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information may support texture perception, and  provide access to 
summary information about the scene (Parkes et al., 2001; Chong 
and Treisman, 2003; Alvarez and Oliva, 2008, 2009; Haberman 
and Whitney, 2009). Because contextual information may be 
differentially useful for perception and action, we might expect 
a dissociation between perceptual and visuomotor behavior in 
 cluttered scenes.

The goal of the present study was to measure an ecological 
question of how crowding impacts visually guided behavior, spe-
cifi cally, the spatial resolution of grasping. In doing so, we also 
tested the hypothesis that the visuomotor system, unlike the per-
ceptual system, is able to discount contextual information when a 
target is placed within a cluttered scene. Experiment 1 confi rmed 
this hypothesis; although there was a similar level of crowding 
for visual and visuomotor discriminations, the visuomotor sys-
tem discounted the information present in the background clut-
ter. Experiment 2 further characterized the spatial resolution 
of grasping in the upper and lower visual fi elds, showing that 
like perception, the effect of crowding was reduced in the lower 
visual fi eld.

MATERIALS AND METHODS
PARTICIPANTS
Four observers (three male, one female; mean age 22.3; SD = 3.9) 
participated in both experiments. All participants were experienced 
psychophysical observers, and three were naïve to the purpose of 
the experiment. All had normal or corrected-to-normal vision and 
were right-hand dominant, as determined by their writing hand. 
Participants gave informed consent to participate in this study, 
which was approved by the Institutional Review Board of the 
University of California, Davis.

INTRODUCTION
Few natural environments outside the laboratory provide instances 
where objects appear in complete isolation. The visual system must 
therefore rapidly process competing objects of interest to enable 
accurate perception. Visual crowding – a degradation of periph-
eral feature discrimination that varies with viewing eccentricity 
and density of surrounding objects – sets limits on an observer’s 
ability to perceptually individuate and recognize objects in real-
istic, cluttered scene (Bouma, 1970; He et al., 1996; Levi, 2008). 
The size of the crowded region is used to measure the functional 
spatial resolution of vision, thereby giving the lower bound on 
where visual awareness arises (He et al., 1997; Pelli, 2008). Given 
that one of the primary functions of vision is the guidance of 
action, and because we act within cluttered scenes every day, it is 
important to know how visual crowding limits the resolution of 
visually guided grasping.

When we reach toward an object, the visuomotor system must 
access metric information about the target, such as its actual 
size and orientation (Aglioti et al., 1995; Ganel et al., 2008). 
Information in the background of the visual scene – the clutter 
or context – is less informative for action, and may therefore be dis-
counted. This contrasts with visual perception: the visual context 
in which an object is seen is informative and infl uences perception 
of the object in many ways. For example, the perceived bright-
ness, color, texture, blurriness, size, distance, number, orientation, 
shape, motion, and even identity of an object depends on the sort 
of visual information present in the background (De Valois et al., 
1986; Singer and D’Zmura, 1994; Palmer, 1999; Oliva and Torralba, 
2007). Relevant to the current study, the perceptual system rapidly 
extracts the average featural information from a crowd of objects 
(see Figure 1). Possibly driven by over-integration, this ensemble 
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APPARATUS
Stimuli were presented on a Toshiba Regza LCD monitor with 
a display resolution of 1,024 × 768 pixels and a refresh rate of 
60 Hz. An iMac computer running MATLAB (The MathWorks 
Inc., Natick, MA, USA) and using the Psychophysics Toolbox 
(Brainard, 1997; Pelli, 1997) controlled stimulus presentation. 
The monitor was placed 51.5 cm from the observer, which 
was within comfortable reach of the participants’ right hand. 
A 1/4″ sheet of Plexiglas covered the screen to protect the moni-
tor during reaching movements. An Optotrak Certus tracking 
system sampled participants’ hand position in 3-D at a rate 
of 60 Hz using infrared markers attached to the participants’ 
thumb and forefi nger.

STIMULI
The stimulus consisted of a black central target bar surrounded 
by an equidistant radial array of distractor bars of identical size 
and color. Six distractor bars were placed at 0°, 60°, 120°, 180°, 
240°, and 300° around the target (see Figure 1). Each bar was 4.4° 
(4 cm) long, and 0.24° (0.21 cm) wide, with a rounded top 0.35° 
(0.32 cm) in diameter. The background luminance of the moni-
tor was 125 cd/m2 and the luminance of the bars was 0.22 cd/m2. 
Observers wore an eye patch over their left eye and maintained 
fi xation on a small LED mounted to the side of the LCD monitor 
throughout the trial block.

In Experiment 1, the stimulus appeared along the horizontal 
meridian either 20°, 30°, or 40° to the right of the observers’ fi xa-
tion. The density of the array (center-to-center spacing of the dis-
tractors and central target) varied from 4.3° (most crowded) to 
10.7° (least crowded) in four steps of 1.6°. The orientation of the 
center target bar was set at 5°, 0°, or −5° from vertical, randomly 
on each trial. The target eccentricity, density of the array, and the 
target orientation were randomly determined on each trial. Each 
fl anking bar had a pseudorandom orientation within ± 30° of verti-
cal in intervals of 5°, such that the mean, or ensemble, orientation 
of the six distractor bars ranged from −15° to 15° about vertical 
in intervals of 5°. The distractor orientations were manipulated 
independent of the target orientation. Thus, the orientation of the 
distractors gave no information about the orientation of the target. 
In each trial block, observers were presented with an equal number 
of all possible target and mean distractor orientation combinations. 
Blocks of perceptual report trials and grasping trials were presented 

in random order. Each participant made 1,890 total judgments (3 
eccentricities × 5 densities × 21 trials × 3 trial blocks × 2 types of 
report – perceptual or grasping).

PROCEDURE
Participants triggered each trial by pressing the spacebar on a key-
board. The stimulus appeared for 500 ms or until the participant 
removed their hand from the spacebar to make either a perceptual 
or visuomotor response. In separate interleaved trial blocks, observ-
ers discriminated the orientation of a central bar in one of two ways. 
In grasping trials, observers reached to the target and executed a 
pincer grasp with their thumb and forefi nger as if they were actually 
grasping the target (Figure 1B). In perceptual trials, observers were 
instructed to make a standard 3AFC perceptual discrimination of 
the target bar’s tilt by pressing one of three labeled keyboard but-
tons refl ecting the three possible target tilts (Figure 1C). The angle 
of the participants’ grasp, the visuomotor dependent measure, was 
recorded as the angle between the forefi nger and thumb as the fore-
fi nger came within 2.5 cm of the monitor. This distance was used to 
allow for slight variations in the position of the screen due to fl exing 
of the protective cover. To directly compare continuous visuomotor 
responses to the perceptual 3AFC trials, the participants’ grasping 
angles were collapsed into one of three non-overlapping response 
categories for each trial, as described below. The participants had 
unlimited time to begin the next trial.

Control trials were presented before and after each experimental 
session for both perceptual and grasping trials to ensure that the 
LED markers attached to participants’ fi ngers did not slip during 
the session, and importantly, to collapse a continuous visuomo-
tor response into three categories. This allowed grasping and per-
ceptual experimental trials to be directly compared. Each control 
trial was identical in timing and procedure to experimental trials 
except that the target bar appeared in isolation (no crowding). 
Each control trial block consisted of 15 trials (5 trials at each of the 
3 target orientations). Binning was accomplished as follows. First, 
we measured participants’ grasp angle for each of the three possible 
isolated target bars (left, vertical, and right). We then bisected the 
vectors of observers’ average grasp angle for the left and vertical 
targets and likewise for the vertical and rightward tilting targets. 
Participants’ test grasp on each experimental trial could then be 
classifi ed into one of three non-overlapping bins: a leftward grasp 
(if it fell to the left of the bisected vector between control grasps 

FIGURE 1 | Demonstration of stimulus and task. While fi xating on the dot on 
the left (A), participants discriminated the central, target bar in each display by 
reaching and grasping the orientation of the target (B), or by a 3AFC perceptual 

response (C). The orientation of the target bar in each case above is vertical, yet 
it appears tilted in the direction of the ensemble, or average distractor 
orientation. Do we reach toward this ensemble orientation?
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to leftward and vertical targets), a rightward grasp (if it fell to the 
right of the bisected vector between control grasps to vertical and 
rightward targets), or a vertical grasp (if it fell between the right-
ward and leftward bins).

In the fi rst experiment, we measured the spatial resolution 
of visually guided action, and we tested whether the contextual 
information (the nearby objects that crowd a target object) is 
treated differently by the perceptual and visuomotor systems. 
We manipulated both the eccentricity (20°, 30°, and 40°) and 
 density  (center-to-center distance of distractor bars to a target) of 
a cluttered display, which was visible for up to 500 ms. Observers 
responded to the target’s orientation by either perceptually report-
ing the tilt of the bar, or by reaching for and grasping the same bar 
on the screen (Figure 1).

EXPERIMENT 2 METHODS
Experiment 2 was identical to Experiment 1, with the following 
two exceptions. First, stimuli were presented at isoeccentric points 
in either the upper or lower visual fi elds, but at the same location 
on the screen in order to maintain the biomechanical require-
ments of reaches to stimuli in both visual fi elds (cf. Danckert and 
Goodale, 2001). Second, the center of the target was separated 
18.1° horizontally, and 19.7° vertically from the fi xation point, and 
the target could be in the upper or lower visual fi eld (equidistant 
to fi xation point). As a result of this setup, the stimulus position 
in Experiment 2 was predictable, which differed from the unpre-
dictable location along the horizontal meridian of Experiment 
1. Blocks of perceptual and visuomotor trials were counterbal-
anced to reduce order effects. The order of testing in the upper 
and lower visual fi elds was also randomized for each observer. 

Observers made 1,260 total judgments in Experiment 2 (21 tri-
als × 3 trial blocks × 5 distractor densities × 2 visual fi elds × 2 
response types).

RESULTS
EXPERIMENT 1
The degree of crowding was measured by correlating participants’ 
discrimination of the target bar (either perceptual or grasping 
responses, classifi ed into three categories) with the target bars’ 
actual orientation, which had three possible orientations. These 
scores for perceptual trials and grasping trials were converted into 
Fischer z scores, averaged, and plotted in Figure 2A.

A 2 × 3 × 5 repeated measures ANOVA, revealed that crowding 
had a similar effect on perceptual and visuomotor discriminations 
of orientation across all eccentricities (20°, 30°, and 40°) and densi-
ties (4.3°, 5.9°, 7.5°, 9.1°, and 10.7°) tested [Figure 2A; F

(1,3)
 = 2.1, 

p = 0.244; η2 = 0.410]. Both the perceptual and visuomotor  crowding 
tasks resulted in the classic crowding profi le:  discrimination 
 performance declined with increasing eccentricity [F

(2,6)
 = 46.4, 

p < 0.01; η2 = 0.939], and increasing density [F
(4,12)

 = 58.3, p < 0.001; 
η2 = 0.951]. There was an interaction between eccentricity and 
 distractor density. As the eccentricity of stimulus presentation 
increased from 20° to 40°, crowding occurred with larger distrac-
tor spacing [F

(8,24)
 = 3, p < 0.05; η2 = 0.50]. A 3 (eccentricity) × 3 

(target angle) repeated measures ANOVA confi rmed that observers 
were easily able to grasp at isolated targets (see Section “Materials 
and Methods”) in three different orientations during control trials 
[F

(2,6)
 = 39.2, p < 0.001, η2 = 0.929]. This suggests that the reduction 

in accuracy of reaches to a crowded target were not a result of visual 
acuity limits or simple motor error unrelated to crowding.

FIGURE 2 | Group results for Experiment 1. The crowding effect (A) for 
perceptual (solid line) and visuomotor judgments (dotted line) of target 
orientation collapsed across the three eccentricities tested. There was a 
signifi cant decrease in discrimination performance with increasing 
eccentricity and increased fl anker density. Perceptual responses were more 

attracted to the mean ensemble orientation of the distractor bars (B), while 
visuomotor judgments revealed a relative repulsion to this ensemble 
orientation (negative Fisher z scores). Inset: data for perception (black) and 
visuomotor responses (gray) collapsed across densities. All error bars are 
between-observer SEM.
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Analyzing the ensemble information generated by the distractors 
revealed a dissociation between observers’ perceptual and visuomo-
tor responses. Following the same procedure used for measuring the 
crowding effect above, we correlated each response with the average 
orientation of the six fl anking bars at each density and eccentricity. 
This calculation gave a measure of how the surrounding distractors 
contributed to perceptual and visuomotor judgments irrespective of 
the target orientation. When collapsed across all trials in Experiment 1 
(three eccentricities and fi ve densities), perceptual judgments were 
positively correlated with the average orientation of the distractors – 
ensemble averaging (Figure 2B), consistent with Parkes et al. (2001) 
study. Remarkably, visuomotor orientation judgments revealed a 
repulsion effect of the participant’s grasp angle relative to the average 
orientation of the fl anking array, despite the same performance as 
measured by the crowding effect (see bar graph, inset in Figure 2B). 
The average effect of the surrounding distractors differed across per-
ceptual and visuomotor trials [F

(1,3)
 = 10.7, p < 0.05; η2 = 0.782].

To better visualize the relative contribution that each individ-
ual distractor had on observers’ responses, the spatial integration 
fi elds for perceptual and visuomotor judgments are shown as heat-
maps in Figure 3. These heatmaps demonstrate that, in line with 
previous research, distractors along the radial axis more strongly 
infl uenced perceptual judgments than distractors above or below 
the target (Wolford and Chambers, 1983; Toet and Levi, 1992; 
Feng et al., 2007). While perception integrated surrounding objects 
(more red in Figure 3), participants’ grasp angles were oriented 
away from this perceptual ensemble (more blue in Figure 3).

EXPERIMENT 2
One of the characteristic spatial asymmetries of visual crowding 
is that it is stronger in the upper visual fi eld (He et al., 1996). The 
functional signifi cance of this fi nding is that we must often make 

fi ne spatial discriminations in the lower visual fi eld and having 
higher spatial resolution would improve these judgments. Because 
vision is largely for the purpose of guiding action, we might expect 
that there would be higher effective spatial resolution of action 
in the lower visual fi eld as well. The goal of Experiment 2 was to 
test this.

Visual and visuomotor crowding profi les followed the same 
trends across visual fi elds. Figure 4 shows signifi cantly stronger 
crowding in the upper as compared to lower visual fi eld for 
 perceptual (Figure 4A) and grasping tasks (Figure 4B) [F

(1,3)
 = 11.7; 

p < 0.05, η2 = 0.796). The crowding effect in the upper and lower 
visual fi elds did not differ between perceptual and grasping trials 
[F

(1,3)
 = 0.2, p = 0.69; η2 = 0.06]. This pattern of results was iden-

tical for all four participants tested. As expected, there was also a 
main effect of density, with more crowding occurring at higher 
fl anker densities [F

(4,12)
 = 34.5; p < 0.01, η2 = 0.92). These results 

reveal an upper versus lower visual fi eld asymmetry in visually 
guided reaching in crowded scenes, and bridge previous work on 
perceptual crowding (He et al., 1996) and asymmetries in reaching 
in non-crowded scenes (Danckert and Goodale, 2001).

DISCUSSION
The spatial resolution of vision limits our ability to perceive and 
act on objects in realistic scenes. The experiments here reveal that 
the spatial resolution of both visually guided reaching and percep-
tion is limited to about the same degree. Importantly, however, the 
manner in which the perceptual and visuomotor systems rely on 
contextual information in scenes differs; perception depends on 
integrating the orientation of objects across the scene, while the 
visuomotor system, conversely, discounts the surrounding con-
text and sometimes even repels away from it. The results suggest 
that although there are absolute limits to the spatial resolution of 

FIGURE 3 | Visualization of the data plotted in Figure 2B across space. 
For each possible distractor position, this heatmap reveals how the fl anker 
bars capture (red) or repel (blue) the perceived or grasped target bar 
orientation. Each panel shows the degree to which observers’ perceptual or 

visuomotor responses correlated with each of the six distractor 
positions at each eccentricity. While fl ankers tended to capture or attract 
the perceived target orientation, they tended to repel the grasped 
target orientation.
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“visual span” – the size of the fi eld that is searched per saccade – is 
directly related to the size of the crowded region (Chung et al., 1998; 
Vlaskamp and Hooge, 2006). Thus crowding is proposed to be the 
primary limiting factor for reading (Pelli et al., 2007). Distractor 
objects have also been found to slow ballistic hand movements 
to a target and change the biomechanics of grasp size (Howard 
and Tipper, 1997; Tipper et al., 1997; Mon-Williams et al., 2001). 
These effects are not crowding, per se, but are proposed to be part 
of a visuomotor strategy of obstacle avoidance. The current stud-
ies isolate crowding specifi cally, and in so doing reveal the spatial 
resolution of visually guided action across eccentricity.

Our fi ndings lend credence to both sides of a contentious debate 
as to whether perception and action can be dissociated in normal 
observers (Goodale and Milner, 1992). In most of these studies, 
participants’ visuomotor responses are typically less infl uenced by 
contextual illusions of size or orientation. Action tends to correlate 
more with the actual metric information about the target, and this 
is thought by some to refl ect differential processing  mechanisms 
or frames of reference in the ventral and dorsal visual pathways 
(Ungerleider and Mishkin, 1982; Goodale and Milner, 1992; 
Aglioti et al., 1995; Carey, 2001; Ganel et al., 2008), but see (Post 
and Welch, 1996; Franz, 2001; Smeets and Brenner, 2006; Franz 
and Gegenfurtner, 2008). The current study tested the hypothesis 
that a visuomotor response, such as grasping, could be dissociated 
from perceptual report in the crowding paradigm, which is distinct 
from the abovementioned studies. We found that visually guided 
grasping did not “break” crowding – visuomotor responses were no 
closer to the actual orientation of the target than was visual percep-
tion, but grasping differentially weighted surround information. 
Thus, the spatial resolution of grasping, which refl ects the internal 
representation of a crowded target available for action, is similar 
to the resolution of vision.

information available to perception and action, the visuomotor 
and perceptual systems weight space differently, and this differen-
tial weighting optimizes ensemble perception while leaving action 
toward individual objects as accurate as possible.

Several studies have shown that our perceptual system rapidly 
processes the mean, or ensemble characteristics of a cluttered scene, 
even when objects are quite complex (Ariely, 2001; Chong and 
Treisman, 2003; Haberman and Whitney, 2007). This information 
may support texture perception, or summary information about 
the summary of a scene (Parkes et al., 2001). Precise information 
about a crowded target’s orientation, while unavailable to percep-
tual report, nevertheless contributes precisely to the perception 
of the average global orientation of an array via a highly precise 
linear averaging (Parkes et al., 2001). While these ensemble percepts 
provide a very useful heuristic for perception, it is less clear how 
the metrics of a reach system would benefi t from such averag-
ing. In most situations, we reach toward object boundaries and 
contours, not toward a global texture. Therefore, the dissociated 
responses found in the current study may refl ect the most advanta-
geous solution for perception and action. When the target cannot be 
individuated and recognized (due to crowding), integrating distrac-
tor information is not benefi cial because the ensemble orientation 
information is not informative as to the tilt of the target.

While research on visual crowding is plentiful, the degree to 
which action is impacted by clutter is relatively understudied. 
Research using visual search tasks has shown that saccadic eye 
movements change as a function of crowding (i.e., object spac-
ing and similarity of non-target features). These studies provide 
the most direct evidence that the density and similarity or non-
target features degrade the accuracy, and slow the speed of sac-
cades in cluttered scenes (Vlaskamp et al., 2005; Vlaskamp and 
Hooge, 2006). These authors concluded that measures of the 

FIGURE 4 | Group results for Experiment 2. Both perceptual (A) and visuomotor (B) discrimination performance was superior (less crowding) in the lower visual 
fi eld. All error bars are between-observer SEM.
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Several potential neural mechanisms could potentially explain 
the observed differences between perceptual and visuomotor 
responses. There could be differences in the extent of spatial inte-
gration or pooling for perception and action; there could also be 
differences in the cortical magnifi cation and/or delays in timing 
between perceptual and visuomotor systems that may lead to a dis-
sociation in the use of contextual information. To test the possibility 
that cortical magnifi cation plays a different role in perceptual and 
visuomotor processing, a stimulus that offsets cortical magnifi ca-
tion by varying in contrast or size could be employed (Rovamo and 
Virsu, 1979; Makela et al., 2001). Whether cortical magnifi cation 
differentially affects visual information used for perception and 
action is an intriguing question, and should be investigated in future 
studies. Likewise, whether crowding occurs on a different time scale 
for perception and action is an interesting but open question.

Perceptual and visuomotor systems often work in close  association 
for everyday tasks (Pelz et al., 2001). In day-to-day routines, there is 
often undesirable clutter fi lling our visual world. The current study 

shows that the resolution – the fi nest grain of detail available to 
perceptual and visuomotor systems – is similarly limited by the 
degree of clutter, or crowding. However, we found differences in the 
use of the surrounding information, which refl ects a more optimal 
use of information by each system. It is benefi cial to perceive group 
information such as texture, while we rarely reach toward that same 
information. Research on crowding should therefore consider the 
differential effects that it may have on action. Do the training effects 
found in perceptual crowding translate to better visuomotor resolu-
tion as well (Green and Bavelier, 2003, 2007; Chung, 2007; Huckauf 
and Nazir, 2007)? If so, perceptual training within cluttered scenes 
may improve visuomotor performance in individuals with central 
fi eld visual loss (e.g., Timberlake et al., 2008).
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