
Perception & Psychophysics
1997.59(5).693-713

The organization of multidimensional selection
on the basis of color and shape:

An event-related brain potential study

H. G. O. M. SMID, A JAKOB, and H.-J. HEINZE
Otto-uon-Guericke University, Magdeburg, Germany

In this paper, we examine whether color and shape, tied to a single object in space, (1) are identified
and selected in series or in parallel, (2) are identified and selected in a dependent, self-terminating man
ner or in an independent and exhaustive manner, and (3) are conjoined by a feature integration pro
cess before or only after an initial stage of separate attribute analyses has finished. We measured re
sponse time and the selection negativity (SN) derived from event-related brain potentials when
participants responded to a unique conjunction of color and shape in a go/no-gotarget detection task
The discriminability of the color and the shape ofthe conjunction was manipulated in three conditions.
Whencolor and shape were easy to discriminate, the SNsto color and shape started at the same time.
When one attribute was less discriminable, the SNto that attribute started later, but not the SNto the
complementary attribute. This suggests that color and shape are identified and selected in parallel, In
all three discriminabilityconditions, the SNsto color and shape were initiallyindependent but later inter
acted. This suggests that color and shape are initially selected independently and exhaustively, after
which their conjunction is analyzed. The SNto local shape features started later than that to the con
junction of color and global shape features, which suggests that feature integration can start before the
analyses of the separate attributes have finished.

A widely accepted model for multidimensional selec
tion based on a conjunction of stimulus attributes pro
poses that such selection is accomplished in two contin
gent stages. In an initial stage, the attributes ofa stimulus
are processed separately and in parallel by specialized
perceptual analyzers. In a second contingent stage, the
outputs from the first stage are integrated to identify
their conjunction. The results of the second stage are
made available for central decision and motor-related pro
cesses. This model is supported by behavioral evidence
(e.g., Hoffman, 1979; Treisman, 1993; Treisman & Ge
lade, 1980) and evidence obtained with event-related brain
potentials (ERPs; e.g., Hansen & Hillyard, 1983; Harter
& Aine, 1984; Hillyard & Munte, 1984; Smid, Boeker,
Van Touw, Mulder, & Brunia, 1996; Wijers, Mulder,
Okita, & Mulder, 1989; Woods & Alain, 1993; Woods,
Alho, & Algazi, 1994). In the present study, we investi
gated multidimensional selection of conjunctions of
color and shape to evaluate several aspects of the tempo
ral and functional organization of the two-stage model.

Color and shape are separable stimulus attributes (e.g.,
Garner, 1974, 1987; Watanabe, 1988). The temporal and
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functional organization of the processing of stimuli with
separable attributes can be described with analytic mod
els (e.g., Egeth, 1966; Hawkins, 1969; Snodgrass & Town
send, 1980; Townsend & Ashby, 1983). Analytic models
can vary on at least two orthogonal dimensions. Figure I
illustrates some examples on these dimensions. One di
mension describes whether multiple attributes are pro
cessed in series or in parallel. Figure IA illustrates a se
rial organization. In this case, the analyses are performed
one after the other, and an analysis, B, can only start after
its preceding analysis, A, has finished. The total time
necessary to perform both analyses is the sum oftheir in
dividual durations. If an experimental manipulation pro
longs the duration ofan earlier analysis (A), the succeed
ing analyses (B) must start and finish later. Figure IB
illustrates a parallel organization. In this case, the analy
ses start at the same time, and the total completion time
is the completion time of the analysis taking longest. If
an experimental manipulation prolongs a shorter analy
sis, total completion time increases only if the prolonged
analysis becomes the longest analysis.

The second dimension describes whether multiattri
bute selection occurs in a self-terminating or in an exhaus
tive fashion. If multiattribute selection occurs in a self
terminating fashion, as illustrated in Figure IC, processing
of the stimulus is terminated whenever sufficient evi
dence has accrued, indicating that the value of one of the
attributes is irrelevant for the task at hand. The left panel
of Figure IC illustrates the selection process when an at
tribute, A, can be identified faster than another attribute,
B. In this case, as soon as A is identified as having a non-
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Figure 1. Serial/parallel and self-terminating/exhaustive pro
cessing in analytic multidimensional processing models. (A) A
serial model in which an attribute A is analyzed first. Only after
the analysis ofA has finished can the analysis of attribute B begin.
The upper row shows that the time to complete both analyses is
the sum ofthe durations ofthe analyses of A, t(A) andB, t(B). In
the lower row, the analysis of B starts later because analysis of A
is prolonged with time a so that the completion time of both
analyses becomes t(A)+t(B)+a. (B) A parallel model in which
the analyses of A and B start at the same time but have different
finishing times. In the upper example, the time to complete both
analyses equals the time of the longest analysis, t(B). The lower
example shows that if analysis of A is prolonged with a, and
t(A)+a is smaller than t(B), the completion time of both analyses
is still t(B). (C) Self-terminating multiattribute selections, in
which processing of a stimulus is terminated as soon as evidence
is available indicating that the stimulus is irrelevant. The x-axis
represents time, and the y-axis represents amount of processing.
The finishing times of the analyses of attributes A and B are de
noted asf(A) andf(B). Attributes A and B have a relevant value
(+) or an irrelevant value (-). The left figure illustrates self
terminating processing when attribute A is available earlier than
B. Note that if A is irrelevant (A - ) selection on the basis of B does
not occur. The right figure illustrates self-terminating processing
when A and B are available at the same time. Note that stimuli
with one or more irrelevant attributes are not selected for further
processing. (D) Exhaustive selections when A is available earlier
than B (left illustration) and when A and B are available at the
same time (right illustration). Note that stimuli with one irrele
vant attribute value are selected for further processing.
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target value, processing ofthe stimulus is terminated and
selection on the basis ofattribute B does not occur (A- B+
and A - B- are not processed differently). Only when A
has a target value (A+)does selection based on attribute B
occur (A+B+ andA+B- are differentially processed).
Figure 1D illustrates exhaustive multiattribute selections.
In this case, selection based on each attribute occurs, re
gardless of whether another attribute has a nontarget
value or not. Thus, after attribute A is identified as hav
ing a nontarget value, selection based on attribute B would
also occur (A-B+ and A-B- are processed differently).
In self-terminating models, multiattribute selection oc
curs in a dependent fashion in the sense that selection
based on attribute B depends on whether attribute A has
a target value. In exhaustive models, multiattribute se
lection occurs independently in the sense that selection
based on attribute B occurs regardless of whether or not
A has a target value.

In the present study, we focus on three questions re
garding the identification and selection for further, task
directed processing of the color and shape ofa stimulus.
First, are color and shape, presented in a single location
of the visual field, identified and selected in series or in
parallel? Second, are color and shape selected exhaustively
and independently or in a self-terminating and dependent
fashion. Third, does feature integration (i.e., conjunction
analysis) ofcolor and shape take place only after the sep
arate attributes have been identified (i.e., the first and
second stages ofthe two-stage model occur in series)? Or
can feature integration start before identification of the
separate attributes has finished? For example, Stage 2
may start as soon as the Stage I analyses of two easy dis
criminable attributes are finished and the analysis ofa hard
to discriminate attribute is still continuing.

At present, there is little and also conflicting evidence
on these questions. Many behavioral findings suggest
that color and shape are identified in parallel in different
visual field locations. There is less evidence that they are
identified in parallel in a single location, or independent
of location-that is, at a level of functional parallellism
instead of spatial parallellism (see Arguin & Cavanagh,
1988). Several behavioral studies support functional par
allellism of color and shape identification (e.g., Arguin
& Cavanagh, 1988; Biederman & Checkosky, 1970; Ellis
& Chase, 1971; Hawkins, 1969; McClean, Broadbent, &
Broadbent, 1982; Saraga & Shallice, 1973; van der Heij
den, La Heij, Phaf, Buijs, & van Vliet, 1988). Other stud
ies, however, have reported evidence supporting serial
identification ofcolor and shape (e.g., Egeth, 1966; Grill,
1971). Most ofthe existing physiological evidence, based
on intracranial ERPs, concerns passive parallel process
ing ofelementary stimulus parameters (Desimone & Un
gerleider, 1989). Most ERP studies, and reviews ofthese
studies, which evaluate the issue ofdependent versus in
dependent attribute processing, assume that, in general,
multiattribute processing occurs in a self-terminating



fashion (e.g., Hillyard & Munte, 1984; Hillyard & Pic
ton, 1987; Naatanen, 1992). This contrasts with findings
obtained with the lateralized readiness potential by Smid,
Mulder, Mulder, and Brands (1992), who showed that
color and shape can be independently processed up to the
level ofselective response activation. It also contrasts with
findings obtained by Kenemans, Kok, and Smulders
(1993), who showed that spatial frequency and orienta
tion are identified and selected independently. Mordkoff
and Yantis (1993) reported behavioral evidence suggest
ing that color and shape, tied to a single object, may be
processed independently in an early stage, after which
their processing interacts according to a coactivation
model. In the auditory modality, the evidence suggests
that feature integration can begin before individual at
tribute analyses have finished (Woods & Alain, 1993).
Such evidence is lacking for the visual modality.

An ERP Measure of Differential Task-Directed
Processing: The Selection Negativity

We studied these issues with a measure derived from
ERPs. Previous studies using the ERP method to inves
tigate selective attention have shown that if color, spatial
frequency, and orientation serve as selection cues (e.g.,
"attend the red stimuli and ignore the blue stimuli"), spe
cific ERP responses can be observed that are related to
the selective, task-directed, processing of stimuli with
the cued attribute (for reviews and critical commentaries,
see Harter & Aine, 1984, 1986; Hillyard & Mangun, 1986;
Hillyard & Picton, 1987; Mangun & Hillyard, 1995;
Naatanen, 1992; Rugg, 1991; and Wijers, 1989). In a re
cent study, Smid et al. (1996) found that, when shape is
a selection cue, it elicits a similar ERP response. This re
sponse, which typically starts between 120 and 320 msec
after stimulus presentation, is maximal over occipital
scalp sites, is specific for the visual modality, and has a
negative polarity, is called selection negativity (SN; Har
ter & Aine, 1984). It concerns a relatively slow endoge
nous negative shift that overlaps ERP components re
lated to passive information processing.

The SN is a difference potential, derived by subtract
ing ERPs elicited by stimuli with a nontarget (irrelevant)
value on a dimension (e.g., blue) from ERPs elicited by
stimuli with the target (relevant, cued) value on that di
mension (e.g., red). To obtain an SN specifically related
to the task relevance of the dimensional value and to
eliminate ERP differences caused by physical differences
between dimensional values, each physical value serves
as the relevant value in some trial blocks and as the ir
relevant value in others. The ERPs to the relevant and ir
relevant values are then averaged across the different
physical values. If this subtraction results in a significant
amplitude difference, it can be inferred that stimuli with
the target value were differentially processed as a func
tion ofattention relative to stimuli with the nontarget value
(Naatanen, 1992; Rugg, 1991). The onset latency of the
SN can be assumed to index the upper limit of the time
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at which the cognitive system has discriminated the tar
get value of the attribute from the nontarget value of the
attribute (Naatanen, 1992; Rugg, 1991). Therefore, at
that time, the cognitive system logically must have iden
tified the attribute to at least the extent that it can dis
criminate target from nontarget attribute values. Thus, if
relevant and irrelevant attribute values produce an ERP
difference identifiable as SN, it can be inferred that (1) the
attribute was identified and (2) the stimuli with the rele
vant value received more task-directed processing than
did the stimuli with the irrelevant value.'

When stimuli have to be processed on the basis ofmul
tiple attributes, the SN related to the selective processing
of each of the attributes can be derived. This is done by
recording occipital ERPs to stimuli that consist of two
attributes, A and B, presented one at a time. Each ofthese
attributes can have one of two values that vary orthogo
nally. Thus, there are four possible combinations of A
and B values. The task of the participants is to attend to
one of these combinations and to determine whether or
not it has a third, difficult-to-discriminate attribute. If it
has the third attribute, the stimulus is a target, and a sim
ple detection response must be made. The participants
should not respond to all other stimuli that are presented
(the nontargets). For example, Hillyard and Miinte (1984)
investigated multidimensional selection of the location
(A) and the color (B) of bars and used a small variation
in bar length as the third attribute. The third attribute is
made the least discriminable to ensure that attributes A
and B are identified first on trials on which no response
is required. In this way, the SNs related to the selective
processing of attributes A and B can be examined with
out being contaminated by ERP effects related to pro
ducing a response. We label the relevant attribute values
with a plus (+) sign and the irrelevant values with a minus
(-) sign. Four possible nontarget stimuli of main exper
imental interest are presented in the task: A +B + stimuli
share both the attribute values ofA and B with the target;
A+B - stimuli only share the value of attribute A with
the target; A - B+ stimuli only share the value of attri
bute B with the target; and A - B- stimuli share none of
the attribute values with the target.

The time course of the selection of attributes A and B
can be inferred from the time points at which the occipital
ERPs to these stimuli start to differ as a function ofA and
B relevance. The onset latency of the difference between
the ERPs to A+ and A - stimuli marks the time at which
identification and selection on the basis of attribute A has
occurred. Likewise, the onset latency of the difference be
tween the ERPs to B+and B- stimuli is related to the iden
tification and selection of attribute B. Thus, if the A+ and
A- ERPs start to differ earlier than the B+ and B- ERPs,
we would infer that selection ofA occurred earlier than se
lection ofB. We first describe the logic to infer whether A
and B are selected in a self-terminating or exhaustive fash
ion and then describe the logic to infer whether A and Bare
identified and selected in series or in parallel.
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Table 1
Predictions Regarding SN Amplitude Effects as a Function of Stimulus Relevance

Derived From Self-Terminating and Exhaustive Analytic Models and
Holistic Models of Multidimensional Stimulus Selection

Results

Prediction

Self-Terminating Exhaustive Holistic
Model I Model2 Model* Model CESE CHSE CESH

(I) [ERP(A+B+) - ERP(A-B+)]
(2) [ERP(A+B+) - ERP(A+B-)]
(3) [ERP(A+B-) - ERP(A-B-)]
(4) [ERP(A-B+) - ERP(A-B-)]

> 0 > 0 >0 > 0
>0 >0 >0 >0
> 0 = 0 >0 = 0
=0 =0 >0 =0

>0
>0
>0
>0

>0
>0
>0
>0

> 0
> 0
> 0
=0

*Additional Predictions of the Exhaustive Model (Predictions 1--4all > 0):
(5) [ERP(A+B+) - ERP(A-B+)] = [ERP(A+B-) - ERP(A-B-)] >0;
(6) [ERP(A+B+) - ERP(A+B-)] = [ERP(A-B+) - ERP(A-B-)] >0;

Later, if Processing Becomes Selective for the A+B+ Conjunction:
(7)[ERP(A +B+) - ERP(A- B+)] > [ERP(A+B-) - ERP(A - B-)] > 0;
(8) [ERP(A+B+) - ERP(A+B-)] > [ERP(A-B+) - ERP(A-B-)] >0.

Note-For self-terminating models, a distinction is made between the situation in which the identification of
A finishes before identification of B (self-terminating Model I) and the situation in which identifications of
A and B finish at the same time (self-terminating Model 2). Note that the self-terminating model makes the
same predictions as the holistic model when identifications of A and B finish at the same time (Figure I gives
a graphical illustration of these predictions). The columns under Results give the findings obtained in the
three discriminability conditions (CESE, CHSE, and CESH). The lower part of the table (Predictions 5-8)
shows how independent processing of attributes A and B can be discriminated from selective processing of
the A +B+ conjunction when Predictions 1-4 of the exhaustive model are confirmed.

Self-Terminating Versus Exhaustive Processing
Whether selectionofA andB occurs in a self-terminating

and dependent manner or occurs exhaustively and inde
pendently is inferred from an analysis originally pro
posed by Hansen and Hillyard (1983) and was later suc
cessfully applied by other researchers (Harter & Aine,
1984; Hillyard & Miinte, 1984; Kenemans et aI., 1993;
Wijers, Lamain, Slopsema, Mulder, & Mulder, 1989;
Wijers, Mulder, et aI., 1989; Woods et aI., 1994). In this
analysis, each of the effects ofA and B relevance is eval
uated as a function of the level of relevance of the
complementary attribute. The ERPs recorded to each
stimulus type are subtracted in four different combina
tions, in which one attribute is varied and the other attri
bute remains constant. The difference wave [ERP(A + B + )
- ERP(A - B + )] represents the SN related to the selec
tion of attribute A for the stimuli that have a relevant B
value. The [ERP(A+B-) - ERP(A-B-)] difference rep
resents the SN related to the selection of attribute A for
the stimuli that have an irrelevant B value. Similarly, the
difference wave [ERP(A + B +) - ERP(A + B - )] repre
sents the SN related to the selection ofattribute B for the
stimuli that have a relevant A value. The [ERP(A - B + ) 
ERP(A - B - )] difference represents the SN related to the
selection ofattribute B for the stimuli that have an irrel
evant A value. Table 1 lists the predictions derived from
self-terminating, exhaustive, and holistic models for each
of these four difference waves. Figures 1C and 1D show
graphical representations of the logic underlying these
predictions.

The self-terminating model makes different predic
tions, depending on whether attributes A and B are iden
tified at the same time or whether one is identified ear
lier than the other. If attribute A is identified earlier than
B is, the ERP differences related to the selection of at-

tribute A would occur first, both ifB was relevant and if
B was not relevant. In Table 1, this is represented by Pre
diction 1, [ERP(A + B +) - ERP(A - B + )] > 0, and by Pre
diction 3, [ERP(A+B-) - ERP(A-B-)] > 0. Further
more, B would be selected if A had a relevant value but
not ifA had an irrelevant value, because processing would
be terminated as soon as information was available indi
cating that A was irrelevant. This is represented by Pre
diction 2, [ERP(A+B+) - ERP(A+B-)] > 0, and by
Prediction 4, [ERP(A - B+) - ERP(A - B-)] = 0, respec
tively. Thus, selection ofB would depend hierarchically
on selection of A. If the identities of attributes A and B
become available at the same time, processing would be
terminated ifA or B had an irrelevant value. In this case,
the self-terminating model predicts (1) [ERP(A + B +) 
ERP(A-B+)] >Oand(2)[ERP(A+B+) - ERP(A+B-)]
> 0, but (3) [ERP(A+B-) - ERP(A-B-)] = °and
(4) [ERP(A-B+) - ERP(A-B-)] = 0.

If selection occurs exhaustively, all the relevant and ir
relevant attribute values (e.g., B+ and B-) lead to dif
ferential task-directed processing, even if a complemen
tary attribute has an irrelevant value (A -). Thus, all four
ERP differences should be larger than zero after both at
tributes are identified (Predictions 1-4 ofthe exhaustive
model in Table 1). Because all four differences are pres
ent in the ERPs, it is possible to determine when process
ing becomes selective for the relevant conjunction of A
andB (i.e., for A +B+ stimuli). We refer to this time point
as the time at which feature integration ofA and B must
have started. This analysis involves testing four additional
predictions (Predictions 5-8 in Table 1) at different time
points. Initially, if the attributes are processed indepen
dently, Prediction 5, [ERP(A+B+) - ERP(A-B+)] =
[ERP(A+B-) - ERP(A-B-)] > 0, and Prediction 6,
[ERP(A+B+) - ERP(A+B-)] = [ERP(A-B+)-



ERP(A - B-)] > 0, must hold. Thus, the difference be
tween the A+B+ ERP on the one hand and the A+B
and A - B + ERPs on the other hand should be equal to the
difference between the A+B - and A - B+ ERPs on the
one hand and the A - B - ERP on the other (see Figure ID).
This means that the amount of SN produced by a stimu
lus must be proportional to the number of relevant attri
bute values ofa stimulus. In statistical terms, this means
that there are additive main effects, but no interaction, of
A relevance and B relevance. If, at some later time point,
processing becomes selective for the relevant A+B+ con
junction, Prediction 7, [ERP(A +B+) - ERP(A -B+)] >
[ERP(A+B-) - ERP(A - B -)] > 0, and Prediction 8,
[ERP(A+B+) - ERP(A+B-)] > [ERP(A-B+)
ERP(A - B-)] > 0, must hold. That is, the difference be
tween the A+B+ ERP on the one hand and the A+B
and A - B+ ERPs on the other hand should be larger than
the difference between the A +B - and A - B + ERPs on the
one hand and theA -B- ERP on the other (see Figure lD).2
This means that the amount of SN elicited by an A+B+
stimulus is disproportionately large. In statistical terms,
this means that there are main effects and an interaction of
A and B relevance. The onset latency of this conjunction
specific processing indicates that the A +B+ stimulus
must have been identified as the relevant conjunction.

The holistic model predicts the same pattern ofdiffer
ences as the self-terminating model with equal identifica
tion times ofattributes A and B. That is, (1) [ERP(A+B+)
- ERP(A-B+)] and (2)[ERP(A+B+) - ERP(A+B-)]
differences are larger than zero, but (3) [ERP(A+B~) 
ERP(A-B-)] and (4) [ERP(A-B+) - ERP(A-B-)]
differences are equal to zero. This pattern means that the
ERPs to A+B - , A - B+,and A - B- stimuli were indistin
guishable, and that only the ERP to A+B+ stimuli was
different. The self-terminating model with equal identi
fication times differs from the holistic model in that the
former allocates task-directed processing on the basis of
separate representations of color and shape, whereas the
latter allocates processing on the basis of a single repre
sentation of the conjunction of color and shape.

Serial Versus Parallel Processing
Whether identification and selection of multiple attri

butes occur in series or in parallel can be inferred by ma
nipulating the time needed to identify the attributes and
observing the onset latencies of the SNs related to the
selection of the two attributes. We manipulated the attri
bute identification times by varying the relative discrim
inability of the color and shape attributes in three dif
ferent conditions. In the color-easy/shape-easy (CESE)
condition, the color and the shape of the stimuli were both
easy to discriminate. In the color-hard/shape-easy (CHSE)
condition, the color was hard to discriminate and the shape
was easy. In the color-easy/shape-hard (CESH) condition,
the color was easy and the shape was hard to discriminate.

In the CESE condition, we could obtain two different
patterns ofSN results, each consistent with two hypothe
ses, that could be distinguished as a function ofattribute
discriminability. First, in the CESE condition, the onset
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latencies of the SNs related to color and shape selection
might differ. This is consistent with the hypothesis that
color and shape were identified and selected one after
the other (i.e., in series). It is also consistent, however, with
the hypothesis that color and shape were identified and
selected in parallel and that the time needed for their iden
tification differed. These hypotheses can be discrimi
nated with the aid ofthe results from the CHSE and CESH
conditions. If, for example, in the CESE condition, the
SN related to the selection of color would start before
the SN related to shape selection and the color and shape
selections took place in a serial fashion, then making the
color hard to discriminate should delay not only the SN
related to color selection but also the SN related to shape
selection (see Figure IA). If the identification of color
and shape occurred in parallel, with identification ofshape
terminating later than that ofcolor, then making the color
hard to discriminate should not delay the onset of the SN
related to shape selection (Figure 1B).

Second, in the CESE condition, we could obtain equal
SN onset latencies related to color and shape selection.
This seems most compatible with the hypothesis that the
analyses of color and shape were performed in parallel
and took an equal amount oftime. However, the rival hy
pothesis is that the equal SN onsets were the result of av
eraging together two types of serial processing, each per
formed on a different group of trials. The SN is derived
by subtracting two ERP averages, each obtained from a
large number oftrials. Suppose that, on about halfofthese
trials, color was selected before shape, and, on the other
halfofthe trials, shape was selected before color. Suppose
further that on color-first trials, color was selected at the
same time as shape on shape-first trials. After averaging
color-first and shape-first trials together, the SN effects
of color and shape relevance would have equal onsets de
spite the serial nature of selections on individual trials.

Because the SN is not identifiable on single trials, but
only as a difference in the averages of single subjects,
this can be an important problem when using the SN
(see, e.g., Rugg, 1991). Fortunately, the trial-mixture se
rial model makes a falsifiable prediction about the am
plitude and duration ofthe average SN. This prediction is
that, on the color-first trials, an early SN related to color
selection would be followed by an SN related to shape
selection. On shape-first trials, an early shape-related SN
should be followed by a color-related SN. By averaging
these two trial types, the early color-related SN on color
first trials would be averaged with the later color-related
SN on shape-first trials, so that those parts of the SNs
that do not temporally overlap on color-first and shape
first trials are drastically reduced in amplitude. In the
same vein, the early shape-related SN on shape-first tri
als would be averaged with the later shape-related SN on
color-first trials. As a result, these SNs, averaged across
both types of trials, should have a much smaller ampli
tude and a much longer duration than the amplitudes and
durations of the SNs obtained on shape-first trials and
color-first trials separately.The results from the CHSE and
CESH conditions can be used to evaluate this prediction.
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Independent of whether identification occurred in se
ries or in parallel, the difference in discriminability would
ensure that, on the majority ofthe trials in the CHSE con
dition, shape identification would be ready first, and, on
the majority of the trials in the CESH condition, color
identification would be ready first. On this logic, the SNs
obtained in the CHSE condition can be used as estimates
of the SNs in shape-first trials, and the SNs obtained in
the CESH condition can be used as estimates of the SNs
in color-first trials. Thus, if we would obtain equal SN on
sets related to color and shape selection in the CESE con
dition, we could infer that color and shape were analyzed
in parallel, unless the shape-related SN in the CHSE con
dition and the color-related SN in the CESH condition
had a larger amplitude and shorter duration than those of
the shape- and color-related SNs in the CESE condition.

We used a multidimensional selective attention task,
in which participants made a simple detection response
to a conjunction of color, global shape, and local shape.
The shapes in this task were designed such that variation
in the position of a local shape element (e.g., a gap in a
circle) did not alter the nature of the global shape (e.g.,
a circle). In this way, the shapes conform to what Pomer
antz (1983) termed TYpe P stimuli (P for position)-that
is, stimuli that have separable global and local shape at
tributes that can be selectively attended. The difficulty of
global and local shape identification was manipulated,
so that local shape identification took longer than did
color and global shape identification in the CESE con
dition. In the CHSE condition, the colors were made hard
to discriminate, whereas the global and local shapes were
equal to those in the CESE condition. In the CESH con
dition, identification of the global shape was made hard,
whereas identification of the local shape required the
same local shape discrimination as in the CESE condi
tion (see Method section below for details). The local
shape therefore played the role of the third attribute, ex
plained earlier, in all three conditions. Thus, the partici
pants had to attend a relevant-color-global-shape combi
nation to determine the presence ofa local shape requiring
a buttonpress. In contrast to previous ERP studies on
multidimensional selection, in the present study, the
local shape attribute was explicitly used because its rel
evant and irrelevant values produce ERP differences that
are identifiable as SNs and that could not be attributed
to response-relatedprocessing. Thus, by recording ERPs to
the stimuli in this task, we could derive the SN related to
the selection of each of the three attributes. We use the
onset latency of the interaction of color relevance and
global shape relevance to infer the time the color/global
shape conjunction had been identified (i.e., the time fea
ture integration of the color and the global shape must
have started). With regard to the question of whether or
not feature integration can start before the separate at
tribute analyses are ready, we observe (1) whether the
SN related to local shape selection occurs before or after
the onset ofconjunction specific processing and (2) how
the discriminability manipulation affects the onsets of
local shape selection and conjunction-specific processing

ERPs. Ifthe local shape SN starts later than conjunction
specific processing of color and global shape and if de
creasing the discriminability ofcolor or global shape de
lays conjunction-specific processing of color and global
shape but not local shape analysis, we could infer that
feature integration can start before all separate attributes
had been identified.!

METHOD

Participants
Eighteen right-handed students of the University of Magdeburg

(8 females, 10 males; mean age = 24.5 years, age range = 19-29
years), with normal or corrected vision) participated in the experiment.

Stimuli
Nonalphanumeric shapes were designed on the basis of two eas

ily discriminable global shape configurations: closure and vertical
parallel lines (e.g., Kimchi, 1992; Treisman & Paterson, 1984).
Each configuration had four variants that differed only in a small
shape segment. These variants could have one of four colors: red,
light red, blue, and light blue. Figure 2 shows the stimuli that re
sulted after testing and adjusting the initial stimuli in a preliminary
experiment designed to make color and shape discriminability rel
ativcly equal."

The red and blue colors consisted of color mixture values in the
VGA 256 color pallette ofthe IBM stimulus-presentation PC: red =

63 red, 0 green, 0 blue; blue = 0 red, 0 green, 63 blue. The light-

Target Nontargets

Relevant Color Irrelevant Color

Block C+S++ C+S+ C+S- C-S++ C-S+ C-S-

CESE * N

CHSE * N

A N
CESH

B 0

Figure 2. An example of the S-R mappings used in the ERP ex
periment. CESE denotes the color-easy/shape-easy condition;
CHSE denotes the color-hard/shape-easy condition; and CESH
denotes the color-easy/shape-hard condition. The target requir
ing a response is in the C+S++ column (the color attribute and
the global and local shape attributes are relevant). The nontar
gets, which required no response, could share the color and the
global shape with a target (relevant color, C+S+ column), only
the color (relevant color, C+S- column), global and local shape
but not the color (irrelevant color, C- S++ column), only the
global shape (irrelevant color, C- S + column), or no attribute
with the target (irrelevant color, C-S- column). The S- stim
uli (C+S - and C- S-) consisted oftwo alternatives (to balance
this category with the S+ categories). Only one of each of these
stimulus shapes was presented during a trial. Differences in color
are shown as differences in hatching texture. For example, ifthe
completely filled shapes represent blue (all C+ stimuli), the least
filled shapes represent red (C - in CESE and CESH), and the in
termediate filled shapes represent light blue (in CHSE). Two ex
amples are shown of the mapping in the CESH condition (A and
B). The star (*) in CESE and CHSE indicates that in these con
ditions there were also multiple S-R mappings.



red and light-blue colors consisted of other mixtures: light red =
63 red, 22 green, 0 blue; light blue = 0 red, 25 green, 63 blue. The
stimuli were presented on a PC-controlled video monitor on a black
background at a viewing distance of 100 ern, At this distance, they
subtended 2.50 x 2.50 of visual angle.

The stimuli shown in Figure 2 were presented, one at a time, in a
fixated central location of a video screen. They varied on the di
mensions color, global shape, and local shape. One conjunction of
color (e.g., blue), global shape (e.g., a pair ofvertical parallel lines),
and a particular shape element (e.g., a diagonal line between the
parallel lines), served as the target for a simple keypress. We use
acronyms to indicate the various stimulus types. Thus, C stands for
color, S stands for shape, "+" indicates an attribute that is shared
with the target, and" -" indicates an attribute that differs from the
target. Targets are denoted as C+S++ stimuli because the color
(C+) and two shape attributes (S++) identify them as targets (the
leftmost column in Figure 2). Nontargets, requiring no response,
could have the same color as a target (C+), but only one relevant
shape attribute (S+), the global shape. These stimuli had an irrele
vant local shape element (C+S+ stimuli; e.g., blue parallel lines
with a differently oriented diagonal in the wrong location). Other
nontargets shared either only the color (C+S-; e.g., a blue circular
shape) or only the global shape with a target (C-S+; e.g., red par
allel lines); others shared none of these attributes with the target
(C-S-; e.g., a red circular shape). One type of nontarget shared
both shape attributes with the target but not its color (C-S++; e.g.,
red parallel lines with the same diagonal as the C+S++ target).
Thus, S++ stands for stimuli that shared the global shape and the
local shape with the target, S+ stands for stimuli that shared only the
global shape with the target, and S - stands for stimuli that shared
no shape attributes with the target.

Procedure
The participants were seated in a reclining chair in a sound- and

light-attenuated chamber. The experiment was run in one session
(approximately 3 h) on a single day. The session consisted of 20
blocks, each consisting of a randomized sequence of 240 stimulus
presentations, divided over three discriminability conditions (4 blocks
CESE, 8 blocks CHSE, and 8 blocks CESH, see above). The par
ticipants performed an equal number oftrials with each type of dis
crimination (for colors, 4 blocks red vs. blue, 4 blocks light red vs.
red, 4 blocks light blue vs. blue; for shapes, 4 blocks circular vs. ver
tical parallel, 4 blocks one circular variant vs. other circular vari
ants, 4 blocks one vertical-parallel variant vs. other vertical-parallel
variants). The probability of presentation of each of the eight pos
sible stimuli (see Figure 2) was equal within each block (.125). Of
all stimuli, 25% had a relevant color and a relevant global shape
(C+S+ plus C+S++), 25% had a relevant color and an irrelevant
global shape (C+S-), 25% had an irrelevant color and a relevant
global shape (C-S+ plus C-S++), and 25% had both an irrelevant
color and an irrelevant global shape (C-S -). Luminance and con
trast of the stimuli were equal in the three discriminability condi
tions. In each block, a new combination of color and shape served
as the target stimulus. This was done by letting each alternative stim
ulus color and stimulus shape serve as a selection cue once in each
discriminability condition. This counterbalanced the effects of phys
ical stimulus differences. The order of the discriminability condi
tions and that of the different targets that the participants had to detect
within discriminability conditions were counterbalanced between
participants.

A block of trials began with a visual fixation aid (a small dot) in
the center of the screen that remained visible during the entire
block. The participants were told to fixate on the dot and to make
as few eye movements and eye blinks as possible. The stimuli were
presented for 100 msec. The interstimulus interval, measured from
stimulus onset to stimulus onset, varied randomly between 700 and
1,100 msec.
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The experiment started with an instruction. The participants were
shown the to-be-detected target conjunction for the upcoming block.
They were told that this conjunction would occur randomly in a
stream of other color-shape combinations. They were further told
that it was their task to press a button with the right hand only when
the target was presented. This reaction had to be as quick as possi
ble but with high accuracy. Next, the participants performed one or
more training blocks of 80 trials each. Prior to the first experimen
tal block, the participants performed at least three 80-trial practice
blocks to stabilize performance. When each new conjunction target
was presented, the participants practiced the task until performance
had stabilized prior to performing the experimental blocks. The
next experimental block was then presented.

Recording and Analysis
The ERPs were recorded from the scalp using tin electrodes

mounted in an electro cap (Electro-Cap International) and located
at 29 sites according to the International 10-20 System: The stan
dard sites included F7, F8, F3, F4, Fz, Cz, P3, P4, Pz, rs, T4, T5,
T6, 01, 02, Oz, INI, IN2, and INz; the nonstandard sites included
FCI (halfway between Cz and F3), C3' (I ern anterior to C3), CPI
(halfway between Pz and C3), POI (0.5 ern lateral to the halfway
point between Pz and 0 I), and TO I (halfway between 0 I and the
midpoint ofa line between P3 and T5), mirrored over the right hemi
sphere by FC2, C4', CP2, P02, and T02. All these electrodes were
referenced to the left earlobe. Eye blinks and eye movements were
monitored with electrodes at both outer canthi ofthe eyes (horizon
tal electrooculogram, EOG) and below the right eye (vertical EOG).

The electrophysiological signals were filtered with a band-pass
of 0.01-70 Hz (half-amplitude cutoffs) and digitized at a rate of
250 Hz. Automated artifact rejection was performed offline to elim
inate data epochs contaminated by blinks, saccades, excessive mus
cle activity (with a criterion of50 11V), and amplifier saturation. The
EEG signal was averaged, for each stimulus type in each condition,
over epochs of 1,080 msec, starting 100 msec before onset of the
stimulus and ending 980 msec poststimulus. This was done for each
subject separately, and these averages were then used for statistical
analyses (multivariate analyses of variance, MANOVAs).

Before the statistical analyses, the 0- to 400-msec poststimulus
interval of the averages was divided into 50 epochs of 8 msec, av
eraging the amplitudes of each sequential pair of 4-msec samples
in this interval and correcting for differences in the 100-msec pre
stimulus baseline. This was done with the average ofeach stimulus
type for each subject in order to decrease the number of epochs to
be tested without loosing much temporal resolution. Next, the ef
fects of stimulus relevance were evaluated to determine whether
they were identifiable as SN effects. The a priori criteria for iden
tifying a relevance effect as an SN effect were that the effect should
(I) be maximal over occipital cortex and (2) start between 120 and
300 msec after stimulus presentation. Visual inspection ofthe left
ear referenced averages at the various electrodes clearly showed
that the earliest relevance effects were maximal at the TO I and T02
electrodes (see Figure 3). This was confirmed by computing equi
potential maps with BESA software (Scherg, 1992) on the grand
averages, using common average reference. In all three discrim
inability conditions, the difference ERPs were maximal bilaterally
in the areas of the TO I and T02 electrode sites, both when refer
enced to the left ear and when referenced to common average.

Finally, the amplitudes ofthe averaged ERPs to the various stim
ulus types were subjected to MANOVAs by means ofplanned com
parisons according to a repeated measures within-subjects design.
These comparisons concerned the difference between the ERPs to
the following stimulus classes, each representing an effect of at
tribute relevance: (C+) - (C -), the main effect ofcolor relevance;
(S+) - (S-),the main effect ofshapc relevance; (C+S+) - (C-S+),
the effect ofcolor relevance if the global shape is relevant; (C+S-)
- (C - S-), the effect of color relevance if the global shape is ir-
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relevant; (C+S+) - (C+S-), the effect ofglobal shape relevance if
the color is relevant; (C-S+) - (C-S-), the effect ofglobal shape
relevance if the color is irrelevant; (C+S++) - (C+S+), the effect
oflocal shape relevance if the color and global shape are constant
and relevant; and (C-S++) - (C-S+), the effect of local shape
relevance if the color is irrelevant and the global shape is relevant,
see above.

These tests were carried out in order to determine, in each dis
criminability condition, (I) whether there was a significant differ
ence between the averaged ERPs (i.e., whether an SN with signifi
cant amplitude was present), (2) the onset of that SN, and (3) the
offset of the SN (in order to derive its duration). To reach these goals,
we used statistical procedures that are standard in ERP research.
Because ERPs on single trials contain much random noise, they
must first be averaged to reduce the noise and to obtain identifiable
ERPs. Next, the onset of an ERP difference is determined across
participants. We did this by testing the fifty 8-msec epochs in the
400-msec interval after stimulus presentation across participants.
We distinguished two time ranges for two different purposes. In the
120- to 320-msec prespecified interval (see introduction), we tested
the null hypothesis that there were no effects ofrelevance. This hy
pothesis was rejected when a consecutive series ofat least 3 epochs
(representing a 24-msec interval) withp values below .05 was found.
The first of these epochs was taken as the onset latency of a signif
icant SN. The criterion of finding at least 3 epochs with p values
below .05 is a reasonable correction for performing many pairwise
comparisons (interested readers may want to consult Guthrie &
Buchwald, 1991, for this procedure). In the initial 0- to 120-msec
interval, we tested the null hypothesis that there were effects of rel
evance at, according to the extant literature, unreasonably early time
points, using the 3-epoch criterion. This gave us an indication of
the probability ofmaking Type I errors. As will be shown in the Re
sults section, there was not a single occurrence of a significant dif
ference with a duration of 3 epochs in any condition for any pair
wise comparison in this interval. This suggests that the occurrence
of Type I errors was minimal and that the 3-epoch restriction was a
reasonable one.

The 3-epoch criterion was also used in our inferences about dif
ferences in SN onset. Because with ERPs it is not possible to ob
tain a statistical onset of a difference potential for each participant
and condition, a direct statistical test on onsets across participants
is not possible. Instead, the first time point (i.e., epoch) at which a
statistically significant difference is found in one condition must be
compared with the first time point at which a significant difference
is found in another condition. These time points represent statisti
cally "hard" points in time that separate series ofepochs in which a
difference was not present and series of epochs in which a differ
ence was present. Since Type II and Type I errors can shift these
time points over one or two epochs, a correction for such errors must
be made. We used the same correction as that used for deciding
whether a significant difference in amplitude was present. A meaning
ful difference in onset had to be larger than 3 epochs (i.e., 24 msec).
Thus, a difference smaller than 24 msec was taken as no difference,
and a difference 24 msec or larger was taken as a meaningful dif
ference. In addition to this correction, we present the statistical re
sults graphically in terms ofalpha values as a function oftime. This
enables the reader to apply the most conservative correction on 50
repeated tests, which is to divide the adopted alpha level (.05) by the
number (50) ofrepeated tests (Bonferroni). This correction requires
a p < .001 level of significance in the present experiment. When ap
plying this correction, however, be aware that it seriously compro
mises the power of the tests (Guthrie & Buchwald, 1991). That is,
meaningful effects repeated in, say,S consecutive epochs, which all
reach an alpha level ofp < .01, would be dismissed as error. These
are all a priori considerations. The results we obtained, however,
were so robust that it hardly mattered which type of correction one
would prefer to apply.

To test whether the amplitudes of the SNs in the three discrim
inability conditions differed, two amplitude measures were obtained
and tested. The SNs concerned those related to the selection of the
easy-to-discriminate colors and shapes in the CESE, CHSE, and
CESH conditions. First, a software algorithm determined the mean
amplitude of the SN in the 200- to 250-msec poststimulus window.
This window was determined on the basis of the grand-averaged
ERP differences; it represents the initial 50 msec of these differ
ences (i.e., SNs). Second, the software algorithm determined the
maximum amplitude of the SN in the 250- to 350-msec poststimu
Ius window. The mean and peak amplitudes found were then sub
mitted to a MANOVA. Accuracy and response times (RTs) were
also analyzed with a MANOVA, with discriminability as factor.

RESULTS

Behavioral~easures

The task was easy in all three discriminability condi
tions. When color and shape were easy to discriminate (the
CESE condition), errors (misses and false alarms summed
together) occurred on 0.60% ofthe trials. When the color
was hard to discriminate (the CHSE condition), the error
rate was 1.17%; when the shape was hard to discriminate
(the CESH condition), the error rate was 0.35%. The num
ber oferrors was larger in the CHSE condition than in the
CESE and CESH conditions [F(l,17) = 15.89,MSe =
159,p < .001] and [F(I,17) = 13.08, MSe = 173,p < .002,
respectively], and it did not differ between the CESE and
CESH conditions [F(I,17) < 1].

The averaged mean RTs in the CESE, CHSE, and
CESH conditions were 417, 460, and 417 msec, respec
tively. As with the error rates, RT in CHSE was signifi
cantly longer than RT in CESE and CESH [F(l, 17) =
23.67, MSe = 707,p < .0005, andF(l,I7) = 26.2,MSe =
656, P < .0005, respectively], but it did not differ be
tween CESE and CESH [F(l,I7) < 1, MSe = 666]. These
results show that the use ofhard-to-discriminate color in
creased the latency and decreased the accuracy ofthe con
junction detection response, relative to the use of easy
to-discriminate color (the CESE condition). They further
show that the use of hard-to-discriminate shapes did not
change the speed and accuracy of responses, relative to
the use ofeasy-to-discriminate shapes (the CESE condi
tion). Before discussing these results, we will first pre
sent the ERP findings.

ERP Measures
Color-Easy/Shape-Easy (CESE) condition. Figure 3

presents the grand-averaged ERPs elicited by the six stim
ulus types in the CESE condition at the central (C3', Cz,
and C4') and posterior (Tal, Pz, T02, 01, Oz, and 02)
electrodes. Note that all stimuli elicited a positive
negative P120-NI90 sequence at the occipital (01, Oz,
and 02) and temporooccipital (Tal and T02) electrodes.
The amplitude of this positive-negative sequence was
maximal at the TO1 and T02 electrodes. Figure 3 also
shows that the relevance of the various stimulus types
started to produce differences in the ERPs just before
200 msec (i.e., where the Nl90 peaks) at the (temporo-)
occipital electrodes and after 200 msec at the other elec-
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Figure 3. Grand-averaged ERP waveforms in microvolts obtained in the CESE condition at the central (C3', Cz, C4') and poste
rior (TOt, Pz, T02, Ot, Oz, 02) electrodes elicited by the C+S++, C+S+, C+S-, C-S++, C-S+, and C-S- stimuli. Negative am
plitudes are plotted upward.

trodes. These differences were maximal at the TO 1 and
T02 electrodes and consisted of an increased and pro
longed negativity to stimuli with one or more relevant
attributes. As Figure 3 shows, the more attributes a stim
ulus shared with the target, the more the negativity start
ing in the N 190 was prolonged. Because this negativity
was earliest and largest at the occipital electrodes and
was related to the relevance of the colors and the shapes,
it fulfilled the criteria for identifying it in the ERPs as
SN (e.g., Naatanen, 1992).

The differences between the ERPs-that is, the SNs
are better illustrated in Figure 4. This figure shows the
grand-average difference potentials collapsed over the
left (TO 1 electrode) and right (T02 electrode) hemi
spheres. These were obtained by subtracting the ERPs
elicited by two classes of stimuli that differed in the rel
evance of one stimulus attribute. Figure 4A shows the
difference between the ERPs that were elicited when the
stimulus had a relevant versus an irrelevant color. This
color relevance effect was present when the global shape
ofthe stimulus was relevant [ERP(C+S+) - ERP(C-S+);
continuous waveform] and when the global shape was

irrelevant [ERP(C+S-) - ERP(C-S-); dashed wave
form]. Figure 4B shows the difference between the ERPs
that were produced when the stimulus had a relevant ver
sus an irrelevant global shape. This global shape effect
was present when the color was relevant [ERP(C+S+) 
ERP(C+S-); continuous waveform] and when it was
irrelevant [ERP(C-S+) - ERP(C-S-); dashed wave
form]. Figure 4C presents the ERP differences due to the
difference in relevance ofthe local shape ofthe stimulus.
As with global shape, variation in local shape relevance
also produced a difference in the ERPs both when the color
was relevant [ERP(C+S++) - ERP(C+S+); continuous
waveform] and when it was irrelevant [ERP(C-S++) 
ERP(C-S+); dashed waveform]. Clearly, in all three pan
els, the amplitude ofthe attribute selection effects reached
larger levels when the other attribute was relevant than
when it was irrelevant.

Figure 5 shows the time ranges in which the hypothe
sis that 2 ERPs were identical was rejected on 3 or more
consecutive 8-msec epochs (24 msec) for a number of
comparisons. This figure shows that the SN related to color
relevance started at about the same time (196 msec) as
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Figure 4. Grand-averaged difference potentials in microvolts obtained in the CESE condition. (A) The effects of color relevance when
the global shape was relevant (continuous waveform) and was irrelevant (the dashed waveform). (B)The effects of global shape relevance
when the color was relevant (continuous waveform) and was irrelevant (dashed waveform). (C) The effects of local shape relevance
when the color was relevant (continuous waveform) and was irrelevant (dashed waveform). Negative amplitudes are plotted upward.

the SN related to global shape relevance (204 msec). At
252 msec, color relevance and global shape relevance
started to interact, reflecting that the SN amplitudes due
to color and shape relevance at that time became larger
when the other attribute was relevant than when the other
attribute was irrelevant (Figures 4A and 4B show this ef
fect as the time where the continuous and dashed wave
forms start to diverge). This suggests that processing be
came selective for the conjunction of color and global
shape at about 252 msec. Note that, before SN onset, there
was no interval in which 3 or more consecutive epochs
yielded a significant difference for any ofthe comparisons.

A more fine-grained analysis tested the effect ofrele
vance of an attribute at each level of the other attribute.
The results of these tests are shown in the lower part of
Figure 5. The effect ofcolor relevance started at 212 msec
(duration 152 msec) when the global shape was relevant
[ERP(C+S+) - ERP(C-S+)] and at 188 msec (duration
136 msec) when the global shape was irrelevant
[ERP(C+S-) - ERP(C-S-)]. The effect ofglobal shape
relevance started at 220 msec (duration 176 msec) when
the color was relevant [ERP(C+S+) - ERP(C+S-)] and
at 220 msec (duration 96 msec) when the color was irrel
evant[ERP(C-S+) - ERP(C-S- )]. The effect oflocal
shape relevance started at 276 msec (duration 80 msec)

when the color was relevant [ERP(C+S++) - ERP(C+S+)]
and at 300 msec (duration 40 msec) when the color was
irrelevant [ERP(C-S++) - ERP(C-S+)].

Because the C+S++stimuli were responded to and the
C+S+ stimuli were not, one might want to propose that
the [ERP(C+S++) - ERP(C+S+)] difference (i.e., the
local shape SN) was due to effects on the ERP ofmotor
related processing. This interpretation can be ruled out on
several grounds. First, the [ERP(C+S++) - ERP(C+S+)]
difference was parallelled by an [ERP(C-S++) 
ERP(C-S+)] difference with equal scalp distribution
and timing. So, even when no responses were made (to
C-S++ and C-S+ stimuli), the same effect was obtained.
Second, at the C3' electrode placed over the motor cortex
related to right-hand responding, the difference between
C+S++ and C+S+ stimuli was about one third as large as,
and started later than, that at the TO1 electrode. We know
from previous research that motor-related effects in the
ERP on right-hand response trials are maximal at C3' and
are much smaller or absent at more posterior electrodes
(e.g., Kutas & Donchin, 1980).

In summary, the present findings suggest that color
and global shape were identified and selected at about
the same time (196-204 msec), that local shape was
identified and selected later (276 msec), and that pro-
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Figure 5. Effects of attention on the SN in the CESE condition (see introduction of
this paper) in the initial 436 msec after stimulus presentation. Epochs of 8 msec in
which the SN had a significant amplitude are depicted with different hatching of tex
ture depending on the level of significance (see legend). The rows labeled Color,
GShape, and Col x GSh show the main effects of color, global shape, and their inter
action, respectively. The rows labeled Color: GS+ and Color: GS - show the subeffects
of color relevance when the global shape was relevant and when it was irrelevant, re
spectively. The rows labeled GShape: C+ and GShape: C- show the subeffects of
global shape relevance when the color was relevant and when it was irrelevant, re
spectively. The rows labeled LShape: C+ and LShape: C- show the subeffects oflocal
shape relevance when the color was relevant and when it was irrelevant, respectively.

cessing became specific for the C+S+ conjunction at
252 msec. The findings further confirm the predictions
derived from the exhaustive model, and they are incon
sistent with the predictions derived from both the self
terminating model and the holistic model. This can eas
ily be verified by comparing the present findings with
the predictions listed in Table I (substitute C for A and
substitute S for B to obtain the relevant ERP differences).
Both the self-terminating model in which color and
global shape are identified equally fast and the holistic
model predict that (3) [ERP(C+S-) - ERP(C- S-)] =
oand (4)[ERP(C-S+) - ERP(C-S-)] = 0, in the time
interval in which an SN can occur (120-320 msec, see
above). The self-terminating model in which color is
identified earlier than is global shape predicts that
(4) [ERP(C-S+) - ERP(C-S-)] = 0 (i.e., no global
shape relevance effect when the color is irrelevant). We
found, however, that all four difference equations (Pre
dictions 1-4) became larger than zero in the SN time in-

terval, which is predicted only by the exhaustive model.
We further found that (1) initially, the relevance effects
of color and global shape were additive, confirming Pre
dictions 5 and 6 ofthe exhaustive model, and (2) the color
and global shape relevance effects started to interact at
252 msec, confirming Predictions 7 and 8 of the exhaus
tive model. In addition, we found that [ERP(C-S++) 
ERP(C-S+)] > 0 (i.e., an effect oflocal shape relevance
when the color was irrelevant), which is a special case of
Prediction 4, [ERP(C-S+) - ERP(C-S-)] > O. We dis
cuss these findings in terms oftwo-stage models of multi
attribute selection after presenting the results in the CHSE
and CESH conditions.

Color-Hard/Shape-Easy (CHSE) condition. Fig
ure 6 presents the grand-averaged ERPs obtained in the
CHSE condition at the central and posterior electrodes.
As in the CESE condition, all stimuli produced a posi
tive-negative sequence that was maximal at the TO1 and
T02 electrodes. The ERPs started to differ as a function
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Figure 6. Grand-averaged ERP waveforms in microvolts obtained in the CHSE condition. See Figure 3 caption for explanation of
abbreviations.

ofstimulus relevance in the N190peak; as Figure 6 clearly
shows these differences were again largest and earliest
at the TO electrodes.

Figure 7 shows the difference potentials collapsed over
hemispheres (i.e., over TOl and T02). Figure 7A shows
effects ofcolor relevance both when the global shape was
relevant and when it was irrelevant. Figures 7B and 7C
show that large effects ofshape selection were present both
when the color was relevant and when it was irrelevant.

Figure 8 shows the time ranges in which these effects
were significant. This figure shows that the SN related to
color relevance started at 252 msec. The effect of global
shape relevance started at 164 msec. At 284 msec, these
effects started to interact, reflecting that the SN ampli
tudes due to color and shape relevance at that time be
came larger when the other attribute was relevant than
when it was irrelevant (see also Figure 7). This suggests
that processing became selective for the conjunction of
color and global shape at 284 msec.

The tests of the effect of relevance of an attribute at
each level ofthe other attribute revealed the following sig
nificant SN intervals. The effect ofcolor relevance started
at 268 msec (duration 152 msec) when the shape was rel-

evant and at 244 msec (duration 96 msec) when the shape
was irrelevant. The effect of global shape relevance
started at 196 msec (duration 224 msec) when the color
was relevant and at 164 msec (duration 176 msec) when
the color was irrelevant. The effect of local shape rele
vance started at 300 msec (duration 72 msec) when the
color was relevant and at 292 msec (duration 176 msec)
when the color was irrelevant. The early effects ofglobal
shape (onset 164 msec) were small and short (see Fig
ure 7). They may have been caused by a few trials or a
few subjects having deviantly large amplitudes at that time
("outlier" effect). The large global shape SNs in Figure 7
produce statistically robust effects starting at 204 msec
(see Figure 8, GShape effect) and at 212 msec (see Fig
ure 8, GShape: C- effect).

These findings suggest that color was identified and
selected later than was global shape (252 and 204 msec,
respectively), that local shape was identified and se
lected last (292 msec), and that conjunction-specific pro
cessing started at 284 msec. As in the CESE condition,
the findings in this condition confirm the predictions de
rived from the exhaustive model (see Table 1, substitute
S for A and substitute C for B, because global shape was
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Figure 7. Grand-averaged difference potentials in microvolts obtained in the CHSE condition. See Figure 4 caption for further
explanation.

identified earlier than was color). All difference equa
tions (Predictions 1-4) became larger than zero in the
SN time interval. The findings violate Prediction 4 de
rived from a self-terminating model in which global
shape is identified earlier than is color. This means that
there was a color relevance effect when the global shape
was irrelevant, despite the fact that the global shape was
identified much earlier and thus could have been easily
used to terminate any further processing. The findings
further violate Predictions 3 and 4 derived from the holis
tic model.

Color-Easy/Shape-Hard (CESH) condition. Figure 9
presents the grand-averaged ERPs obtained in the CESH
condition. The P120-N 190 sequence is again largest at
the TO electrodes, and the differences between the ERPs
as a function of stimulus relevance are again largest and
earliest at these electrodes. Note the relatively large ef
fects of local shape relevance for stimuli with relevant
colors (C+S++ vs. C+S+) and for those with irrelevant
colors (C-S++ vs. C-S+).

Figure 10 shows the difference potentials collapsed
over the TO I and T02 electrodes. Figure lOA shows that
large SNs related to color selection were present when
the shape was relevant (continuous waveform) and when
the shape was irrelevant (dashed waveform). Figure lOB
shows that only an SN related to global shape selection
was present when the color was relevant. Figure 10C shows
that large SNs related to local shape selection were pres-

ent both when the color was relevant and when the color
was irrelevant.

Figure 11 shows the time ranges in which these effects
were significant. This figure shows that the SN related to
color relevance started at 196 msec, and the SN related
to global shape relevance started at 260 msec. At
268 msec, these effects started to interact, reflecting that
the SN amplitudes due to color and shape relevance at
that time became larger when the other attribute was rel
evant (see also Figure 10). This suggests that processing
became selective for the conjunction of color and shape
at about 268 msec. As Figure II shows, the color X global
shape interaction (Col X GSh) that started at 268 msec
was interrupted after 3 epochs and later became signifi
cant again. Figure lOA shows why. At about 250 msec,
the color relevance SNs for the relevant (continuous wave
form) and irrelevant (dashed waveform) global shapes
started to diverge, but converged again at about 290 msec,
after which they again diverged. A similar effect can be
seen in Figure IOC (see also Figures 4 and 7).

The tests of the effect of relevance of an attribute at
each level of the other attribute revealed the following
significant SN intervals. The effect of color relevance
started at 204 msec (duration 160 msec) when the shape
was relevant and at 204 msec (duration 136 msec) when
the shape was irrelevant. The effect of global shape rel
evance started at 260 msec (duration 152 msec) when the
color was relevant; there was no significant effect of
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Figure 8. Effects of attention on the SN in the CHSE condition (see introduction of this
paper) in the initial 476 msec after stimulus presentation. See Figure 5 caption for further
explanation.

global shape when the color was irrelevant. The effect of
local shape relevance started at 268 msec (duration
96 msec) when the color was relevant; there was a small
initial significant interval that started at 188 msec (dura
tion 32 msec) and a later interval that started at 260 msec
(duration 136 msec) when the color was irrelevant. As
Figure 10 shows, the small initial effect concerned a
small dip in the difference potential preceding the large
SN we are interested in; therefore, we take 260 msec (the
onset of the second interval) as the onset of the SN re
lated to local shape.

These findings suggest that color was identified and
selected earlier than was global shape (196 and 260 msec,
respectively), that global and local shape were identified
and selected at about the same time (260 msec), and that
conjunction-specific processing started at 268 msec. In
this condition, there was a global shape SN when the
color was relevant but not when the color was irrelevant.
There was a local shape SN both when the color was rel
evant and when it was not. These results support self
terminating processing of global shape and exhaustive
processing oflocal shape (see Table 1, substitute C for A
and substitute S for B, because color was identified
earlier than were global and local shapes). That is, the
[ERP(C-S+) - ERP(C-S-)] difference was zero in
the SN interval, confirming Prediction 4 of the self
terminatingmodel, butthe [ERP(C-S++) - ERP(C-S+)]

difference was significantly larger than zero, which con
firms Prediction 4 of the exhaustive model.

Amplitude Measures of the SN
Figure 12 shows a comparison of the SNs related to

discriminating parallel identification and a mixture oftri
als on which color and shape are identified in series. The
mixture model of serial trials predicts smaller easy-to
discriminate-attribute SNs of longer duration in the
CESE condition than in the other conditions. The paral
lel model predicts no difference. Figure 12A shows the
difference waves related to color selection in the two
color-easy (CESE and CESH) conditions. These concern
the [ERP(C+S+) - ERP(C-S+)] differences. Figure 12B
shows the difference waves related to global shape selec
tion in the two shape-easy (CESE and CHSE) conditions.
These concern the [ERP(C+S+) - ERP(C+S-)] differ
ences. As Figure 12 shows, the differences in the CESE
condition were not smaller nor had they a longer duration
than did those in the CESH and CHSE conditions.

To test whether the initial 50 msec of the SNs and their
peak amplitudes differed between the CESE on the one
hand and CHSE and CESH conditions on the other, we
used the mean and peak amplitudes of the ERP differ
ences involving the easy-to-discriminate stimulus attri
butes when the complementary attribute was relevant.
The reason for this selection was that these differences
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Figure 9. Grand-averaged ERP waveforms in microvolts obtained in the CESH condition. See Figure 3 caption for the explanation
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would be affected the least by the discriminability factor.
In the 50-msec window after their onset, the grand
averaged [ERP(C+S+) - ERP(C-S+)] difference am
plitudes in the CESE and CESH conditions were 2.60
and 2.20 pv, respectively. This difference was not sig
nificant [F(1,17) < 1, MSe = 1.92]. In this window, the
grand-averaged [ERP(C+S+) - ERP(C+S-)] difference
amplitudes in the CESE and CHSE conditions were 1.80
and 1.Ti u.V, respectively. This difference also was not sig
nificant [F(I,17) < 1, MSe = 0.89]. The grand-averaged
[ERP(C+S+) - ERP(C-S+)] peak amplitudes in the
CESE and CESH conditions were 7.04 and 5.24pV, re
spectively. This difference was significant [F( 1,17) =
18.62, MSe = 1.55, p < .0005], indicating that the color
related SN was smaller in the CESH condition. The grand
averaged [ERP(C+S+) - ERP(C+S-)] peak amplitudes
in the CESE and CHSE conditions were 6.73 and 6.64pV,
respectively. This difference was not significant [F( 1,17)<
1, MSe = 1.20]. These results indicate that the initial
50-msec mean amplitudes and peak amplitudes of
the [ERP(C+S+) - ERP(C-S+)] and [ERP(C+S+) -

ERP(C+S-)] differences in the CESE condition were
not smaller than the [ERP(C+S+) - ERP(C-S+)] dif
ference in the CESH condition and the [ERP(C+S+) 
ERP(C+S- )] difference in the CHSE condition. These re
sults indicate that the averaged color and global shape SNs
in the CESE condition were not smaller than the color SN
in CESH and the global shape SN in CHSE. This suggests,
as will be discussed below, that a trial-mixture model of
serial color and shape identification is highly unlikely.

DISCUSSION

In this study, we investigated three questions concern
ing multidimensional selection when the color and the
shape of stimuli serve as selection cues: (1) whether the
identification and selection of color and shape occur in
parallel or in series, (2) whether the selection of color
and shape occurs in a self-terminating and dependent
manner or in an exhaustive and independent manner, and
(3) whether the stage of feature integration can start only
after the stage ofseparate attribute analyses has finished.
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Figure 13 summarizes the main results we obtained. In
this discussion, the onset latencies ofthe SN are rounded
to the nearest 10 msec.

Wederived SNs from the ERPs to conjunctions ofcolor,
global shape, and local shape. These conjunctions varied
in the combination ofattribute values they shared with a
target conjunction. RTs were obtained for the conjunc
tion targets. In different conditions, the relevant and ir
relevant values of the color and the shape were all easy
to discriminate (CESE), the color was hard to discrimi
nate and the shape was easy to discriminate (CHSE), or
the shape was hard to discriminate and the color easy to
discriminate (CESH). In all three conditions, we ob
tained highly significant SNs related to color, global
shape, and local shape selection. When we decreased the
discriminability of the color, the onset latency of the SN
related to color selection increased 50 msec. Decreasing
the discriminability of(global) shape increased the onset
latency of the SN related to (global) shape selection
60 msec. These increases in SN onset latencies closely
parallelled the RT increases we obtained in the prelimi
nary disjunctive RT experiment in which participants
discriminated either color alone or global shape alone.
In that experiment, the RT differences obtained for easy
and hard-to-discriminate colors and for easy- and hard
to-discriminate global shapes were 48 and 52 msec,

respectively (see note 3). The discriminability manipu
lation thus resulted in highly consistent effects on the
single-dimensional discrimination RTs and the SN onset
latencies related to the single-dimensional analyses in the
multidimensional task. The conjunctive RTs obtained in
the multidimensional task were different. Decreasing
color discriminability did increase conjunctive RT, but
decreasing (global) shape discriminability did not in
crease conjunctive RT, both relative to the CESE condi
tion. The reason for this dissociation is not clear, but it
seems related to stages ofprocessing that occur later than
those tapped with the SN measure.

The pattern of the early ERP results supports the in
ference that color, global shape, and local shape were iden
tified and selected in parallel, at least when they were rel
atively easy to discriminate. First, when both attributes
were easily discriminable (CESE), we found that the on
set latencies of the SNs related to color and global shape
selection were about equal (200 msec). This supports a
parallel model in which the identification of color and
that ofglobal shape have equal completion times, and in
which both attributes are selected in parallel for further,
task-directed processing. The equal onset latencies are
inconsistent with a serial model in which identification
ofcolor and that ofglobal shape were performed one after
the other.
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Figure t t. Effects of attention on the SN in the CESH condition (see introduction of this
paper) in the initial 476 msec after stimulus presentation. See Figure 5 caption for further
explanation.

Second, in the CESE condition, the SN related to local
shape selection started later (290 msec) than did the SNs
related to color and global shape selection (200 msec).
Relative to the CESE condition, decreasing the discrim
inability ofthe color (CHSE) and the global shape (CESH)
substantially increased the onset latency of the color
related SN (from 200 to 250 msec) and the global-shape
related SN (from 200 to 260 msec), but not the onset la
tency of the SN related to local shape selection (from
290 msec in CESE to 300 msec in CHSE and 260 msec
in CESH). Iflocal shape identification would have been
performed in series after the analyses ofcolor and global
shape had finished, we should have found an increase in
local shape SN onset latency, comparable to the increase
in the color and global shape SN onset latencies, when
color and shape were made harder to discriminate (see
Figures IA and IB). This was not the case, however. The
identification oflocal shape seems therefore to have oc
curred in parallel with color and global shape analysis.

Third, the evidence contradicts an alternative expla
nation for the equal onsets of the color and global shape
SNs in the CESE condition, which is based on a trial
mixture model of serial color and shape identifications.
As argued in the introduction, the occurrence of equal
SN onset latencies related to multiple-attribute selections

can, without additional evidence, be accounted for by a
serial model. This model proposes that on about half of
the trials, color is selected before global shape and that,
on the other half of the trials, global shape is selected be
fore color. After averaging across these trials, the SNs
related to color and global shape selection would appear
to start at the same time.

Another prediction derived from this model is, how
ever, that the color-related SNs would be elicited at a
substantially earlier time point on color-first trials than
on global-shape-first (i.e., color-second) trials. Averag
ing the color SNs across these two trial types would have
smeared out their amplitudes over a relatively long time
range, resulting in a color SN ofmuch smaller amplitude
and oflonger duration than the color SNs from each trial
type separately (and the same is true for the global-shape
related SNs on color-first and global-shape-first trials).
Thus, if we could separate color-first trials and global
shape-first trials, we could test this alternative. This sep
aration was accomplished with the discriminability ma
nipulation. Because of the difference in discriminability
between color and shape in the CHSE and CESH condi
tions, we obtained global-shape-first trials in the CHSE
condition and color-first trials in the CESH condition. We
used the color-related SN in the CESH and the global-
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and dependent manner or in an exhaustive and indepen
dent manner. The evidence bearing on this issue concerns
the effects of relevance of color and shape as a function
ofthe relevance ofthe complementary attribute. More spe
cifically, the question to be answered was whether or not
the amplitude of the SN related to the selection of an at
tribute depended on the relevance of the other attribute.

Figure 13. Averaged mean RTs and SN onset latencies in mil
liseconds for each ofthe three discriminability conditions. CESE
denotes the latencies in the color-easy/shape-easy condition;
CHSE denotes those in the color-hard/shape-easy condition; and
CESH denotes those in the color-easy/shape-hard condition.
Conj denotes the onset latency of conjunction-specific selective
processing. SN-C, SN-G, and SN-L stand for the onset latencies
ofthe SN related to, respectively, color selection, global shape se
lection, and local shape selection.

shape-related SN in the CHSE conditions as estimates of
the color SN on color-first trials and the global shape SN
on global-shape-first trials, respectively.

We found that the durations of the [ERP(C+S+) 
ERP(C-S+)] differences in the CESE and CESH condi
tions were 150 and 160 msec, respectively, and those of
the [ERP(C+S+) - ERP(C+S-)] differences in the CESE
and CHSE conditions were 180 and 220 msec, respec
tively. In addition we found that the initial 50-msec mean
amplitudes and the peak amplitudes ofthe SNs related to
color and global shape selection in the CESE condition
were not smaller than the SN amplitude related to color
selection in the CESH condition and the SN amplitude
related to global shape selection in the CHSE condition.
These findings are fully inconsistent with the alternative
trial-mixture serial model.

We infer, therefore, from these findings that, if rela
tively easy to discriminate, then color, global shape, and
local shape, all tied to a single object, are identified and
selected in parallel, and that a serial model cannot ex
plain the present results. Can this inference be general
ized to the analyses ofcolor and shape when they differed
in discriminability? The evidence shows that the SN on
set latencies related to local shape selection in the CHSE
and CESH conditions were not longer than those in the
CESE condition, whereas the color and global shape SN
onset latencies clearly increased. This supports the in
ference that, in all three conditions, local shape was iden
tified in parallel with color and global shape. However,
we cannot exclude that color and global shape were iden
tified in a serial manner in the CHSE and CESH condi
tions. Making one ofthese attributes harder to discriminate
may have induced the participants to adopt another pro
cessing strategy, in which the easy-to-discriminate attri
bute is identified first. Felfoldy and Garner (1971; see also
Garner, 1974) reported evidence consistent with changes
in strategy as a result of manipulating discriminability.

A second issue addressed in this study was whether
the selection ofcolor and shape occurs in a self-terminating



If it does, it suggests dependent and self-terminating
selections of the attributes (predictions of the self
terminating model in Table 1). If it does not, it suggests
independent and exhaustive selections (exhaustive model,
Table 1). If there are SNs larger than zero to one attribute
at both levels of the other attribute and these start to dif
fer as a function of the relevance of the latter, they sug
gest initially independent and exhaustive processing of
the attributes followed by conjunction-specific process
ing (exhaustive model, Predictions 5-8, Table 1). Ifthere
is an SN only to the relevant conjunction (e.g., C+S+)
stimulus, while the SNs to stimuli with one or more irrel
evant attribute values (e.g., C+S-, C-S++, C-S+,
C-S-) are zero, it suggests selection on the basis of a
unique representation of the relevant conjunction (holis
tic model, Table 1).

In the CESE and CHSE conditions, the evidence dis
confirmed the self-terminating and holistic predictions
and confirmed those of the exhaustive model. We found
main effects ofcolor and global shape relevance that were
initially additive, after which they started to interact. This
means that Predictions 1-8 of the exhaustive model were
confirmed. In the CESE condition, Predictions 3 and 4
of the self-terminating model with equal identification
times and Predictions 3 and 4 of the holistic model were
disconfirmed. In the CHSE condition, Prediction 4 of the
self-terminating model with unequal identification times
and Predictions 3 and 4 of the holistic model were dis
confirmed. In all three conditions, SNs related to local
shape processing were found both when the color was
relevant and when it was not. This falsifies Prediction 4
ofthe self-terminating model with unequal identification
times. In the CESH condition, we found evidence for self
terminating processing ofglobal shape when the color was
irrelevant, violating Prediction 4 of the exhaustive model,
and evidence for exhaustive processing of local shape,
violating Prediction 4 of the self-terminating model.

That global shape was processed in a self-terminating
fashion and local shape was processed exhaustively in
CESH seems puzzling but can be explained ifglobal and
local shape are processed in parallel and as separable at
tributes (Pomerantz, 1983). In the CESH condition, the
global shapes were very similar. For example, relevant
global shapes were vertical parallel lines with different
horizontal lines in between, and irrelevant global shapes
were vertical parallel lines with different diagonal lines
in between (a difference in orientation, see the introduc
tion and Figure 1). In the circular shapes, there was a sim
ilar distinction: a gap on the vertical or on the horizontal
meridian was relevant. Thus, global shape analysis con
sisted, for example, of discriminating between horizon
tal and diagonal line segments. Local shape analysis con
sisted ofdiscriminating between two particular diagonal
lines when "diagonal" was relevant. The present finding
that local shape was selected on C- trials, whereas global
shape was not, suggests that the participants did not dis
criminate horizontal versus diagonal shape segments on
these trials, but they did discriminate between diagonal
lines. On C+ trials, both discriminations were made. Thus,
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the local shape discrimination could be made indepen
dent ofglobal shape discrimination, which suggests sep
arability. That, in the CESH condition, the onsets of the
global and local shape SN effects were equal suggests that
these discriminations took equally long and occurred in
parallel (e.g., analyses of different shape features at the
same spatial level).

Together, the findings lead to the conclusion that con
junctions of easy-to-discriminate colors and shapes are
initially analyzed independently, exhaustively, and in
parallel, after which processing becomes selective to the
relevant conjunction. The findings thus support two-stage
models of multidimensional selection in which the at
tributes ofan object are processed in parallel by separate
dimensional analyzers in a first stage, after which the out
comes of the analyses are integrated to form a unified
percept of the object (e.g., Hoffman, 1979; Treisman &
Gelade, 1980).

The third issue addressed in the present study con
cerned the temporal organization of the two stages in this
type of model. Does feature integration start only after
the separate attributes have been identified, or can it start
before identification of the separate attributes has fin
ished? We found that, in the CESE condition, the onset la
tency ofthe SN related to local shape selection (290 msec)
was longer than the onset latency of the interaction
between color relevance and global shape relevance
(250 msec). In CHSE and CESH, the onset latency ofthe
local shape SN was a little longer than or equal to the onset
latency of the interaction (in CHSE, 300 and 280 msec,
respectively; in CESH, 260 and 270 msec, respectively).
Furthermore, the onset latency of the local shape SN was
not delayed by the discriminability manipulations, but
the onset ofthe color relevance X global shape relevance
interaction was. These findings suggest that feature in
tegration of color and global shape started before the
local shape was available, and that feature integration
and Stage 1 analysis oflocal shape were not performed in
series. Ifthese analyses had been performed in series, the
onset of the SN related to local shape selection should
have been delayed due to decreased discriminability. These
results, therefore, suggest a model in which the second
stage offeature integration can start before the first stage
of independent and parallel processing of attributes has
finished. Similar findings were obtained by Woods and
Alain (1993) with an auditory selective attention task,
which suggests that temporal overlap of separate attribute
analyses and feature integration may be a general tempo
ral organization of Stage 1 and Stage 2 processing.

That feature integration can start before all of the sep
arate attribute analyses are finished raises questions about
the transmission of information from Stage 1 to Stage 2.
One question is whether the output of the separate at
tribute analyses are transmitted in a continuous, or in a
discrete manner (cf. Miller, 1988). For example, Stage 1
may transmit preliminary output consisting of continu
ously varying activation levels of feature nodes in a neural
network. Alternatively, it may consist of the end result of
each attribute's analysis, represented as a discrete psycho-
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logical code (cf. Posner, 1978). The present data seem to
favor the latter alternative because, in all three discrim
inability conditions, conjunction-specific processing
started only after both color and global shape relevance
had already started to produce additive ERP differences
for 50 msec. If Stage 1 would transmit output in a contin
uous manner to Stage 2, the color X shape interactions
should have started at the same time as the main effects
of color and shape, because a little bit of available color
and shape information would have already started the
feature integration process.
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NOTES

I. It is important to note that, because the SN is a relative measure (it
is a difference potential), its presence does not mean that relevant stim
uli received processing and irrelevant stimuli did not. From its presence,
it can be inferred only that relevant stimuli received more processing
than did irrelevant stimuli. Furthermore, the absence of an SN in the ERPs
to relevant and irrelevant attribute values would not imply that the at
tribute was not identified.

2. Note that this is equivalent to the formulation used by Woods et al.
(1994). These authors define the time that conjunction-specific process
ing occurs as the time at which the total effect of relevance-that is, the
differencebetween [ERP(C+S+) - ERP(C- S- )]-is larger than the sum
of the separate effects of relevance of the attributes-that is, the sum of
the differences [ERP(C+S-) - ERP(C-S-)] and [ERP(C-S+)
ERP(C-S- )].

3. Note that the predictions concerning the serial/parallel and self
terminating/exhaustive issues, as formulated in the present approach,
do not depend on specific interpretations of the cognitive correlate of
the SN. As long as the SN can be assumed to be an index of selective
processing, most hypotheses regarding its cognitive correlates would
lead to the same conclusions with regard to these issues.

4. In the preliminary experiment, we adjusted the relative discrim
inability of the colors and the shapes of the stimuli in the easy- and hard
discrimination conditions. Six participants performed four disjunctive
choice RT discrimination tasks, in which they responded with one hand
to one value on a dimension and with the other hand to the other value
on that dimension (see Figure 2 for the stimuli used in these tasks). In
the color-easy task, the participants had to discriminate the red and blue
colors of the CESE stimuli, while ignoring the variations in shape
(RT = 342 msec). In the shape-easy task, the participants had to dis
criminate the global shape configurations of the CESE stimuli (i.e., the
closure and the parallel-line stimuli), ignoring their red and blue color
variations and local shape variations (RT = 355 msec).ln the color-hard
task, they had to discriminate light-red and red CHSE stimuli in some
blocks of trials (RT = 386 msec) and light-blue and blue CHSE stimuli
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in other blocks (RT = 394 msec). In the shape-hard condition, they had
to discriminate local shape segments within each global configuration.
For example, in some blocks, all stimuli were closure shapes (the CESH
B stimuli in Figure 2), and the participants had to respond with the left
hand to circles having a gap in their left or right side and with the right
hand to circles having a gap in their upper or lower part (RT = 402 msec).
In other blocks, all stimuli were parallel-line configurations (the CESH
A stimuli), and the participants responded with the left hand to parallel
lines with a horizontal line segment and with the right hand to parallel
lines with a diagonal line segment (RT = 412 msec). It is important to
note that decreasing the discriminability of shape involved the discrim
inability ofglobal shape and not the discriminability oflocal shape. The
RTs show that there was a substantial increase in disjunctive RT when
an attribute was made more difficult to discriminate (50 msec), and this
increase was the same for the colors and the shapes. There was no sig
nificant difference between color classification RTs and shape classifi
cation RTs. Within-subject repeated measures ANOVAs with the factors
attribute (color and shape) and discriminability (easy and hard) support
these interpretations. The RTs significantly increased with decreasing
discriminability [F(l,5) = 137.17, MSe = 345, P < .0005] and did not
differ whether the relevant attribute was color or shape [F( I ,5) = 3.82,
MSe = 345, P > .10]. These factors did not interact [F( I,5) < I, MSe =

218]. The RTs to hard- and easy-to-discriminate colors differed signif
icantly [F(l,5) = 27.90, MSe = 243, P < .003], as well as did those to
hard- and easy-to-discriminate shapes [F(l,5) = 96.52, MSe = 84, P <
.0005]. Error rates did not differ between easy and hard conditions
(smallest p = .086), ruling out speed-accuracy effects. These results were
replicated with 8 other participants, who made go/no-go responses to
discriminate the same values ofthe attributes. Thus, in terms of disjunc
tive discrimination RT,the relative discriminability of the "easy" colors
was equivalent to that of the "easy" shapes, and the relative discrim
inability of the "hard" colors was equivalent to that of the "hard" shapes.
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