon the patch having the greatest apparent tilt 

(see METHODS). This model succesfully fits the data from many visual search tasks, 

where there is no sensory interference between target and distractors9. It can also 

(reasonably) well-fit the data from our experiment without distractors, but it cannot 

produce the slope of –1 obtained from the experiment with distractors (see Fig. 2). 

Augmenting the Max Model with a masking process will not help because, although 

its height depends upon the precision of individual orientation estimates, the slope of 

the curve produced by the Max Model does not. 

 A model of a masking process with the same number of parameters as our Average 

and Max models cannot fit the data.  A sufficiently complicated masking model can 

provide a better fit, but this is to be expected, and parsimony favors the averaging 

model. 

Locating targets 

In all the experiments so far, observers were required only to report the tilt of the 

targets, without reporting their position.  If observers really do have no access to the 

visual system’s local estimates of orientation, then they should not be able to report 

the position of targets in crowded arrays.. To test this prediction we deployed 3 target 

patches, placed either in a West-Center-East or a North-Center-South alignment. On 

each trial the observer had to report not only the orientation of the targets within the 

nine-patch array but also their spatial alignment (NS vs EW).  As in previous 
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experiments, five levels of target tilt were randomly interleaved to find the tilt 

threshold from the psychometric function (see METHODS). We found that reports of 

spatial alignment, unlike orientation classifications, did not improve with the level of 

target tilt. When averaged over all levels of target tilt, accuracy was (non-

significantly) less than 50% correct.  Thus we confirm the prediction that observers 

have access to a pooled signal only.  This striking result shows that observers are 

completely unable to access i informaiton about the individual patches, even though 

they demonstrate access to the pooled signal. 

 

TABLE 1 
 
Observer MM LP 

Tilt threshold 7.8 deg 5.34 deg 

% correct for location 45% 48% 

 

 

Foveal display 

It is generally thought that crowding  is weaker in the fovea than in the periphery for a 

given size of display4. The reader can verify that the tilt of a central element in our 

arrays is easily visible if it is fixated. Thus the display is not crowded in the fovea: but 

could observers still use a pooling strategy in the fovea if the position of the target/s 

were unknown?  To investigate this point we shifted the stimulus array so that it was 

centred upon the same position as the fixation point. In this experiment, the fixation 

point disappeared just before the stimulus array appeared, otherwise all methods were 

identical to those of earlier experiments.  When the positions of the targets were 

randomised, we obtained a linear relationship between threshold and the number of 

targets, just as we had when the array was centred at 2.5 deg eccentricity (Fig. 3).  

However, when a single target was always present in the central position, thresholds 

were independent of distractor number. Thus, unlike our peripheral display, our foveal 

display does not meet the operational requirement for crowding, but pooling still took 

place when target positions were unknown. 

 

Pooling target with tilted distractors. 
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The Averaging Model asserts that target and distractor tilts are pooled without 

distinction. Thus the difference between targets and distractors is purely notional, and 

we could apply tilts to both classes of element. ‘Distractors’ tilted in the opposite 

direction to the targets should impair performance  even more than untilted 

distractors, since they would shift the average tilt even nearer to zero. On the other 

hand, distractors tilted in the same direction as targets should have an enhancing 

effect, as we have already seen in the case where all the patches were tilted.  To test 

these predictions we gave small tilts to the distractors, either in the same direction as 

the target or opposite, but of half the absolute magnitude. When the distractors were 

present, there were four of them and they surrounded the target, occupying the NE, 

SE, SW and NW compass directions (see Fig. 4).  The experiment was carried out 

with different equipment from the others and, due to a design error, the separation 

between the patches was slightly increased (see METHODS).  Nevertheless, the 

criterion for crowding was met; the distractors raised threshold even though the 

observer knew that the target was always in the middle. 

 

Psychometric functions are shown in Fig. 4 and their slopes are tabulated in Table 2.  

Note that psychometric slopes are inversely proportional to threshold: the shallower 

the psychometric function, the more poorly the observer classifies the target tilt. 

Psychometric slopes obtained without distractors were similar to those obtained with 

distractors having a tilt +1/2 that of the target. This argues strongly against masking.  

On the other hand, non-tilted distractors caused a considerable reduction in 

psychometric slope and oppositely-tilted distractors absolutely devastated 

performance. Note that even though this last condition boasts the greatest orientation 

contrast between target and distractors, the psychometric functions are so flat that no 

positive slope could be estimated from MM’s data. All of these results are consistent 

with a decision rule which averages noisily-encoded tilts from each target and 

distractors.  

 

TABLE 2 
 

Observer No distractors Distractor tilt 0 Distractor tilt 

+0.5 

Distractor tilt 

 –0.5 
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MM 5.9 1.9 9.7 ? 

JAS 8.6 3.8 8.2 0.8 

 

 

DISCUSSION 
 

Our key finding is that even when the scene is sufficiently cluttered to compel 

observers to pool their local estimates of orientation, the precision of these estimates 

is not comprimised by their number. Our pooling model fits the data without any need 

to assume that the precision of local orientation signals (the noise parameter in the 

model) varies as a function of the number of patches in the array. Previous studies 

have demonstrated that flanking distractors impair orientational acuity5,6,15 and have 

proposed a mixture of masking and pooling as an explanation16 but have not 

simultaneously shown unimpaired access to the averaged signal. Crowding has 

traditionally been considered an undesirable factor limiting performance, which may 

be exacerbated in certain clinical conditions like Amblyopia17. However, our results 

show that crowding is accompanied by an unimpaired ability of the observer to report 

a statistical property of the ensemble: in this case, its average orientation. The average 

orientation is a textural property of the array, and thus it appears that crowding and 

texture perception are opposite sides of the same coin. We might say that “crowding” 

is simply the name we give to texture perception when we do not wish it to occur. 
 

We found averaging of individual orientation signals even when the patches were 

phase-incoherent. If classifications were based on large, linear receptive fields 

covering all nine patches, phase incoherence would be expected to raise thresholds, 

since it introduces randomness into the orientation spectrum. The fact that it did not 

do so argues that the individual orientation signals are combined without respect to 

their phase, either by lateral interactions in primary visual cortex18,19, or by some 

higher-order collector unit20-24. We did find an effect of phase coherence when no 

distractors were present, particularly in the collinear condition. This effect does not 

necessarily imply any specialised mechanisms for collinearity detection. At the 

positions between each micro-Gabor, the detectors maximally stimulated by the 

coherent stimuli are those whose preferred orientation is identical to that of the target. 
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The phase-incoherent patches stimulate largely off-axis detectors in these positions, 

giving rise to misleading orientation signals25. The fact that the effect of phase 

disappeared when further non-collinear patches were added recalls previous results for 

contrast detection26.  

  
 

Our finding that crowding leaves the local orientation signal availabe to the 

orientation pool agrees with a previous demonstration of orientation-specific 

adaptation to a crowded stimulus15.  He et al suggest that crowding is due to an 

inability of observers to attend exclusively to the target. We agree that crowded 

patches cannot be separately experienced, and we add the idea that their average 

properties can be experienced as an ensemble. It is unclear whether pooling occurred 

between the orthogonal patches used by He et al, since the orientation of the 

distractors was randomised over trials.  

Access to the pooled but not the local signal appears to be specific to crowded arrays.  

With widely-spaced arrays cueing the target position abolishes the effects of 

distractors10,11,16 as did knowledge of position in our foveal arrays. This does not 

mean that pooling is unable to operate over widely-spaced elements. On the contrary, 

our present findings agree with  two previous reports10,11 in showing that pooling still 

takes place in uncrowded displays, provided that the observer does not know the 

target location.  An unsolved question is why, in these circumstances, observers use a 

pooling strategy rather than searching for the ‘odd man out’, which would be more 

efficient.  
 

When the presence of distractors does not impair an observer’s ability to locate a 

target, that target is said to ‘pop out’.  Our results indicate that, when the target does 

not pop out, the visual system is compelled to average local estimates of orientation. It 

would be interesting to learn whether or not compulsory averaging occurs even when 

the target does pop out, due to a large orientation difference. Reports that observers 

can locate targets without identifying their orientation suggest that it might.27-30 

Location without identification and compulsory averaging both argue against direct 

conscious access to the activity in V131, where the brain forms its initial estimates of 

local orientation12.  
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METHODS 
(a) Stimuli and psychophysics 

In all but the final experiment, stimuli were generated by a Cambridge Research 

Systems VSG graphics card with 12-bit luminance resolution and displayed on a 

gamma-corrected Mitsubishi DiamondPro display (resolution 512 x 512 pixels in a 

display area 23.5 x 23.5 cm; viewing distance 200 cm); frame rate 100 Hz; Mean 

Luminance 20 cd/m2).  The individual patches (see Fig. 1) were horizontal 12 

cycle/deg Gabor patches (sine wave gratings windowed by a Gaussian with a space 

constant equal to 1.4 times the wavelength of the grating [ σ = λ√2]).  The centre-

centre separation of the central patch to every other patch was λ3√2.    On each trial, 

the observer fixated a central point on the monitor and pressed a response button to 

see the next stimulus, which was accompanied by an auditory warning signal.  The 

array flashed for 100 ms randomly to the left or right of the fixation point at a 

horizontal eccentricity of 2.5 deg, measured from the fixation point to the central 

element of the array.  In separate blocks of trials, either 1, 2, 3, 4, 7 or 9 of the patches 

were slightly tilted CW or CCW from the horizontal. The remaining patches (the 

'distractors') were all horizontal. The observer had to press one of two buttons (forced 

choice) to report whether the array appeared tilted CW or CCW. Inside each block, 40 

trials at each of  5 levels of tilt from the horizontal were randomly interleaved, in 

order to construct a psychometric function, relating the probability of a correct 

response to the amount of tilt. 'Phase coherent' and 'Phase incoherent' conditions were 

also randomly interleaved in a block, with 20 trials for each condition at each of the 5 

tilts. Thus each block comprised 200 trials.  Each block was repeated at least 3 times. 

The psychometric functions were combined over blocks and fitted with a Weibull 

function to extract the 75% correct point and the slope. A bootstrap procedure 32 was 

used to determine the standard deviations of the estimates.  The observers were two of 

the authors (LP and MM). 

Contrast sensitivity was determined by a standard 2 alternative spatial forced choice 

(2AFC) procedure, in which the target array was flashed for 100 ms either 2.5 deg to 

the left or right of the fixation point. Five contrast levels were randomly interleaved 

and Psychometric functions fitted to Weibull functions.  The stimuli were phase-

incoherent. 
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In the final experiment (‘pooling target with tilted distractors’) stimuli were generated 

on a Macintosh computer display.  A video signal with 12-bit precision was attained 

using an ISR Video Attenuator33.  The PSYCHOPHYSICA34 software used in this 

experiment is  available on the Internet at http://vision.arc.nasa.gov/mathematica/psychophysica.html . 

Maximum and minimum display luminances were 32 and <0.1 cd. m-2 respectively. 

The background luminance was held constant at 16 cd. m-2 and the frame rate was 

66.7 Hz. Display resolution was 22.6 pixels/cm and the viewing distance was 243 cm. 

Each Gabor pattern [σ = λ√(2/π)] had odd symmetry. For each Gabor pattern, on each 

trial, one of the two phases satisfying this constraint was randomly selected. The 

centre-centre separation of the central patch to every other patch was 0.47˚ (i.e. λ4√2). 

Forty trials on each of eight interleaved staircases were run in a single block of trials. 

The eight staircases were paired into four conditions: 1) no distractors, 2) horizontal 

distractors, 3) distractors having a tilt –1/2 that of the target and 4) distractors having a 

tilt +1/2 that of the target. One of each pair of staircases used CW tilts; the other used 

CCW tilts. All staircases converged upon the tilt for which responses were correct 

with frequency 0.81. The observer were the authors MM and JAS. All other methods 

were identical with those of the other experiments. 

 

(b) Modelling 
The Averaging Model assumes that the orientation of  each of the targets and distractors is initially 

encoded independently, with additive Gaussian noise (the early noise component).  The noisy early 

signals are then averaged, late Gaussian noise is added, and the observer responds CW if the average is 

> 0, otherwise CCW.   

Proportion correct  P 1 , can be described as a function of the target’s tilt µ: 

P µ;nt ,nd ,σ e,σ l( )=1− Φ
−µnt

nt + nd( ) σ l
2 +

σ e
2

nt + nd( )

 

 

 
 
 
 
 

 

 

 
 
 
 
 

,   (1) 

where Φ x( )  is the standard normal CDF, nt  and nd  are the numbers of targets and 

distractors, respectively, and σe  and σl  are the standard deviations of the zero-mean 

Gaussian early and late noises, respectively. Thus, (75%-correct) threshold can be 

calculated as 

 P−1 µ( )=1− Φ −0.67( )  . 
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 The curves in Fig. 2 were generated with the following parameter values (in 

degrees): LP incoherent: σe = 4.8 , σl = 2.1 ; MJM incoherent: σe = 2.6 , σl = 1.7 ; LP 

coherent: σe = 3.8 , σ l = 2.2 ; MJM coherent: σe = 1.5 , σl = 1.5 . 

 

The averaging  model can be applied to the case where four distractors are tilted 

(Experiment 7).  It predicts that when the distractors have a + ½ tilt (see Methods) 

then performance will be similar to performance without distractors, provided that 

σe ∼ 2σ l. Note that this condition is reasonably well satisfied for MM in the incoherent 

condition, which is the relevant case for Experiment 7. 

 

The Max model can be derived from Signal Detection Theory8: 

 

P µ;nt ,nd ,σ e ,σ l( )=
1
2 +

1
2 − Φ

µ
σ e

 
  

 
  

 

 
 
 

 

 
 
 

Du Φnt
u − µ
σ e

 
  

 
  

 

 
 
 

 

 
 
 
Φ

u
σ l

 
  

 
  
Φnd

u
σ e

 
  

 
  

du
−∞

∞

∫ . (2) 

 

The (simultaneous)  fits of the Max model to the data of Expts 1 and 2 cannot be 

improved with σl > 0.  The curves in Fig. 2 were generated with the following 

parameter values (in degrees):  ): LP incoherent: σe = 4.2 ; MJM incoherent: σe =3.9; 

LP coherent: σe  =2.9; MJM coherent: σe  =2.4.



Friday, 27 April 2001 

 15 

 

 

 

 

FIGURE LEGENDS 
 
Fig. 1. An array of Gabor patches, similar to those used in the experiments. In the 

example shown, the central patch is tilted clockwise. The remainder are all horizontal. 

To observe ‘crowding’ at normal reading distance the observer should fixate the point 

in the top left of the figure. The tilt of the isolated patch at the bottom right should be 

clearly visible, while that of the centre patch in the array at the top right should be 

invisible. Despite this invisibility, an overall impression of clockwise tilt may be seen.  

 

 

Fig. 2. Orientation thresholds for classifying targets “CW” or “CCW”. The upper 

panels (observer LP left, observer MM right), show data from an experiment in which  

tilt was applied to a subset of patches in a nine-patch array (non-tilted patches were 

horizontal). The lower panels show data from an experiment in which tilt was applied 

to all patches in an array. Patch-configuration for each size of array is shown above 

the lower-left abscissa. Open and Solid symbols show data from the phase coherent 

and phase incoherent conditions, respectively (see text for explanation). The curves 

show fits of the Averaging and Max Models of Signal Detection Theory (again, see 

text for details). 

 
Fig. 3. Results of foveal presentation (Experiment 6).  The square symbols (and 

bottom horizontal axis) show orientation thresholds for various numbers of randomly 

positioned targets within an array of 9 patches. The triangular symbols (and top 

horizontal axis) show orientation thresholds for a single target at fixation, amongst 

various numbers of distractors. The continuous line is the best-fitting curve to the 

square data points with a slope of –1.  The dotted curve is the best-fitting curve to the 

triangular data points with a slope of zero. 
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Whether in central vision or 2.5 deg eccentricity (Fig. 2), distractors have a similar 

effect when the targets are randomly positioned. However, when fixating upon a target 

whose position is not randomised, distractors have no effect whatsoever. 

 
Fig. 4. Effect of distractor tilt. Each group of four panels shows psychometric data from the same 

observer (a – d: JAS, e – h: MM) in four different conditions. The conditions are illustrated in each 

inset: in a and e there were no distractors, in b and f all of the distractors were horizontal, in c and g the 

tilt of each distractor was -0.5 that of the target and in d and h the tilt of each distractor was +0.5 that of 

the target. Each point shows the frequency of CCW responses for a given target tilt. Error bars contain 

the 95%-confidence intervals. (Note: in some cases, the only trials with zero tilt were those at the 

beginning of the experiment. This is why the points at zero tilt have such large error bars.) Each panel 

also shows the maximum-likelihood fit of a cumulative Gaussian to the psychometric data. (Their 

minima and maxima were constrained to be 0.01 and 0.99, respectively.) Each Gaussian has a mean 

near zero. The Gaussians in a and d have similar spreads, roughly one-half that of the Gaussian in b. 

These results are consistent with a decision rule which averages noisily-encoded tilts from each element 

(target and distractors). 
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