PSYCHOLOGICAL SCIENCE

Research Article

EYE MOVEMENTS REVEAL THE SPATIOTEMPORAL
DYNAMICS OF VISUAL SEARCH

Gregory J Zelinsky,'? Rajesh P N. Rao,> Mary M Hayhoe,' and Dana H. Ballard®

! Center for Visual Science and *Computer Science Department, University of Rochester

Abstract—Guven that antention precedes an eye movement to a tar-
get 1t becomes possible 10 use fixaton sequences to probe the spa-
notemporal dynamics of search Applying this method to a realistic
search task, we found eye movements directed to the geometric cen-
ters of progressively smaller groups of objects rather than accurate
fixations 1o individual objects in a display Such a binary search
strategy 1s consistent with zoom-lens models posiing an ually
broad distribunion of search, followed by a narrowing of this search
region unnl only the target is selected We also interpret this oculo-
motor averaging behavior as evidence for an wnally parallel search
analysts that becomes increasingly serial as the search process con-
verges on the target

Visual search, the process by which one locates a target i a
cluttered scene, 1s a common and 1mportant behavior that has defied
defimuive understanding despite decades of diligent research Two
factors have combined to make the study of this topic exceedingly
difficult First, search movements and shfts of selective visual atten-
tion are almost certamly ntertwined Any complete description of
search must therefore also address these difficult-to-observe underly-
ng attention movements, as well as assume a theoretical stance
among the vanous metaphors for attentional function (e g , spothghts,
zoom lenses, filters, channels) Second, visual search 1s more than the
time taken by an observer to detect a target and press a button It 1s
instead a nchly complex behavior having both a spatial and a temporal
dynamic Most search studies, however, largely discard this spatio-
temporal information by collapsing the search process nto a single
measure of reaction time (RT) Such reliance on a dependent measure
that cannot directly resolve these search dynamics introduces unex-
plained vanability 1nto every search experiment and fuels the endless
debates that threaten to paralyze research nto the process of visual
search

A newfound relationship between eye movements and directed
visual attention offers a promusing method of avoiding both of these
difficulies Although 1t 15 certamnly possible to shift visual attention
without making an accompanying eye movement (Klemn & Farrell,
1989, Posner, 1980, Remungton, 1980, Treisman & Gormican, 1988),
several recent studies have shown that the reverse dissociation may
not be possible (Deubel & Schneider, 1996, Hodgson & Muller, 1995,
Hoffman & Subramamam, 1995, Irwin, 1992, Kowler, Anderson,
Dosher, & Blaser, 1995, Shepherd, Findlay, & Hockey, 1986, aiso see
Henderson, 1996, for a review of this and related topics) Specifically,
a shift 1n visual attention to a location 1n space must accompany an
eye movement to that same location This association 1s believed to be
due to a shared neural substrate between covert attentional onenting
and oculomotor programmung (Hornak, 1992, Kustov & Robinson,

1996, Posner, Petersen, Fox, & Raichle, 1988, Rafal, Calabres, Bre:.-
nan, & Sciolto, 1989, Rizzolatu, Riggio, & Sheliga, 1994, Robinson
& Kertzman, 1995, Sheliga, Riggio, & Rizzolatu, 1994, Walker &
Findlay, 1996) Typically, selection of a target 1n a spatially organized
neural map would elicit both an attentional movement and an eye
saccade Purely covert onenting would occur when an eye movement
cannot be executed because of the oculomotor refractory penod (Car-
penter, 1988) or in those unnatural cases when the saccade 1s being
voluntanly inhibited (Klein & Farrell, 1989, Zelinsky & Sheinberg
1997) Indirect evidence supportng this relationship between eye
movements and visual attention can also be found in the rapidly
growing number of studies showing an alignment between saccadic
mspection and visual search dunng free viewing (Behrmann, Watt,
Black, & Barton, in press, Engel, 1977, Findlay, 1997, Gould, 1973,
Jacobs, 1986, Rayner & Fisher, 1987, Willhams, 1967, Zehnsky
1996, Zelinsky & Sheinberg, 1997)

EXPERIMENT 1

The current study by exploiung the relationship between eye
movements and directed visual attention, introduces a new method-
ology for studyng the spatiotemporal dynamics of visual search If an
attentional shift to a location 1n space necessanly precedes an eye
movement to that same location, then each ocular fixation provides a
spatial marker or record of a display region visited by attention and
search Furthermore, unlike RTs, which provide only a single tempo-
ral measure of search and no spaual measure whatsoever, the se-
quence of saccades and fixations accompanying search provides a
more detailed picture of how the search process evolves over ime
Note, however, that this methodology 1s not without its himutations It
cannot track any attentional shifts occurnng in addition to those ac-
companying refixation, nor can it say with great certanty which items
1n a display have been processed by attention What it does provide 1s
a rough indication of the spatial and temporal attentional allocation to
items 1n a search display

Method

We tracked the eye movements of 6 participants (4 naive) as they
searched for objects in three pseudoreahstic scenes (a cnb, dining
table, and workbench, Fig 1) Domunating each scene was either one,
three, or five obyects arranged
on a background surface (1 ¢ , toys 1n the crib, tools on the workbench
and food-related objects on the dining table) Using the midpoint of 2
25° imaginary box enclosing each object as a reference, we con
strained the positions of objects n each search display to six locations
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of equal (exther 22 5°, 45°, 67 5°, 112 5°, 135°, or 157 5°
at an eccentricity of 7°) along an arc centered on the observer's imtiat
fixation The composite scene (background surface and objects) sub
tended 16° honzontally and 12° verucally, filling the enture 640 x 486
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Fig 1 Images from | of the 360 tnals used n this experiment,
converted to gray scale The first image (top) nstructed observers to
search for the toy car in the following image (bottom) Note that in
this case the correct response would be that the target 1s absent from
the search display

pixel screen The 360 tnals per observer (each tnal described a umque
configuration of objects and positions on a surface) were evenly di-
vided into randomly interleaved target-present or target-absent con-
ditions and three set sizes, leaving 60 tnals per cell of the expenmen-
tal design In the case of target-absent trials the target was replaced by
a distractor from the same object category rather than leaving the
position unoccupied

A tnal consisted of the sequential presentation of two 8-bit -
dexed-color images The first image was visible for 1 s and designated
the target of the search task by showing a single object at a bottom-
center location on the surface (Fig 1, top panel) The observer’s task
was to indicate the presence or absence of the target object in the
following search scene (Fig 1, bottom panel) by making a speeded
key-press response An SRI Generation-V dual-Purkinje-image eye-

additional measure made the search presentation contingent upon ac-
curate (+0 25°) fixation of the cross, thereby ensuring a constant dis-
tance between the eye's starting position and the search items in the
followsng display

Results and Discussion

An analysis of manual responses revealed that search times in-
creased with the number of objects appeanng in the scene, F(1, 5) =
6921 p < 001, and the rate of this mcrease in the target-absent tnals
(41 ms/item) was significantly greater than the target-present siope
(28 ms/tem), F(2, 10) = 875, p = 006, by two-way repeated
measures analysts of vanance Proponents of several popular models
of search might argue, on the basis of this analysts, that attention was
senally directed from object to object in these scenes untl the target
was detected or the displays were exhaustively nspected (Posner,
Snyder, & Davidson 1980, Treisman, 1988, Treisman & Gelade,
1980, Wolfe, 1994) According to these *‘spothight’* models, 1t 1s this
senal, item-by-1tem movement of a focused region of attentional pro-
cessing that accounts for the longer RTs with larger set sizes

Although these data cannot rule out a senal spotlight model, an
analysis of the eye movements accompanying this scarch task does
suggest a different spatiotemporal dynamic Surpnsingly, most initial
saccades (Fig 2, top panel) were directed toward the center of the
scenes even though no objects ever appeared there, a fixation pattern
reminiscent of center-of-gravity averaging observed for simple stumuli
1n early oculomotor studies (Findlay, 1982, 1987, P He & Kowler,
1989, Richards & Kaufman, 1969) The scatterplot of landing posi-
tions for second saccades (middle panel) shows gaze moving closer to
the search objects, but notice that these eye movements were still
fairly inaccurate, forming an undifferentiated band of endpoints along
each side of the display It was typically not untl after the third
saccades (bottom panel) that individual objects in the scene were
fixated accurately

This same oculomotor averaging behavior 1s shown in Figure 3 for
two representative trials The scanpath illustrated 1n the top panel
shows an 1mtial eye movement to the centroid of a group of three
objects, followed by a second saccade to an intermediate location
between two of these items and a third saccade to the target What 1s
absent from this scanpath 1s evidence for a senal process directing
search to individual objects in the display This process by which gaze
gradually converges on the target suggests a binary search strategy,
rather than a sequential 1item-by-item search The analysis occurring
after the mihal center-of-gravity saccade effectively divides the dis-
play i two 1solating the hemifield 1n which the target 1s located The
second saccade then brings gaze to the center of an object configu-
ration on the selected side of the display, after which another binary
decision 1s made (in the case of the top panel n Fig 3, this third
oculomotor decision was to shift gaze upward toward the butter target
rather than downward toward the napkin and silverware) Notice that
when only a single object appeared on the surface (Fig 3, bottom
panel) the mitral saccade was weighied heavily toward the target but
the center-of-gravity averaging tendency did not disappear entirely
This evidence for averaging behavior even at a set size of one may be
due to an 1nitial interpretation of the entire surface as being relevant
to the search task and to its being partially weighted in the saccade

(Z He & 1992)

tracker was used to sample eye position every other dur-
ing the presentation of the search display Eye posiion was also
monttored duning a fixation display preceding the search scene This
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This oculomotor convergence toward an object was quantified 1n
Figure 4 by plottng how close the first three eye movements brought
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Fig 2. Endpoints of first (top), second (middle), and third (bottom)
saccades from | naive observer Axes are 1n degrees of visual angle,
with values along the abscissa indicating distance from the fixation
cross Data from all three set sizes and scene types are shown The
fixation cross indicates the starting eye position, and the black boxes
correspond to where objects appeared 1n the scenes Note that there
are fewer data points in the muddle and bottom panels than in the top
panel because of the observers’ occastonal failure to make a second or
third saccade in a tnal

450

Fig 3. Eye movements occurring on two representative trials, super-
imposed over the scenes that were being viewed Individual fixations
are indicated by the white circles, with the diameter of each circle
representing the relative fixaton duration The sequences of fixations
and saccades shown are for a three-item tnal (top) and a single-item
trial (bottom)

gaze to the target as a function of set size Imnal saccades landed
approximately 5° from the target in the three- and five-ttem displays
This measure of itial endpornt error decreased to 3 1° in the single-
item tnals, yielding a significant main effect of set size, F(2, 10) =
11144, p < 001, by one-way repeated measures analysis of vanance
Targeting accuracy improved markedly for the second saccades, F(1,
5) = 14133, p < 001, with endpownt errors nsing linearly from 0 8°
at the smallest set size to 2 7° at the largest set size, F(2, 10) = 73 89
p < 001 This influence of neighboring distractors on fixation accu-
racy, although sull sigmificant (F2, 10] = 683, p = 013), was
largely attenuated by the third saccades Note also that the difference
n first-saccade endpoint error between the one-object and the three-
and five-object displays suggests that the imtial eye movements were
not simply anticipatory or preprogrammed behaviors Because set size
was randomly interleaved throughout the expenment, observers had
no way of anticipating the number of objects that would appear in the
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Fig 4. Mean endpont errors as a function of set size and saccade
(first, second, and third) for all 6 parcipants Endpomt error refers to
the distance between the landing position of a saccade and the target
1n degrees of visual angle Because endpoit error 15 undefined when
atarget does not appear in the display, results for target-present tnals
only are shown

following search scene Rather than reflecting a routinized oculomotor
response, this difference 1n endpomt error therefore suggests that the
center-of-gravity fixations observed were sensitive to the stimulus
properties of cach display

EXPERIMENT 2

Before discussing what these oculomotor results mean for the al-
location of visual attention, we must rule out a competing explanation
for the center-of-gravity fixations observed n Expenment 1 Namely,
f participants were unable to peripherally resolve the search obyects at
7° eccentricity then they may have purposefully directed mitial fixa-
ton to a centroid location in an attempt to see the objects better and
perform the task more accurately It follows from this hypothesis that
if participants were prevented from making eye movements, then
these same visual acuity himitations would translate into higher
manual error rates However 1f these saccades were part of the normal
spatiotemporal search process, then no meaningful differences tn the
pattern of errors would be expected between the tasks

Method

Four new observers searched the 1dentical sumuli as in Expenment
1 without moving their eyes dunng the presentation of the search
displays To help participants follow this ‘po eye movement * in-
struction, we added a small (025°) fixation cross to each of the
background scenes at a 7° eccentric location corresponding to the
starting eye position 1n the previous expeniment Eye data were ana-
lyzed off-line, and tnals 1n which gaze deviated by more than 0 5°
from the cross were discarded Observers were mstructed to respond
as accurately as possible without regard for ume To better cquate the

were decremented by a constant 200 ms to help comect for motor
latencies that may inflate actual search decision times The resulng
display durauons were 444 ms 497 ms, and 583 ms for set sizes of
one, three, and five stems Following the appropruate fixed interval,
each search display was replaced by a blank screen, which remained
unul the observer indicated whether the target was present or absent

Results and Discussion

Table | shows the percentages of musses and false alarms 1n Ex-
peniment | and in the fixed-eye control task The percentages of tnals
discarded because of the detection of a saccade are also shown for
Expenment 2 Despite a reported strong subjective impression of
moving their eyes, the observers rarely (less than | 5% of the tnals)
mitiated a saccade duning the search displays Tiny changes n eye
posttion (-0 1°) at the practical imits of the tracking device were
occasionally observed, but we did not attempt to correlate these mi-
crosaccades with the direction of the search target Just as fixation was
mamtained with hugh accuracy, manual responses were also very ac-
curate Mean button-press errors 1n both the free-eye and the fixed-eye
experiments were uniformly low across all search conditions, with the
percentage of errors 1n the control task being generally smaller Fur-
thermore, the few manual errors occumnng 1n the control experiment
were reported to be simple motor confusions (pressing one button
when the other was intended) rather than guessing attnbutable to poor
visual acuty The exceptional accuracy observed n this fixed-eye
control task therefore suggests that observers were able to perpherally
resolve the search objects at 7° eccentncity, and that participants
elected to make eye movements 1n the free-eye search task even
though they were quite capable of performing the task without chang-
ng fixation

GENERAL DISCUSSION

Although eye movements are clearly incidental (o accurate perfor-
mance 1n many search tasks, when an eye movement does accompany
search, 1t communicates a wealth of spatial and temporal information
about the search process and the allocation of directed visual attention
Given that search 1s attentionally medsated, and the assumption that
attenuion visits the target of a saccadic eye movement, two conclu-
stons can be drawn from the cye data presented in Figures 2 through
4 Farst, search I this task began very broadly distnbuted over the
scenes but then spaually collapsed to surround only the target object
The evidence for this search dynamuc exists in the path followed by
the eye to the target Contrary to common intuitions about search (that
the eye moves accurately from one item (o another 1n a scene), gaze
was directed first to the centroid of the global display configuration
and then to the centers of recursively smaller groups of objects until
the target was acquired Although this binary search pattern should not
be interpreted as strict evidence against item-by-item spothght theo-
ries of search such a pattern 1s more consistent with models likening
the search process to the global-to-local operation of a zoom lens
(Downing & Pinker, 1985, Enksen & St James, 1986, Enksen &
Yeh, 1985, Laberge, 1983)

available information i the two tasks, we used RTs from Exp

1 to set the durations of the search displays 1n this control exp
Specifically, averaged RTs were computed for the three set sizes
(collapsed across target-present and -absent tnals), and these values
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1 Given the between eye and anen-
tion 1t 15 sull possible to salvage a purely senal account of these data by
relaxing the spanal coupling between attentional locus and ocular
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Table 1 Mean percentage of errors as a function of set size and
search task
Free-eye task Fixed-eye task
(Expenment 1) (Expenment 2)
False False Saccades
Setsize  Misses  alarms  Misses  alarms detected
One 11 28 08 08 10
Three 11 14 21 04 13
Five 36 22 29 00 13

The second conclusion 1s closely tied to the first and involves the
contribution of parallel and senal processes to search performance n
this task More parallel p 1S to the

enables ocular fixations to act as spatial indicators of how the search
process evolves over ime

extent that center-of-gravity averaging appears m the data This as-
sertion follows from the fact that the eye, and presumably attention,
was mually directed to configurations of objects rather than indi-
vidual ttems Because configurations consist of multiple component
objects, the simultaneous nfluence of each of these objects on search
(1e, averaging) necessanly imphes a parallel computation It also
follows that the spatial extent of this parallel process 15 indicated by
the of these objects The of
global f-gi averaging by the fi de endpoints sug-
gests an attentional process that imtially encompasses the enure
search display Likewsse, the recruitment of a smaller group of objects
with each additional eye movement, and the eventual accurate fixation
of the target, also suggests movement to a more serial analysis over
ume The current oculomotor data therefore suggest that there 1s a
gradual progression from parallel to senial processing in the same
search task, rather than that these two processes are dichotomous
Recent work 1n our lab has shown how a simple color- and spatial-
filtering computation also unfolding over ime can implement such a
search dynamuc and parsimoniously account for these eye data (Rao,
Zelinsky, Hayhoe, & Ballard, 1996) Early in the search computation,
many points 1n a realistic scene may correlate highly with an scomc
representation of the target Because the strength and spatial distribu-
tion of these target-icon correlations are thought to describe the mo-
ment-by-moment deployment of visual attention 1n this task, search
according to this view would be an imually paralle] process spread
over much of the display An eye movement programmed at this stage
of the search process will be directed to the weighted average of these
iconic matches, thereby giving nise to the centroid fixation patterns
observed for the imual saccades As higher spatial frequency infor-
maton becomes available, points in the display corresponding to the
1con will become even more correlated, and less likely candidates will
drop out of the computation, resuluing 1n a narrowing search region
and a movement of gaze toward the target It 1s this alignment between
saccade endpoints and the centroid of a collapsing search region that

fixation Saccades might be directed to the centroid of an object configuration,
but, because of this loose coupling, attention might actually be allocated to
nearby neighbonng items 1n a senal fashion Although this possibility cannot
explaun the binary search pattern observed in the eye data, nor is it likely given
the sometmes large distance between the endpoint of the wnitial saccade and
the nearest object, in future work we will attempt to describe this spatial
coupling with greater precision
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