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Abstract—The question of whether attention is drawn more eas-
ily to global or local aspects of a stimulus has been debated for
more than 100 years We examined 1t anew, using the visual
search task, which distinguishes sensory from attentional ef-
fects Subjects searched for a 1arget feature (e g , trnangle vs

square), which was equally likely 1o occur in the local elements
of a compound search item, in its global structure, or in both

Element size and spacing were used to mampulate whether
search was generally easier for local or global targets (e g ,
small size and dense spacing favor global detection) The novel
result was that these factors had very little influence on search
slopes for local targets, whereas they had large effects on
search slopes for global targets This result suggests that a
qualitatively different process underlies detection at the global
level in traditional compound stmuli Our proposal that an
attention-demanding grouping stage is involved was confirmed
n a final expenment in which grouping was made selectively
difficult at the local level

structured whole) has a long history (Titchener, 1909, Wert-
heimer, 1925/1955) and has generated many studies (see Kim-
chi, 1992) The current *‘textbook’” view s that the truth rests
somewhere 1n between (¢ g , Coren, Ward, & Enns, 1994, Ut-
tal, 1994) Although there are certainly some conditions that
favor global precedence, there are others favonng the local
level Most of the current debate therefore concerns the possi-
ble mechamisms implicated when one outcome occurs rather
than the other We therefore use level precedence effect to refer
n a neutral way to processing advantages for either level
Interestungly, one class of theonies relies on sensory mech-
anisms to explain the pnimacy of global perception (Badcock,
Whitworth, Badcock, & Lovegrove, 1990, Hughes, Fendrich,
& Reuter-Lorenz, 1990) In this view, the global level of a sum-
ulus 1s linked to a low-pass spatial frequency analysis that 18
completed more rapidly than an analysis of the higher spatial
frequencies Another class of theones invokes an attentional
role instead of (Muler, 1981, Ward, 1982), or in addition to

& Wilson, 1987), this sensory-based account But

The visual search task has proven to be a simple but pow-
erful tool in the study of early human vision In ths task, ob-
servers try to indicate as rapidly as possible whether a given
target item 1s present i a display A cnitical factor 1s the number
of other (nontarget) items that are also present Because search
tme tends to increase linearly with this factor, two different
measures can be derived a baseline measure reflecting the sen-
sory, decision, and response components that are engaged on
all tnals of the task, and a slope measure reflecting the incre-
mental cost associated with selecting the target from a larger set
of candidate items (Neisser, 1967, Sternberg, 1969)

All theontes of visual search link the basehine measure to an
early preattentive stage of processing, in which simple features
are registered automatically and in parallel across the visual
field (Duncan & Humphreys, 1989, Julesz, 1981, Treisman &
Gelade, 1980, Wolfe, Cave, & Franzel, 1989) These same theo-
ries link the slope measure to a later attentive stage, in which
the spatial relations between visual features are determined by
much slower, but also more cogmtively active, pmcesscs The

whether attentional effects are a cause or symptom of level
has been difficult (Kamcha,
1992) The visual search task, with its built-in separation be-
tween sensory and attentional measures, 1s therefore a tool that
1s well matched to this debate
In this study, we systematically compared search for a dis-
tinctive target feature that occurred with equal probability 1n
the local elements of the search items, in their global structure,
or in both Several previous studies have examined search for
such features at one level or the other (¢ g, O'Connell &
Treisman, 1995, Treisman & Gormican, 1988), but none have
explored competition or cooperation between levels It was
therefore important to have local and global target features in-
termuxed within a block of tnials, to ensure that the search task
was not contaminated by the adoption of different strategic sets
for the two target levels
If the sensory account 1s correct, and level precedence de-
pends on the speed of preattentive feature registration, we
would expect factors that influence level precedence to have an
additive influence on search times (1 ¢ , only baseline effects)

theones differ greatly n the specific
proposed (¢ g , senal vs parallel), but they all share the as-
sumption that slope magmitude reflects the relative nvolvement
of attention in the search task

Given the wide use of visual search in other areas, we were
surpnised that 1t had not been used to study global-local per-
ception The debate over whether visual analysis begins with
the *‘tree” (1 ¢, the local element) or the *‘forest” (1e, the
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1f there 15 an attentional role in these effects, we
could expect multiphicative effects (1 ¢ , slope effects) Such a
pattern would indicate that change in perceptual access to a
gven sumulus level was also accompanied by a change b the
attentional requirements

GENERAL METHOD

Observers searched for a tnangle among squares (Expen-
ments 1 and 2) or an oblique bar among vertical bars (Expen-
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Fig 1 The compound stumuli in Experiments 1 and 2 Exper-
ment 1 tested the conditions labeled small (compound search
items subtended 0 75°) and large (3 00°), Experiment 2 tested
small (0 85°), large (2 56°), and dense (2 56°) conditions Search
Items A, B, and C served as equally hkely targets among the
distractor items (D) Display size was 2, 6, and 10 items in
Expenment 1, 2, 4, and 8 items 1n Experiment 2

ments 3 and 4) The stimuli were simular 1n logic to those n
previous studies using letter-shape identification and matching
tasks (see Kimchy, 1992) For example, 1n Figure 1, local tnan-
gles were arranged to form either global squares (Column A) or
global tnangles (Column C) Similarly, local squares were ar-
ranged 1n either global triangles (Column B) or global squares
(Column D) In the present search tasks, sumuli in Column D
served as the distractor items, and those in Columns A through
C served as the three equally likely targets (labeled local, glob-
al, and dual, respectively) within a block of trals

A Macintosh computer generated the displays and collected
the data Items were distnbuted randomly on an imaginary
6 x 4 gnd subtending 21° x 14°, as shown wn Figure 2 Each
1tem was randomly nttered in its gnd location by an amount
between —0 25° and +0 25° to prevent of item col-

lowing an imual analysis of vanance the baseline measure ob-
served in the two-item display, and the least squares slope mea-
sure over display size Because all main effects and interactions
were significant (p < 05), Fisher's (protected ¢) tests were used
to test n these

EXPERIMENT 1

We began with the factor of stimulus size because it can
determine whether global or local precedence occurs (Kinchla
& Wolfe, 1979, Lamb & Robertson, 1990) The small and large
conditions in Figure 1 were tested in separate blocks, with com-
pound search items subtending 0 75° (small) and 3 00° (large)

The baseline measure, shown as RTs for two-item displays
n Figure 3, indicated that the expected global advantage oc-
curred for small displays (local — global = 55 ms, p < 01), and
the expected local advantage occurred for large displays (global
— local = 47 ms, p < 01)

The pattern for RT slopes was somewhat more complicated
Furst, the mean search slope for the local targets (4 8 ms/item)
was lower overall than for the global targets (9 6 ms/item,
p < 05), suggesting that search for local targets was less at-
tention demanding than search for global targets Second, size
had no significant influence on search slopes for local targets
(small 55 msitem, large 4 2 ms/item, p > 10), but it had a
significant influence on slopes for global targets (small 7 8 ms/
item, large 11 3 ms/tem, p < 05) Third, the basehine global
advantage for small displays was accompanied by a marginal
global disadvantage n the slope measure (local S 5 ms/tem,
global 78 msitem, 05 < p < 10), whereas the baseline local
advantage for large displays was accompanied by a simular local
advantage in slope (local 4 2 ms/item, global 11 3 ms/item, p <
05)

Dual targets tended to be found faster than either the local or
the global targets (p < 01), and search for large targets was
faster overall than for small targets (p < 01), but search slopes
did not differ with size (p > 10)

These data point to an important difference in visual search
for local and global targets Attention 1s more involved in the
f global targets Note that this conclusion anses from

lineanty

Each tnal began with a fixation symbol lit for 500 ms, fol-
lowed by the search display, which remained visible until the
observer responded A response was followed by a feedback
symbol (plus or munus), which served as the fixation pont for
the next tnal

the companison of search slopes, and not from a companson of
total RT, a typical approach in global-local studies Further-
more, it 1s supported 1n two ways first, by steeper RT slopes
for global than local targets, even when baseline RT was faster
for global targets (1 ¢ , 1n the small condition), and second, by
the absence of a size-related difference 1n search slope for local

Rught-handed observers with normal or |
wvision completed four sets of 60 test trials in each condition (n
= 20, 10, 20, and 10 in Expeniments 1-4, respectively) The
order of within an was
Target presence was reported by pressing one of two response
keys Observers were instructed to mantan fixation at the cen-
ter of the screen and to keep errors below 10%

Task nstructions emphasized speed, so the main data anal-
yses were of correct response time (RT) There were also sys-
tematic differences in accuracy, but in no condition was the
reported RT cffect contradicted by the accuracy data

Two RT were n each

fol-
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targets only sensory effects) and the presence of
such differences for global targets (unplicating attention)

EXPERIMENT 2

Two other factors that influence level precedence are ele-
ment density (Kimchi, 1992, Martin, 1979, Navon, 1983) and
the visual hemifield of presentation (Kitterle, Chnstman, &
Conesa, 1993, Lamb, Rob & Kmight, 1990,

Lamb, 1991), with increased density and the left visual henu-
field (nght hemusphere) both favoring global precedence
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Fig 2 Examples of 10-item search displays (a) local target, small condition, (b) global target, small condition, (c) local target,

large condition, and (d) global target, large condition

We modified the search task to permit an assessment of
hemufield, following Luck, Hillyard, Mangun, and Gazzaniga
(1989) Observers responded to the target location by pressing a
key on the same side (e g , for a left-hemufield target, pressing
aleft-hand key), making no response on target-absent trials On
half the tnals, all stems were presented exclusively in the left or
nght hemufield, on the other half, all items were evenly distrib-
uted across the two fields (Responses were generally faster on
bulateral displays, but this did not interact with the other results
presented )

In addition to the small and large conditions, a dense condi-
tion was tested, with elements 1dentical in size and spacing to
elements 1n the small condition, but the overall size of the
search items equal to their overall size i the large condition
(see Fig 1) These three conditions were tested in separate
blocks of tnals

The results for the baseline measure, shown n Figure 4,
indicated that RTs for local and global targets were approxi-
mately equal in the small condition (global — local on two-item
displays = 1 ms, p > 10), whereas there was stll a local ad-
vantage for the large condition (local — global on two-item
displays = 46 ms, p < 01) As expected, the dense condition
produced a large global advantage (global — local on two-item
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displays = 84 ms, p < 01) Hemufield analyses revealed a
general advantage on the nght (p < 01), this advantage was
even stronger for local targets than global ones (left — nght
hemifield = 30 ms for local, 19 ms for global, p < 05), consis-
tent with previous research

The RT slopes, however, again showed a different pattern
Furst, search slopes were generally larger for global than for
local targets (small 20 4 vs 4 0 ms/tem,p < O1,large 364 vs
74 msitem, p < 01, dense 62 vs 3 6 msitem, p < 05),
despite the fact that baseline RT varied widely across these
conditions Second, size and density did not significantly slow
search for local targets (p > 10), but had large effects on slopes
for global targets (p < 01) Finally, the slopes for global targets
vaned predictably with hemifield, with the left hemifield tend-
1ng to smaller search slopes than the nght (200 vs 23 0 ms/
item, p > 10), although only 1 the small condition was the
difference significant (16 3 vs 26 4 ms/item, p < 01)

Dual targets were found more quickly n the dense condition
(2 9 ms/item) than 1n both the large condition (5 8 ms/item, p <
05) and the small condition (6 7 ms/item, p < 05)

These results confirm that search for global targets 1s more
attention demanding than search for local targets over a wide
range of baseline task dfficulty Thus difference 1s most stnking
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in the dense condition Although there was large global prece-
dence 1n the bascline measure, search slopes were not smaller
for global targets than for local targets in this condition In-
stead, they were shightly, but sigmificantly, larger Thus finding
suggests that although some stimulus factors affect the preat-
tentive registration of the display (e g , slowing the local nfor-
mation, speeding the global information, or both), they do not
necessanly affect search slopes for local targets It was only for
global targets that a strong attentional component was mmpli-
cated

EXPERIMENT 3

In Expeniments 1 and 2, search items were very distinctive,

which was varied at both the local and the global levels between
casy (45° and hard (10° All b
tions of task difficulty were run local target (easy, hard) x
global target (easy, hard) x density (sparse, dense) Because of
the ume mvolved for tesung, density was a between-groups
vanable With the exception of the three target types (local,
global, and dual), all conditions were run in separate blocks
The results for the baseline measure (two-item displays),
shown n Figure 6, revealed an equal number of conditions of
global precedence (A, dense 42 ms, C, sparse 113 ms, C,
dense 69 ms, and D, dense 50 ms, all ps < 05) and local
precedence (A, sparse 50 ms, B, sparse 211 ms, B, dense 132
ms, and D, sparse 147 ms, all ps < 05) Thus, our goal of
establishing a wide range of level precedence effects was ac-

tnangles and squares differed 1n edge number of
sides, and overall pixel energy One consequence was that
search slopes for local targets were quite small (<10 ms/item)
In this expenment, we tested whether the additive effects for
local targets generalized to a wider range of search difficulty
The stmul are shown in Figure 5 Although the specific
search items differed somewhat from those used in the previous
expenments, the distinctive feature was still oblique onenta-
tion, and element density was used to manipulate level prece-
dence The new factor was degree of target distinctiveness,

Despite the much wider range of task difficulty in this ex-
penment, the slope measure persisted 1n showing the same pat-
tern Increased density either had no sigmificant influence on
search slopes for local targets (A mean slope difference =
—70 mshtem, p > 05, B mean slope difference = 10 ms/
item, p > 05) or had an influence that was very much smaller
(C mean slope difference = 6 7 ms/item, p < 10, D mean
slope difference = 59 ms/tem, p < 10) than 1its influence on
global targets (A mean slope difference = 14 0 ms/item, B

N
s

Local Global Dual
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286

Pig 3 The mean correct response ume (RT) and mean percentage errors in Expeniment | Mean RT slope estimates are given for
each display size function, with closed symbols for the small displays and open symbols for the large displays Display size was
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Fig 4 The mean correct response time (RT) and mean percentage errors in Expenment 2 Mean RT slope
estimates are given for each display size function, with closed symbols for the small displays, gray symbols
for the large displays, and open symbols for the dense displays Display size was vaned between 2, 4, and 8

items

mean slope difference = 52 5 ms/item, C mean slope differ- The lack of a density influence on search slopes for local
ence = 36 4 ms/item, and D mean slope difference = 46 1 | targets in Expenment 2 was therefore not a function of the
ms/item, all ps < 01) baseline difficulty of the search task In Expenment 3, even

Dense targets tended to be found faster than sparse targets, | when local targets were relatively hard to detect, producing
n both the baseline measure (mean difference = 89 ms, p < | search slopes clearly in the attentive range (1 ¢ , Figs 6¢c and
01) and the slope measure (mean difference = 7 2 ms/tem, p < | 6d), clement density had an almost negligible nflucnce on local
05) search, 1n comparison to its very large effects on global search
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Search It element size and density influenced the baseline measure only
ar ems for local targets, but they had very large effects on the slope for
A B C D global targets Both of these findings implicate attention as
playing a larger role 1n detection of global targets
Conditions Local Global Dual Distractor But why should global targets be more attention demanding?
A deceptively simple answer 1s that detection of global targets
A Easy-Easy (4 [ o . requires an additional process of grouping (at least for these
* . P . compound stimul)) Such grouping 1s needed both to link the
ntraitem elements to one another and to segregate the interitem
[] s (] elements away from each other For the moment, we remain
9 B Easy-Hard ’ neutral on such questions as whether the proposed grouping 1s
- ' . low- or high-level, or imtiated by data-dniven or top-down strat-
g_ o N egies A more important first step is to establish the need for
¥ C Hard-Easy ’ . sucha on both | and I grounds
. (] . . The theoretical case has been made recently by Palmer and
) 5 Y . Rock (1994), in their reexamination of the classic problem of
\| T , G have simply
D Hard-Hard . . 0 ' asserted the perceptual reality of display elements (e g , Wert-
heimer, 1925/1955) However, according to Palmer and Rock
rd . Pl . (1994), ** even the perception of a homogeneous dot
A Easy-Easy o . [} 'l . agamnst a umform background requires explanation in terms of
’ ' some process of orgamzation™ (p 32) They favor a proposal in
* . . ' which orgamization begins with regions of *‘uniform connected-
B Easy-Hard ¢ [} rd . ness” (1 e, simular lightness, color, and texture) Such regions
3 4 . L4 Ll form the entry level for subsequent operations of grouping (to
o form superordinate units) and parsing (to form subordinate
& H W W H units) From this perspective, local elements of compound sum-
C Hard-Easy . . . uli correspond to regions of uniform connectedness, which can
be accessed directly, whereas global targets require an add-
N ] . tional operation of grouping
D Hard-Hard ¢ [ . An empincal case for grouping in the detection of global
. . . . targets can also be gleaned from visual search expeniments For
nstance, the items 1n a visual search task (1 e , group-

Fig 5 The stimuli 1n 3 C

search items subtended 1 2° in their extent, with each local

element subtending 0 25° Conditions vaned in element density,
t distinctiveness (45°, 10°), and global target distinc-

uveness (45°, 10°) Display size was vaned between 2, 6, and 10

items In the labels of conditions, the first word refers to the

local target and the second word to the global target

THEORETICAL IMPLICATIONS

These point to a q between
detection of a local target and detection of a global target in a
compound stimulus This conclusion 1s not based, as previous
claims have been, on differences in total RT between condi-
tions, but 1s based on the pattern of RT as a function of display
size

As descnibed earlier, the visual search task yields two sep-
arate RT measures the speed of sensory processes (baseline)
and the speed of attentional processes (slope) Although we had
no trouble replicating previously reported level precedence ef-
fects in the baselne measure, two novel findings emerged in the
slope measure Slopes were often steeper for global than local
targets, cven when the bascline measure strongly favored the
global target (e g , 1, small
2, dense condition, Expeniment 3, C, sparse condition), and

1ng by proximity) allows parallel search for distinctive features
within a cluster but only senal search between clusters (Treis-
man, 1982) Other studies have shown influences on search
from the similanty among search items (Duncan & Humphreys,
1989), collineanty of interitem lines (Donnelly, Humphreys, &
Riddoch, 1991), and three-dimensional relations among intra-
1tem elements (Enns & Rensink, 1990, 1991)

EXPERIMENT 4

If the ease of grouping local elements 1s really behind the
observed differences in local versus global search, then it
should be possible to design a set of compound stimuli in which
the grouping operation at the local level 1s impaired, while the
degree of grouping required at the global level 1s left relatively
constant Such stimuli would ensure that any attentional effects
(slope) would directly reflect the efficiency of grouping opera-
tions, and would also show more generally that the importance
of grouping is not limited to global level structure

The sumuli used to test this 1dea are shown in Figure 7 The
black dots corresponded essentially to the A, sparse condition
of Expeniment 3, with the exception that the small, onented line
segments were replaced by pairs of dots The bicontrast dots,
however, consisted of an equal mix of white and black dots,
with dots of opposite contrast defining the local level of struc-
ture With the bicontrast dots, grouping should be difficult at
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Fig 6 The mean correct response time (RT) and mean percentage errors in Experniment 3 Mean RT slope estimates are given for
each display size function Display size was vaned between 2, 6, and 10 items The condition labels (A-D) are explained in Fig-
ure §

the local level because of the need to link dots of opposite
contrast, but should still be quite easy at the global level, where
dots of the same contrast define the shape

As can be seen n Figure 8, the data for the black dots rep-
licated the A, sparse condition of Expenment 3 quite closely
Local and global targets were quite similar in the baseline mea-
sure (small local advantage of 16 ms, p > 10), with global
targets yielding a steeper search slope than local targets (19 4

level precedence effects have been designed so that grouping at
the global level 1s at least as difficult, if not more so, than
grouping at the local level (see Kimcht, 1992)

‘CONCLUSION

These data demonstrate that perception of the global struc-
ture n a traditional compound stimulus requires a grouping
over and above that needed for the perception of the

vs 92 mshtem, p < 05) In the dots
showed a pattern opposite to that seen in previous expenments
Mixing dot contrast at the local level had very large effects on
both the baseline (213 ms, p < 01) and the slope (40 4 ms/item,
p < 01), but for the global targets, mixing dot contrast had an
effect only on the baseline (89 ms, p < 01, slope = 249 ms/
item, p > 05)

This pattern of data indicates very strongly that the grouping
of elements in d stimuli 1s an
demanding operation, regardless of whether that operation 1s
required at the local or the global level It also emphasizes that

grouping are not I to
the perception of global structure It 1s important in this context
to note that almost all compound stimuli used previously to test
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local elements What are some reasonable candidates for such a
grouping mechamsm? Gestalt theory 1s of little help because it
sumply asserts the existence of elements and laws for their or-
without how at either level
1s accomplished (Palmer & Rock, 1994) What 1s needed 1s a
theory that makes specific predictions concerning the ease with
which spatially segregated elements can be grouped Several
recent lines of research point in this direction
Some kinds of grouping can result directly from the interac-
tions among the receptive fields of cortical neurons For exam-
ple, the blurning of the image induced by spatial filtening can
account for some aspects of texture perception (Bergen & Adel-
son, 1988) and global precedence (Badcock et al , 1990, Hughes
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Search Items
A B C D
Local Global Dual Distractor

Black Dots

Bicontrast Dots

Fig 7 The stimul 10 4 C
search items subtended 1 25° in their extent, with each dot sub-

tending 0 20°

et al, 1990) Cells in area V2 are even sensitive to subjective
contours that anse when spatially separated physical contours
are aligned (von der Heydt & Peterhans, 1989), and visual
search for targets defined by offset gratings has resulted 1n pop-
out (Gurnsey, Humphrey, & Kapitan, 1992) However, these
accounts do not explan why the grouping of global targets 1s
more attention demanding than that of local targets If anything,

they predict that global targets should require less attentional
effort than local targets

Another kind of theory has emerged from studies of surface
nterpolation behind occluding objects (Enns & Rensink, n
press, He & Nakayama, 1992, Rensink & Enns, 1995) Visual
search studies using occluded shapes and textures have indi-
cated that early visual processes parse a display into regions
corresponding to discrete surfaces in the scene If the target
1item corresponds to a sahient difference 1n these surface shapes,
the task 1s relatively easy However, if the target does not cor-
respond to them (1 ¢ , it 1s either an assembly of two or more
surfaces or only the visible portion of a larger occluded sur-
face), the task 1s much more difficult

One prediction based on this account is that search for global
targets, much more than search for local targets, should be
improved by an increase in element density, a decrease in ele-
ment size, and a decrease in interelement distance, because
these factors all contribute to the interpretation of a textured
surface In contrast, vaniations n target shape (e g , onentation
difference) should influence local and global search 1n a similar
way, because whatever grouping operations are needed at each
level to determine item shape, they will be completed prior to
the shape discnmination operation Both of these predictions
were supported in the present data

Regardless of the details that future research may contnb-
ute, these visual search data point to important differences in
the ease with which attention can be drawn to local and global

Local Global Dual
1200 Bicontrast = o o
40 4 ms/item | |
)
g 1000" - -
;’ | Bicontrast =249
g ms/item Bicontrast = 118
i—‘ 8001 B o ms/item
V - Black=92 ms/ item |- B
73] | Black = —~_~
g 600 i 19 4ms/tem [ 20 %
% - o - Black =-12ms/item 15 \:-I)/
& 00F - - 10 g
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Fig 8. The mean correct response ume (RT) and mean percentage errors in Expennment 4 Mean RT slope estimates are given for
each display size function Display size was vaned between 2,

6, and 10 items
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levels of a compound stimulus This ﬁndmg alone should cau-

tion who have pi ly of total
RT to make claims about the role of attention 1n level prece-
dence effects
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