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Abstract

The Area Activation ModelPomplun, Reingold, Shen, & Williams, 2008 a computational model
predicting the statistical distribution of saccadic endpoints in visual search tasks. Its basic assumptior
is that saccades in visual search tend to foveate display areas that provide a maximum amount of tasl
relevantinformation for processing during the subsequent fixation. In the present study, a counterintuitive
prediction by the model is empirically tested, namely that saccadic selectivity towards stimulus features
depends on the spatial arrangement of search items. We find good correspondence between simulat
and empirically observed selectivity patterns, providing strong support for the Area Activation Model.
© 2003 Cognitive Science Society, Inc. All rights reserved.
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1. Introduction

In a visual search task, participants are presented with a search display showing a set c
search items and are typically asked to decide whether the display includes a designated targ
item. There is growing literature of eye-movement studies in visual search demonstrating
saccadic selectivity, that is, a bias of saccadic endpoints towards a particular type of distracto
(e.g.,Findlay, 1997; Hooge & Erkelens, 1999; Luria & Strauss, 1975; Motter & Belky, 1998
Pomplun, Reingold, & Shen, 2001b; Scialfa & Joffe, 198Ben, Reingold, & Pomplun, 2000
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Williams, 1967; Williams & Reingold, 20Q0but seeZelinsky, 1996. For example, if the target

is defined by a certain combination of color and shape, the distractors sharing color with the
target may receive substantially more fixations than those sharing shape with the target (e.g.,
Williams & Reingold, 2001

In all of these studies, saccadic selectivity—the proportion of saccades directed to each
distractor type—was calculated by assigning saccadic endpoints to the closest display item.
One problem with this method is that it ignores the possibility that the placement of saccadic
endpoints is guided by the combined potential relevance of several nearby display items.
However, such an influence of distractor grouping on saccadic selectivity is likely given the
well-documented influence of distractor grouping on visual search efficiencyReak, 1993;
Duncan & Humphreys, 198&rossberg, Mingolla, & Ross, 1994umphreys & Miiller, 1994;
Poisson & Wilkinson, 1992; Treisman, 198For example Treisman (1982emonstrated
that conjunction search was much easier when the distractor items were grouped by kind,
indicating that subjects may perform a serial search across groups, and that search within
distinct groups may be conducted in parallel (see &sussberg et al., 1994Similarly, the
attentional-engagement theory Buncan and Humphreys (1989, 19%2iggested that visual
search is facilitated by efficient distractor grouping but is hindered by grouping between the
target and distractors.

Thus, inthe present study we set out to study the influence of distractor grouping on saccadic
selectivity. Our investigation was conducted within the framework of a computational approach
toward simulating saccadic selectivity in visual search, which we refer to as the Area Activation
Model (seePomplun, Reingold, Shen, & Williams, 200®ccordingly, in the remainder of
the introduction we briefly describe the concepts underlying the Area Activation Model and
the way in which it was implemented in the present study.

A key concept underlying the Area Activation Model is related to the notion that, during a fix-
ation, the distribution of visual processing resources—the “fixation field"—is a two-dimensional
Gaussian function centered at the fixation point Rfmplun, Ritter, & Velichkovsky, 1996
As demonstrated bPomplun, Reingold, and Shen (2001hg size of the fixation field is
likely to decrease with an increase in task difficulty and attentional or foveal load. In addition,
fixation field may increase with practice as participants gain expertise and familiarity with
the stimulus domainGharness, Reingold, Pomplun, & Stampe, 20R&ingold, Charness,
Pomplun, & Stampe, 20QReingold, Charness, Schultetus, & Stampe, 2@2lalfa & Joffe,

1998. Furthermore, item density and heterogeneity are likely to have an influence on the size
of the fixation field with widely dispersed, homogeneous items producing larger fixation fields
than densely packed, heterogeneous items.

The basic assumption underlying the Area Activation Model is that saccades in visual search
tend to be directed toward display areas that provide a maximum amount of task-relevant infor-
mation. Based on the assumed spatial distribution of processing resources during fixations and
the relevance of different items to the search task it is possible to compute the informativeness
and therefore the activation value of every point in the display, with more highly activated posi-
tions being more likely to be fixated than less activated positions. Activation peaks correspond
to positions that, if fixated, would optimize the acquisition of task-relevant information. Thus,
in order to predict the statistical distribution of saccadic endpoints, the Area Activation Model
employs an area-based activation map, rather than an item-based activation map.
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The concept of an area-based activation map adopted by the Area Activation Model is par-
tially inspired by empirical evidence derived from behavioral and neurophysiological studies
of the saccadic system. Specifically, several studies reported that when two potential saccadi
targets are presented in relatively close proximity, rather than fixating one of these targets, th
first saccade endpoints tend to be directed toward intermediate locations. This effect, referred t
as the center of gravity or global effect, appears to be very general and was demonstrated wit
both voluntary Coren & Hoenig, 197pand reflexive saccades (e.Qgubel, Wolf, & Hauske,

1984 Findlay, 1981, 1982Z~indlay, Brogan, & Wenban-Smith, 1993ttes, van Gisbergen, &
Eggermont, 1984 Most important for the present context, global effects were also observed
in visual search when targets were presented in neighboring locafimuidy, 1997; Findlay

& Gilchrist, 1997 Zelinsky, Rao, Hayhoe, & Ballard, 1987Among the current models of
saccadic control in overt visual search (ekandlay & Walker, 1999; Itti & Koch, 2000Rao,
Zelinsky, Hayhoe, & Ballard, 20Q2both the Findlay and Walker model and the Rao et al.
model address the global effect and related phenomena. Both models postulate a spatially-cod
salience map, which directs saccades to the center of the most salientareas (i.e., groups of iternr
instead of the most salient single items. Thus, the mechanism of spatial integration of visua
input proposed by the Area Activation Model is consistent with currently available evidence
and theoretical frameworks concerning saccade generation in simple and complex visual task:

In the following paragraphs we provide a step-by-step overview of how to apply the Area
Activation Model to a given visual search task in order to simulate saccade amplitude, the
distribution of saccadic endpoints, and saccadic selectivity. A precise mathematical descriptior
of the model and its implementation is provideddippendix A and its application to another
visual search task is described”Romplun et al. (2000)

1.1. Step 1: estimation of guidance by distractor types

In order to compute the informativeness of any potential fixation position in the search
display, we need to know which type of distractor guides the visual search process. This can b
determined in a preliminary study using the distractor and target types in question, including
a dissimilar distractor type that does not share any features with the target. Any distractor
type that receives significantly more fixations than the dissimilar type is assumed to guide the
search process. In many search tasks—as in the task employed in the present study—the
is guidance by only one distractor type, so that the model can disregard the other distracto
types, and no further parameters have to be estimated. In the case of multiple distractor type
showing distinct strengths of guidance, the relative contribution of each distractor dimension
has to be estimated and incorporated into the model as an extra pardPoetgtun et al.
(2000)applied this procedure to a triple-conjunction search task and showed how the model
can predict the amount of simultaneous guidance by multiple dimensions from data obtainec
in single-dimension guidance conditions.

1.2. Step 2: estimation of the fixation field size

A crucial variable of the Area Activation Model, fixation field size, has to be estimated sepa-
rately for each experimental condition. To achieve this, we exploit the functional
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relationship between fixation field size and the number of fixations per trial generated by
the model: A larger fixation field always leads to fewer fixations per trial, because in the
activation map larger groups of guiding items merge into a single peak. The computation is
performed by an iterative algorithm that receives as its input the number of fixations obtained in
the corresponding trials in a preliminary study. The algorithm starts with an arbitrary estimate
of fixation field size. Based on this size, for each trial the algorithm computes an activation
map and counts its peaks to determine the number of fixations that the model generates. If the
generated average number of fixations is considerably smaller or greater than the empirically
obtained one, the assumed fixation field size is decreased or increased, respectively, and the
next iteration begins. The step size for fixation field adjustment is halved after each iteration,
and the algorithm terminates as soon as the difference between empirical and simulated numbel
of fixations falls below a certain threshold. As we have shown in earlier vikoknplun et al.,

2000, it is possible to determine the fixation field size in a preliminary study and then predict
saccadic selectivity and saccade amplitude for different subjects performing a similar task. In
this case, the model does not require any empirically obtained parameters from the subjects in
order to predict their saccadic behavior.

1.3. Step 3: simulation of scan paths

For each search display in the experiment, an algorithm computes the activation map and
multiple scan paths. Since the calculation of fixation positions is carried out as a statistical
process, it is advantageous to generate a large number of scan paths per display in order tc
obtain reliable data. To compute a visual scan path, we not only need to determine the fixation
positions, but also the order in which they are visited. As indicated by empirical studies (e.g.,
Zelinsky, 1999, the choice of such an order is governed by principles of spatial optimization.
The following simple rule in the current implementation of the Area Activation Model reflects
such aprinciple: The next fixation target is always the activation peak closest to the current gaze
position that has not been visited yet. This method of local minimization of scan path length
(“Greedy Heuristic”) has been shown to be useful in modeling empirical scanning sequences
(e.g.,Pomplun, 1998

1.4. Overview of the current study

In the present paper we further evaluate the Area Activation Model by empirically testing
one of its strongest predictions. Specifically, if saccadic selectivity is measured in the typical
manner (i.e., by assigning saccadic endpoints to the closest display item) then grouping of
guiding search items should increase saccadic selectivity toward them. This is because in the
absence of grouping, the peaks in the area-based activation map do not necessarily coincide
with the positions of the guiding distractors, but may have a distractor of another type as their
nearest neighbor (sé&g. 1. Therefore, the measured saccadic selectivity for guiding items
is relatively low. However, grouping guiding distractors leads to a higher probability that peaks
would correspond to the position of a guiding distractor producing higher saccadic selectivity
towards them (seEig. 19.
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Fig. 1. Sample displays created to induce high color guidance (panel a) or low color guidance (panel b), with the
area activation “landscape” superimposed on them. In either display, the target is a green, vertically striped square
and the color green is assumed to exclusively guide visual search. The peaks in the activation map are marked wit
black crosses. Squares indicate the closest item to the projection of each peak onto the stimulus plane. While in th
high guidance display (panel a) all six peaks are closest to a guiding green item, in the low guidance display (pane
b) this is the case for only three out of seven peaks.



304 M. Pomplun et al./Cognitive Science 27 (2003) 299-312

In order to test this hypothesis, we employed a triple-conjunction search task that was intro-
duced byPomplun et al. (2001nd created two groups of visual search displays. Although
all of these displays contained the same set of search items, they were—according to the Area
Activation Model—supposed to induce relatively strong saccadic selectivity (“high guidance
displays”) or relatively weak saccadic selectivity (“low guidance displays”) towards the guiding
distractor type. By using an independent clustering measuré\(ssendix B we verified that
high and low guidance displays differed significantly in terms of clustering and that the model’s
prediction of saccadic selectivity was strongly correlated with clustering values (see method
section for details). We then proceeded to empirically contrast saccadic selectivity across high
and low guidance displays and documented a significant selectivity difference in the predicted
direction between these two groups of displays consistent with the Area Activation Model.

2. Method
2.1. Participants

Eight undergraduate students from the University of Toronto were tested individually in
1-h sessions. All participants had normal or corrected-to-normal vision. They wigeewith
respect to the purpose of the study and were paid $10 Cdn. for their participation.

2.2. Apparatus

Eye movements were recorded with the SR Research Ltd. EyelLink system, which operates
at a sampling rate of 250 Hz (4 ms temporal resolution) and measures a participant's gaze
position with an average error of less than°00b visual angle. Stimuli were presented on a
19in. Samsung SyncMaster 900P monitor with a refresh rate of 120 Hz and a screen resolution
of 800 x 600 pixels.

2.3. Materials

The stimulus displays were identical to some of those us@dmplun et al. (2001bYhey
consisted of geometrical objects with features varying along three dimensions—color (red vs.
green), shape (circle vs. square), and orientation (vertical vs. horizontal gratings). For each
participant, one of these eight item types served as search target. The identity of the target
was counterbalanced across participants. The target and the distractors shared one featur
(color, shape, or orientation). The fourth distractor type—a blue, diagonally striped triangle—
shared no feature with the target and was originally used to derive base rates for the saccadic
selectivity analysis. Target-absent displays consisted of 12 instances of each distractor type
(three similar and one dissimilar type), for a total of 48 items per display. In target-present
trials, a target-absent display was first generated and then one of the distractors was randomly
chosen to be replaced with the target item. All stimuli were presented in% ¥515.5°
field at a viewing distance of 80 cm. The target was never presented within the ceritral 2
2.7° field of the display. Each item was abotit ib diameter, and the minimum distance
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between the centers of neighboring items was.F8m the study byyomplun et al. (2001b)

we knew the empirically measured number of fixations per trial in these displays and that
the only dimension guiding search was color. This knowledge made it possible to have a
computer program generate random search displays, simulate saccades according to the Ar
Activation Model, and calculate saccadic selectivity. Displays in the top 5% of color selectivity
were assigned to the “high guidance stimuli” group (Bae 13, and displays in the bottom

5% were assigned to the “low guidance stimuli” group (Beg 1b). High guidance stimuli
generally showed strongly clustered color distractors, whereas in low guidance stimuli the colot
distractors were widely dispersed. To quantify this effect, we defined a meaisgieating the
strength of color-distractor clustering (s&gpendix B). The clustering of color distractors was
significantly stronger in the high guidance stimyli£€ 1.24) than in the low guidance stimuli

(p = 0.93),1(478 = 4823, p < .001. Furthermore, in 1,000 randomly generated displays
we found a remarkable correlation between the clustering of color distractors and the model’s
simulation of saccadic color selectivity & .91, p < .001). The design of the experiment
included four cells that consisted of the combinations of target status (present vs. absent) an
stimulus type (high vs. low guidance). Following 16 practice trials, each participant performed
120 trials for each cell administered in eight blocks of 60 trials. The order of stimulus displays
was completely randomized except that there were no more than four successive displays of
given target status.

2.4. Procedure

Prior to the start of the experiment, participants were informed about the identities of the
target and distractor items and about their task—to search for the target item and indicate
whether it was present or absent by pressing an appropriate button as quickly and as accurate
as possible. A calibration procedure was performed at the beginning of the experiment, anc
each trial started with a gaze position drift correction (Sempe, 1998 Participants were
instructed to fixate on a dot shown in the center of the screen and then press a button to sta
the next trial. The trial terminated if participants pressed one of the response buttons or if
no response was made within 30s. The particular buttons used to indicate target presence
absence were counterbalanced across participants.

3. Results

Only target-absent trials were included in the analysis, because the results from target-abse
trials can be interpreted more clearly than those from target-present trials, where the presenc
of the target may influence search behavior (geknsky, 1996. There were 2.0% incorrect
responses in the high guidance condition and 1.1% in the low guidance condition, with no
significant difference between the two conditionsy: 1. These trials were excluded from
further analysis, as well as trials with a saccade or a blink overlapping the onset of a display
(1.4% for high and 1.2% for low guidancex 1) or response times (RTs) that were more than
three standard deviations above or below the mean (0.8% in each condiid), Since the
model does not currently address refixations of the same items, we only analyzed the first five
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fixations in each trial, which include only a small proportion of refixations (0.6% for high and
0.7% for low guidance).

In the high guidance condition, there were shorter RTs (1,540 ms) and fewer fixations per
trial (5.73) than in the low guidance condition (1,775ms and 6.94 fixatio(g),= 8.64,

p < .001 ands(7) = 9.92, p < .001, respectively, indicating higher search efficiency in the
high guidance condition. This result can be explained by differences in activation maps between
the two conditions (cfi-ig. 1): while high guidance stimuli contained clustered color distractors
inducing focused activation maps, low guidance stimuliinduced spread-out activation requiring
more fixations to process the whole display. This is in line with the finding of shorter saccades
in the high guidance condition (4.94han in the low guidance condition (6.97:(7) = 7.09,

p < .001.Fig. 2apresents the distribution of empirically obtained saccade amplitude in each
condition.

The major question of the present study was whether, as predicted by the Area Activation
Model, participants’ saccadic selectivity towards the color dimension was higher in the high
guidance condition than in the low guidance condition. To investigate this, the selectivity of
participants’ eye movements was determined by the standard algorithm for selectivity studies
(e.g.,Zelinsky, 1996. For every trial, we calculated the distance between each saccadic end-
point and every item in the display. Each saccadic endpoint was assigned to the item nearest to
it, so that for each participant, the proportion of saccades directed at each distractor type—the
saccadic selectivity—could be computed.

Most importantly, as predicted by the Area Activation Model, selectivity towards color
was significantly higher in the high guidance condition than in the low guidance condition,
t(7) = 7.65, p < .001. The analysis of saccadic selectivity in the high guidance condi-
tion (color distractors: 60.2%; shape: 16.0%; orientation: 10.8%; dissimilar: 13.0%) and the
low guidance condition (color: 45.1%; shape: 21.3%; orientation: 16.7%; dissimilar: 16.9%)
revealed significant guidance (high guidance conditib(g, 21) = 6834, p < .001; low
guidance conditionF(3,21) = 26.63, p < .001). In either condition, color was the only
dimension to guide visual search, replicating the finding®Pbynplun et al. (2001b)This
was indicated by selectivity being higher towards color than to any other dimension (high
guidance condition: alt(7) > 6.77, p < .01; low guidance condition: all(7) > 3.94,

p < .05) and no significant differences in selectivity across the other dimensions (high
guidance condition: all(7) < 2.88, p > .1; low guidance condition: all(7) < 1.75,
p > .b).

Fig. 2cshows color selectivity of saccadic endpoints as a function of saccade amplitude in
the high and low guidance conditions. As can clearly be seen, the difference in color selectivity
between the two conditions decreases with increasing saccade amplitude. This is due to a
general decrease in selectivity with longer saccades.

We used the empirical results obtained in the present experiment to further evaluate the Area
Activation Model. The iterative algorithm determined fixation field sizes of 1id3he high
guidance condition and 1.7 the low guidance condition to match the empirically obtained
number of fixations per trial in each condition. The model was then “presented” with exactly
the same displays that were used in the present experiment and generated 1,000 visual scal
paths for each of them to derive reliable saccade amplitude distributions and mean saccadic
selectivity values.
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Fig. 2b shows saccade amplitude histograms as simulated by the model for the high and
low guidance conditions. Although due to a larger number of samples these histograms are
smoother than the empirical ones displayeBim 23 it is obvious that the model’s simulation
of the two distributions is quite accurate (high guidance= .95, RMSD = 0.89%; low
guidancer? = .86, RMSD= 0.83%). Moreover, there is a good fit in the simulation of mean
saccade amplitude in both the high guidance condition (empirical®4st#ulated: 5.33
and the low guidance condition (empirical: 6:2%imulated: 6.49. The model’s simulation
of color selectivity as a function of saccade amplitude is showign2d By comparing it to
the corresponding empirical datafig. 2¢ it can be seen that the overall patterns match quite
well. All'in all, the results of the simulation are clearly compatible with the empirical data.

4. Discussion

The present results are consistent with the well-documented influence of distractor grouping
on visual search efficiency (e.@®eck, 1993; Duncan & Humphreys, 1989; Grossberg et al.,
1994; Humphreys & Miller, 1994; Poisson & Wilkinson, 1992; Treisman, 19B2e current
findings suggest that this link between distractor grouping and search efficiency is also reflected
in the pattern of saccadic selectivity. Specifically, we demonstrated that grouping the guiding
search items in a visual search task could substantially increase saccadic selectivity for them.
This pattern of results provides support for the Area Activation Model and the concept of smooth
area-based activation maps rather than item-based activation maps. Moreover, as shown by &
computer simulation, the Area Activation Model is able to generate both saccade amplitude
distributions and saccadic selectivity patterns that closely match the empirical ones.

However, it should be clearly stated that the current implementation of the Area Activation
Model is not intended to provide a universal model of visual search. Rather the model in its
current state is not very complex and focuses on some particular, previously unexplored issues
such as the mapping of fixations to items. Other important issues have not been addressed yet
For instance, the model does not incorporate any assumptions concerning the role of memory
in visual search (seeindlay, Brown, & Gilchrist, 2001Frens, van der Geest, & Hooge, 2000
Gilchrist, North, & Hood, 200l Horowitz & Wolfe, 1998, 2001, 20Q3Peterson, Kramer,

Wang, Irwin, & McCarley, 200Pand consequently is unable to deal with refixations on the
same items. Accordingly, we had to restrict our evaluation of the model to the first five fixations

in each trial, which rarely involve refixations. We also know that the present model does not
perform well for rapid search processes that occur, for example, in displays with very few highly
salient guiding items that are far apart from each other. In such cases, the Area Activation Model
assumes extremely large fixation fields so that many simulated saccades land between guiding
items. However, empirical data show that under these conditions most saccades are directec
at the guiding items rather than at the areas between tB8aem(et al., 2000Evidently, there

are neurophysiological and psychophysical limits to the size of the fixation field that need to
be incorporated into the model.

Although more research is required to further evaluate and develop the Area Activation
Model, the finding of grouping effects on saccadic selectivity constitutes animportantempirical
benchmark for any present or future theory of visual search. This result is clearly inconsistent
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with any account of saccadic selectivity that is restricted to purely item-based activation maps
Thus, the Area Activation Model can be considered a step towards an adequate, universal mod
of visual search. In particular, we believe that currently dominant visual search models, sucf
as the Guided Search Theory (e@ave & Wolfe, 1990; Wolfe, 1994, 199&\Volfe, Cave,

& Franzel, 1989 Wolfe & Gancarz, 1996should be extended to explain grouping effects,
possibly by means of an area-based activation map.
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Appendix A. Quantitative description of the model

To provide a mathematical description of the Area Activation Model, let us define a search
display to comprisdN guiding items with positionsx;, y,,), n € {1, ..., N}. This definition
is only applicable to displays with exactly one homogeneous group of distractors guiding
visual search, such as the color distractors in the present studyp¢seplun et al., 2000
for a definition covering more complex guidance patterns). The fixation field is defined as a
two-dimensional Gaussian function with standard deviatipicentered at the fixation point.

The activation map is given by a function(x, y), which yields the amount of information
that could be processed while fixating at positigyy] in the display. This amount is calculated
as the sum of visual processing resources applied to each guiding item in the display, base
on a Gaussian distribution of resources for processing with its center at positignapnd
standard deviation :

N _ 2 _ 2
m(x, y) = ZeXp|:— (X = Xn) 2+2(y Yn) j|
n=1 af

Each local maximum (peak) afi(x, y) is assumed to attract exactly one fixation. These
peaks are located at the positiors,(y,) meeting the following requirement:

de > 0:|x —xpl+ 1y —ypl <e=mx,, y,) >m(x, y)Vx,y

For most search displays, this set of fixation positiofsy,) optimizes the acquisition of
information. The visual system, however, is not always able to generate accurate activatior
maps and to program saccades that exactly hit these optimal targets. It is therefore adequate
model the choice of fixation positions as a statistical process: The probability of a fixation to
occur at position, y) decreases with increasing distance betweaey) @nd the nearest peak
in the activation map. Itis reasonable to assume that this decrease is steeper if the fixation fiel
is smaller, that is, the search process is more focused. The Area Activation Model account:
for this fact in the most straightforward way: Decrease in fixation probability with increasing
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distance from an activation peak is modeled by the same Gaussian function that describes the
decrease in visual processing resources with increasing distance from fixation.

The calculation of actual fixation points also includes simulating the measurement error of
the eye-tracker system, which is assumed to be normally distributed with a constant standard
deviationo,,. In the present study;,, was set to 0.5 reflecting the typical precision of the
EyeLink system used in the experiments. Taken together, the probability distrip(tigh of
actual fixation points for an activation pea (y,) is given by the following formula:

(x —xp)2 4+ (y — yp)?
211(0% 4 02) exp|: 2(0% +02)

p(x,y) =

Appendix B. The clustering measure

Let a search display compridéguiding items with positionsx(, y,), n € {1, ..., N} and
M non-guiding items with positionsuf,, v,,), m € {1,..., M}, whereM, N > 2. Then our
measure of clustering for the set of guiding items is given by the following formula:

_ N-1 Zrllv=lztl1:1=l\/(xn - um)z + (yn - vm)z
M 25:222;1\/(%1 - xn)z + (yn - yn)z

The variablep is the quotient of the average Euclidean distance between a guiding and a

non-guiding item and the average distance between any two guiding items. A greater value
of p indicates longer distances between guiding and non-guiding items as compared to the
distances within the group of guiding items. This, in turn, signifies that in the search display

the guiding items are grouped more tightly.
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