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olor (and thus matching the target-defined attentional set) as the
arget.

Similarly, the negative attentional set may play a role in actively
uppressing task-irrelevant distractors (e.g., Loach & Mari-Beffa,
003; Maki & Padmanabhan, 1994; Olivers & Meeter, 2008; Olivers
t al., 2007). For example, Maki and Padmanabhan (1994) used an
B task in which T1 was a white letter and T2 was a black digit
mong black letter distractors. The target digit was shown at the
eginning of each trial. Participants were instructed to remember
his digit and decide whether it was presented in the RSVP stream,
n addition to detecting the T1 letter. They performed this task
epeatedly for over 10 days and T2 performance was improved with
ractice. However, performance on T2 detection dropped substan-
ially in the test session in which the distractors were changed into
mixture of letters and digits. The authors argued that the partici-
ants used an inhibitory attentional set against distractors, and by

ncluding digits in the distractor set in the test session the digit T2
as also inhibited.

However, as discussed by Maki and Padmanabhan (1994), the
mpaired T2 performance in the mixture condition could also be
xplained in terms of retrieval competition between digits within
isual short term memory. Whether the negative attentional set
unctions online in the AB needs to be investigated further. This
ssue is important partly because it is related to a recent debate
n the AB mechanisms. In contrast to traditional models of the AB,
hich assume that the AB is due to a post-perceptual bottleneck or
epletion of limited resources (Chun, 1997; Chun & Potter, 1995;
uncan, Ward, & Shapiro, 1994; Isaak, Shapiro, & Martin, 1999;

olicoeur, 1998; Shapiro, Raymond, & Arnell, 1994), the temporary
oss of control (TLC) hypothesis (Di Lollo et al., 2005; Kawahara,
umada, & Di Lollo, 2006) posits that the sensory system is initially
onfigured to be an input filter which is optimized to process T1
nd to exclude distractors. This configuration is assumed to be gov-
rned by top-down signals from the central control system. When
1 passes through the filter, the central control system becomes
ngaged in processing T1 and the top-down control signals are
nterrupted. The distractors following T1 change the filter settings

hich are now under the control of the properties of the bottom-up
nput, resulting in difficulty in selecting T2 because the filter config-
ration no longer matches the specifications of T2. If the impaired
2 performance in the mixture condition in Maki and Padmanabhan
1994) was indeed due to retrieval competition during reporting,
hen the TLC hypothesis of loss of central control can possibly stand.
f, on the other hand, the negative attentional set cannot be dis-
upted by T1 processing and it impacts upon T2 performance online,
hen the TLC hypothesis is disapproved.

In event-related potentials (ERPs), the online target selection
an be indexed by a number of components. One component is the
2pc (N2 posterior contralateral), which is typically elicited within
post-stimulus 200–300 ms time window on posterior electrodes

ontralateral to the target. It reflects the spatial attention alloca-
ion to the target (e.g., Eimer, 1996; Luck & Hillyard, 1994; Ruge,
toet, & Naumann, 2006) after the target features are initially pro-
essed (Hopf, Boelmans, Schoenfeld, Luck, & Heinze, 2004) or after
he covert attentional shifts are completed (Kiss, Van Velzen, &
imer, 2008). Following the N2pc, a component called sustained
osterior contralateral negativity (SPCN), is elicited on the posterior
lectrodes contralateral to the target. The SPCN typically starts at
bout 300 ms post-onset of the target, and it is commonly thought
o reflect in-depth processing of target representations in work-
ng memory for further response selection or target reporting (e.g.,

ell’Acqua, Sessa, Jolicoeur, & Robitaille, 2006; Kiss et al., 2008;
cCollough, Machizawa, & Vogel, 2007; Vogel & Machizawa, 2004).

revious studies have found that both the N2pc and the SPCN to
2 are suppressed and delayed when T2 is presented during the
B period relative to a period outside the AB (e.g., Jolicoeur, Sessa,
ia 47 (2009) 2604–2614 2605

Dell’acqua, & Robitaille, 2006). These results suggest that the N2pc
and the SPCN are sensitive to the activation level of target repre-
sentations.

The main purpose of this study is to obtain electrophysiological
evidence for the impact of a negative attentional set upon online T2
processing in the RSVP stream. We conducted two ERP experiments
in which participants had to search for a digit (T2) among letter
distractors following a unique red letter (T1). Importantly, a spe-
cial distractor, D1, which was from the same semantic category as
T2 (i.e., digit), was presented before T1 in some of trials. Given that
this D1 has to be ignored, a negative attentional set against the digit
category could be evoked upon the presentation of D1 and main-
tained over time. By comparing T2 performance and the associated
ERP responses in D1 present vs. D1 absent trials we could examine
to what extent this negative attentional set is indeed established
on a trial-by-trial basis and to what extent it affects online T2 pro-
cessing, as indexed by the N2pc (and the SPCN). If the presence
of D1 has a negative effect on T2 processing, the N2pc to T2, pre-
sented to the left or the right of the central fixation accompanied
by a contralateral distractor (cf. Dell’Acqua et al., 2006; Jolicoeur et
al., 2006), should be suppressed or delayed.

To examine whether the negative attentional set can be built at
an abstract, conceptual level, we manipulated the perceptual sim-
ilarities between D1 and T2, such that both D1 and T2 were Arabic
digits in Experiment 1 whereas D1 could be an Arabic digit or a Chi-
nese number character in Experiment 2. Because the Chinese digit
D1 is distinct from an Arabic digit T2 in terms of perceptual fea-
tures, an inhibitory effect from the Chinese D1 upon T2 performance
and the N2pc to T2 could be taken as evidence that the negative
attentional set can be built at the semantic level.

To rule out the possibility that the D1’s impact upon T2 per-
formance is merely due to D1’s attentional capture (consuming
attentional resources) or due to a general, category-unspecific nega-
tive attentional set against novel items, we conducted a behavioral
experiment (Experiment 3) in which the keyboard symbol D1, in
addition to the Arabic and the Chinese D1, was presented. If a simple
feature deviant from the RSVP stream could impair T2 performance,
the symbol D1 should have similar effects upon T2 performance as
the Arabic or the Chinese D1.

2. Experiment 1

Experiment 1 was to determine whether a negative attentional
set is established upon the presentation of an Arabic digit D1, affect-
ing the digit T2 performance as well as the ERP responses to T2. We
manipulated both the temporal distance between D1 and T1, such
that D1 could appear as the first (lag −1) or the third item (lag −3)
preceding T1. We expected that D1 at lag −1 impairs T2 encoding
more severely than D1 at lag −3, because the negative attentional
set might be strengthened further by the processing of T1. T1 pre-
sumably consumes most of the attentional resources, allowing it to
exert stronger inhibition on the D1 representation when it is closer
to D1.

2.1. Method

2.1.1. Participants
Sixteen right-handed undergraduate and graduate students (8 females, mean

age 22.1 years) from Peking University took part in this experiment. The handedness
of participants was determined by a standard Chinese handedness questionnaire
(Li, 1983). All the participants reported to have normal color vision and normal or
corrected-to-normal vision. Informed consent was obtained from each participant

before the experiment. This study was approved by the Academic Committee of the
Department of Psychology, Peking University.

2.1.2. Stimuli and procedures
The experiment had three critical conditions: the D1 absent condition as the

baseline for comparisons, D1 at lag −1 in which D1 was presented immediately
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ig. 1. A schematic representation of the trial procedure in Experiments 1 and 2.
ach item was presented for 100 ms, with no blank interval between consecutive
tems.

efore T1, and D1 at lag −3 in which D1 was presented as the third item preceding
1. For each critical condition, T2 appeared at the left or right to the fixation with
qual probability (100 trials for each side in each D1 condition). Two types of filler
rials were intermixed with the critical trials. There were 100 filler trials in which
n RSVP stream consisted of only letter distractors (i.e., without D1, T1, and T2) and
00 filler trials in which only D1 and distractors were presented. A letter distractor
eplaced T2 at the left or right location in the filler trials. In total, there were 800
rials for each participant, divided over 20 blocks. In addition, there were 24 practice
rials before the formal experiment.

The participant sat comfortably about 1 m in front of a computer screen in a
ound-attenuated room and held a bi-handle joystick with both hands for manual
esponse. Stimuli were presented on a CRT monitor with a refresh rate of 100 Hz. The
articipant pressed a button on the joystick with right thumb to initiate each trial. A
entral fixation cross was presented for 1 s, followed by the RSVP stream. D1 and T2
ere Arabic digits, drawn from the set of 2–9, whereas distractors were uppercase

etters (excluding “D”, “I”, “O”, “Q” and “Z”; see Fig. 1). D1 and T2 were never the
ame digit in a trial.

All stimuli were presented in white against black background except T1, which
as a unique red letter. T1 was presented with equal probability as the 7th to 11th

tem of the RSVP stream. Each RSVP item was presented for 100 ms and it subtended
bout 0.3◦ × 0.4◦ in visual angle. D1, T1, and letter distractors were all presented
t the center of the screen. However, T2 and an accompanying contralateral let-
er distractor, about 4◦ away from each other, were presented on either side of the
xation sign (“+”) which occupied the central position. T2 always appeared as the
th item following T1 (i.e., TOA = 500 ms). The subsequent stimulus frame contained
wo masking distractor letters at the locations of T2 and its accompanying distractor.
fter these masks, the central fixation sign was presented for another 600–1000 ms
uch that the total stream of stimuli lasted 2200 ms. After the RSVP stream, a string
f 8 letters was presented and the participant had to indicate which letter corre-
ponded to T1 by horizontally moving a cursor under the letters using a left or right
utton located on the front of the bi-handle joystick. Then a string of 8 digits was
resented and the participant had to indicate, in the same way as for T1, which digit
orresponded to T2. Participants were instructed to respond as accurately as possi-
le. Feedback concerning the correctness of choice was provided immediately after
ach target response. The identification task was not conducted for the filler trials.

There were three reasons for us to use a fixed time interval (i.e., lag 5, TOA of
00 ms) between T1 and T2, rather than to use a variable TOA between them, as

n most AB experiments. Firstly, in previous experiments (Zhang, Zhang, Zhou, &
artens, submitted for publication). see also Experiment 3 in this paper, we found

hat both the Arabic and the Chinese D1 affected T2 performance throughout the
ange of time intervals between T1 and T2, from lag 1 to 8. Secondly, lags during
hich the AB effect appears to be the largest (e.g., lag 2 or 3) are not optimal for

nvestigating the N2pc to T2. According to previous studies (e.g., Jolicoeur et al.,
006), the N2pc to T2 is suppressed when T2 is close to T1 (e.g., at lag 2) than when
2 is further away from T1 (e.g., at lag 8). Finally, the use of lag 5 allowed us to examine
he P300 to T1, without it distorting (or being distorted by) the ERP responses to T2.

.1.3. ERP recording
The EEG was recorded using 64 Ag–AgCl electrodes attached to an elastic cap
NeuroScan Inc. Herndon, VA, USA) according to the International 10/20 system
Japser, 1958). The vertical electrooculogram (VEOG) was monitored from electrodes
ocated above and below the left eye and the horizontal EOG (HEOG) from electrodes
ocated at the outer canthus of each eye. The AFz electrode on the cap served as
round. Recordings were referenced to the left mastoid. Electrode impedances were
ia 47 (2009) 2604–2614

kept below 5 k�. To minimize the EOG artifacts, participants were asked to avoid
eye blinks and eye movements during the period of fixation and presentation of the
RSVP stream.

The biosignals were amplified with a band pass from 0.01 to 100 Hz and digitized
at 250 Hz. The EEG data were re-referenced offline to linked electrodes by subtract-
ing one-half of the activity recorded at the right mastoid from each sample of data
recorded at each channel. The data were filtered offline using a 30 Hz low-pass fil-
ter to remove high-frequency waves. Finally the data were baseline corrected and
averaged to create ERPs.

2.1.4. Data analysis
All trials in which EEG voltages exceeded a threshold of ±75 �V during the

recording epoch were excluded from further analysis. Trials with incorrect responses
to either T1 or T2 were also excluded from averaging. In this way, 28.9%, 34.6%, and
33.5% of the 200 trials were excluded for the D1 absent, D1 at lag −1 and D1 at lag
−3 conditions, respectively. Following this procedure, each ERP data point for each
participant was based on 50 trials or more.

To make sure that D1 is indeed an inhibition-evoking stimulus, ERP responses to
D1 were extracted for D1 present trials from 200 ms before to 600 ms after the onset
of D1, with the 200 ms pre-D1 period for baseline correction. ERP responses to letter
distractors at lag −1 or lag −3 positions in the critical D1 absent trials were also
time-locked in the same manner as ERP responses to D1. They served as baselines
for the D1 comparisons. For statistical analyses, ERP responses on the following 30
electrodes were averaged into 15 electrode pairs: C3/CP3, C4/CP4, C5/CP5, C6/CP6,
Cz/CPz, F3/FC3, F4/FC4, F5/FC5, F6/FC6, Fz/FCz, P3/PO3, P4/PO4, P5/PO5, P6/PO6, and
Pz/POz. Difference waves for D1 present minus D1 absent conditions were analyzed
to avoid the contamination from T1-evoked and distractor-evoked ERP responses.
The peak negativity of the N2 component was determined in a time window of
200–450 ms after stimulus onset.

ERP responses to T1 were extracted over an epoch from 500 ms before to 500 ms
after the onset of T1. Because in some trials D1 was presented at −300 ms before
the onset of T1, the period of −500 to −300 ms was used for baseline correction,
to avoid the baseline being contaminated by activities evoked by D1. For statisti-
cal analyses, ERP responses on the following 30 electrodes were averaged into 15
electrode pairs: C3/CP3, C4/CP4, C5/CP5, C6/CP6, Cz/CPz, F3/FC3, F4/FC4, F5/FC5,
F6/FC6, Fz/FCz, P3/PO3, P4/PO4, P5/PO5, P6/PO6, and Pz/POz. The peak of the P300
was determined in a time window of 200–500 ms after T1 onset.

ERP responses to T2 were extracted over an epoch from 200 ms before to 600 ms
after the onset of T2, with the 200 ms pre-T2 period for baseline correction. Lateral-
ized activity for T2 was monitored at posterior sites (P3/4, P5/6, P7/8, PO3/4, PO5/6,
and PO7/8). The N2pc and the SPCN were calculated by subtracting the average
activity recorded on electrodes ipsilateral to T2 from the average activity recorded
on electrodes contralateral to T2. For each participant, the peak amplitudes of N2pc
and SPCN were found in time windows of 150–300 and 350–600 ms, respectively.

Statistical analyses of onset latencies of N2 to D1, P300 to T1, and N2pc and
SPCN to T2 were based on jackknife procedures (Brisson & Jolicaeur, 2007; Kiesel,
Miller, Jolicaeur, & Brisson, 2008; Miller, Patterson, & Ulrich, 1998; Ulrich & Miller,
2001). The onsets and peaks were identified based on the time course of activity
averaged across participants (i.e., N− 1 grand averages), and the values were sub-
mitted to a conventional analysis of variance (ANOVA) or t test, with the F or t values
adjusted according to Fadjusted = F/(N− 1)2, or tadjusted = t/(N− 1) (for a general proof
of this adjustment, see Ulrich & Miller, 2001). Specifically, to determine the onset
latency of each ERP component in this study, the jackknife approach was combined
with a relative criterion technique, according to which an ERP onset was defined as
the time point at which the amplitude reached 50% of the peak amplitude (Kiesel et
al., 2008).

2.2. Results

2.2.1. Behavioral results
T1 accuracy was on average 97% across the three experimental

conditions. No significant differences were found between condi-
tions, indicating that T1 report was not influenced by D1 condition
or T2 location. Table 1 summarizes the main statistical results for
the behavioral and ERP data.

Trials with an incorrectly reported T1 were excluded from the
analysis of T2 accuracy. ANOVA based on this conditional accuracy
(i.e., T2|T1), with D1 condition (D1 absent, D1 at lag −1, and D1
at lag −3) and T2 location (left, right) as two within-participant
factors, showed no significant main effect of T2 location, F< 1, but
a significant main effect of D1 condition, F(2, 30) = 30.37, p< 0.001.

T2|T1 accuracy was the highest for D1 absent (79.7%), the lowest
for D1 at lag −1 (70.7%) and intermediate for D1 at lag −3 (73.8%).
Bonferroni-corrected pairwise comparisons showed that while the
differences between D1 absent and the other two conditions were
significant (ps < 0.05), the difference between D1 at lag −1 and −3
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Table 1
Mean values for D1 conditions in Experiment 1. The significance of F value refers to the main effect in ANOVA.

D1 absent D1 at lag −1 D1 at lag −3 Significance of F value

T1 accuracy (%) 96.9 97.7 96.7 p> 0.1
T2|T1 accuracy (%) 79.7 70.7 73.8 p< 0.001
Intrusion rate (%) – 14.6 8.3 p< 0.001
D1 N2 amplitude (�V) – −1.37 −1.13 p> 0.1
D1 N2 latency (ms) – 278 278 p> 0.1
T1 P300 amplitude (�V) 7.82 7.87 8.03 p> 0.1
T1 P300 latency (ms) 254 253 254 p> 0.1
T 1.18 −1.19 p> 0.1
T 20 209 p< 0.01
T 1.47 −1.60 p> 0.1
T 16 416 p= 0.055
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2 N2pc amplitude (�V) −1.27 −
2 N2pc onset latency (ms) 181 2
2 SPCN peak amplitude (�V) −1.40 −
2 SPCN onset latency (ms) 399 4

as only marginally significant, p= 0.083. No significant interaction
etween D1 condition and T2 location was found, F< 1. These results

ndicate that the presence of D1 impaired T2 performance and that
he closer D1 was to T1, the stronger the impairment was.

The intrusion rates (i.e., the proportion of trials in which D1 was
eported as T2, when D1 was present and T1 was correctly reported)
ere also analyzed using ANOVA with T2 location (left or right) and
1 condition (D1 at lag −1 or D1 at lag −3) as within-participant

actors. Again, the main effect of T2 location was not significant,
< 1, whereas the main effect of D1 condition was significant, F(1,
5) = 22.42, p< 0.001, with the intrusion rate being higher for D1 at
ag −1 (14.6%) than for D1 at lag −3 (8.3%). The interaction between
2 location and D1 condition was not significant, F< 1.

.2.2. ERP responses to T2
Difference waveforms between the contralateral and ipsilateral

resentation of T2, averaged across posterior electrode pairs are
hown in Fig. 2 as a function of D1 manipulation. The difference
ave for incorrectly reported T2s (i.e., trials in which T1, but not

2, was reported correctly) between contralateral and ipsilateral

resentations is also presented in Fig. 2, collapsed over the three
1 conditions and excluding 4 (out of 16) participants who had
20 artifact-free error trials in one or more T2 location conditions
nvolved in the comparison. For the remaining 12 participants, there

ere on average 55 artifact-free trials per participant for the left T2

ig. 3. Difference waveforms of ERP responses to D1 on exemplar electrode pairs in Expe
erved as the baseline and were subtracted from ERP responses to D1 in D1 present tria
ifference between filler trials with D1 present and D1 absent.
Fig. 2. Difference waveforms after subtracting the ipsilateral ERP response to T2
from the contralateral response to T2, averaged over P3/4, P5/6, P7/8, PO3/4, PO5/6,
and PO7/8 in Experiment 1. The difference waveform for trials with incorrectly
reported T2 is also included.

and 53 for the right T2 in calculating ERP responses to the incor-
rectly reported T2. As shown in Fig. 2, the N2pc and the SPCN for
the incorrectly reported T2 trials were severely suppressed in com-

parison to the correctly reported trials.

Onset latencies of the N2pc were analyzed with ANOVA with D1
condition and electrode pair as within-participant factors. The main
effect of D1 condition was significant, F(2, 30) = 6.70, p< 0.01 (see

riment 1. ERP responses to the letter distractor at lags −1 or −3 in D1 absent trials
ls at the corresponding position. The waveform of “No T1” was extracted from the
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Fig. 4. ERP responses to T1 on exe

able 1). Bonferroni-corrected t tests revealed a significant differ-
nce between D1 absent and D1 at lag −1, t(15) = 3.57, p< 0.05, and
etween D1 absent and D1 at lag −3, t(15) = 3.74, p< 0.05, indicating
hat the presence of D1 delayed the onset of N2pc to T2.

For the SPCN onset latencies, the main effect of D1 condition
as marginally significant, F(2, 30) = 3.19, p= 0.055, with the onset

atency being slightly delayed by D1 at either lag −1 or lag −3 (see
able 1). No significant effects were found in the analyses of N2pc
r SPCN peak amplitudes (Fs < 1).

.2.3. ERP responses to D1
Fig. 3 shows that, compared with letter distractors at the corre-

ponding positions, the digit D1 at lag −1 and D1 at lag −3 evoked
n N2 peaking at about 300 ms. While these N2 effects reached sig-
ificance compared with zero, ps < 0.001, they did not differ from
ach other, F< 1. The jackknife-based analysis of the onset latency
ound no difference between the two D1 present conditions either,
< 1. These results suggest that D1 evoked negative ERP responses
nd that these responses did not differ significantly according to
1’s temporal distance from T1.

.2.4. ERPs to T1
Fig. 4 shows ERP responses to T1 in the three experimental con-

itions. Clearly, the uniquely colored T1 in all the three condition
voked the P300 component and the magnitude of this component
id not differ between conditions (see the mean values collapsed
cross electrodes and p values in Table 1). These results suggest
hat the amount of attentional resources allocated to T1 was not
vidently influenced by the D1 manipulation.

.3. Discussion

Behavioral results showed that the presence of a digit D1
mpaired T2 performance but had no effect upon T1 performance.
onsistently, the N2pc and the SPCN to T2 were delayed by the

resence of D1 but the P300 to T1 was not affected by the D1
anipulation.
The delay of the N2pc onset indicates that the allocation of atten-

ional resources to the lateralized T2 was delayed by the presence
f D1. This delay, which was found when both T1 and T2 were cor-
r electrode pairs in Experiment 1.

rectly reported, was likely to be due to a negative attentional set
elicited by D1, which shared perceptual and conceptual properties
with T2. Given that D1, although in the response set for T2, had to
be ignored, the shared properties could be encoded into the neg-
ative attentional set, which functioned for a relatively long time
against any items in the same category. Representations of the cat-
egory members, including T2, would then be suppressed and would
be susceptible to interference from letter distractors and competi-
tion from D1. Moreover, inconsistent with the TLC hypothesis, the
presence of T1 did not interrupt the functioning of this negative
attentional set but rather strengthened it. The closer the temporal
proximity of T1 to D1 was, the more severe the deficit in T2 process-
ing was, with a further delay of the N2pc onset (by 11 ms, although
not statistically significant) for D1 at lag −1 than for D1 at lag −3.
The finding that the N2pc was completely absent for trials in which
T2 was identified incorrectly (see Fig. 2) provides further support
for this suppression account. Suppression led to a reduction in the
amount of attentional resources allocated to T2, resulting in the
higher error rate of reporting T2.

The presence of D1 consistently evoked a negative compo-
nent (N2) peaking at about 300 ms with a frontocentral maximum
(Fig. 3). There could be two accounts for this negativity. One is that
it reflects the detection of a category-unspecific deviant in the let-
ter stream. However, it is not clear why this category-unspecific
deviant evoked an N2, rather than a P300 as is usually the case
for an oddball item (and for a successfully identified T1). More-
over, Experiment 3, described below, shows that a task-irrelevant
salient deviant (e.g., a keyboard symbol) has no effect upon T2
performance. An alternative interpretation is that this frontocen-
tral N2 reflects the attempt to inhibit D1. Previous studies have
indeed demonstrated that the frontocentral N2 is elicited by an
inhibition-evoking stimulus in the go/no-go or stop-signal task (e.g.,
Eimer, 1993; Kopp, Mattler, Goertz, & Rist, 1996; van Boxtel, van der
Molen, Jennings, & Brunia, 2001) as well as in other tasks involving
conflict control (e.g., van Veen & Carter, 2002; Yeung, Botvinick, &

Cohen, 2004). In the go/no-go task, for example, a go trial requires
a speeded response and a no-go trial requires the inhibition of this
prepotent response. No-go trials typically show an enhanced N2
relative to go trials. In the current experiment, extra effort had to
be made to suppress a digit D1 before T1, compared to a letter dis-
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Table 2
Mean values for D1 conditions in Experiment 2. The significance of F value refers to the main effect in ANOVA.

D1 absent Arabic D1 Chinese D1 Significance of F value

T1 accuracy (%) 97.6 98.2 95.7 p< 0.05
T2|T1 accuracy (%) 78.0 70.3 70.8 p< 0.001
Intrusion rate (%) – 16.3 9.6 p< 0.001
D1 N2 amplitude (�V) – −2.6 −3.2 p< 0.01
D1 N2 latency (ms) – 277 281 p> 0.1
T1 P300 amplitude (�V) 8.90 9.16 9.30 p> 0.1
T1 P300 latency (ms) 263 263 272 p> 0.1
T −0.4
T 216
T −0.7
T 398
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3.2.3. ERP responses to D1
Difference waveforms for ERP response to the Arabic and the

Chinese D1, relative to the D1 absent (i.e., letter distractor) condi-
tion, are depicted in Fig. 6. Clearly, both types of D1 elicited an N2
with a frontocentral maximum. Statistical analyses showed that the
2 N2pc amplitude (�V) −0.66
2 N2pc latency (ms) 209
2 SPCN peak amplitude (�V) −0.85
2 SPCN latency (ms) 391

ractor irrelevant to the task. Therefore, we suggest that a negative
ttentional set against the digit category is established upon the
resence of D1 and continues to function over time, delaying the
ttentional allocation to T2.

. Experiment 2

Experiment 2 was set up to examine whether the attentional
et induced by D1 can be based on an abstract, conceptual level. To
his end we used two types of D1, the Arabic digit (as Experiment 1)
nd the Chinese number character. While the first type of D1 shares
oth perceptual and semantic properties with a digit T2, the Chinese
1 is distinct from the digit T2 in terms of perceptual properties,
ut not in terms of conceptual category membership. The empirical
uestions were to what extent the Chinese D1 also elicits a nega-
ive attentional set and impairs T2 performance and whether the
orresponding N2pc and SPCN effects would be observed in ERP
esponses to T2.

.1. Method

.1.1. Participants
Twenty-two right-handed Peking University students, not tested in Experiment

, took part in this experiment. ERP data of two participants were excluded due to
heir low rate of artifact-free segments. The 20 remaining participants (13 females,

ean age 23.2 years) had normal color vision and normal or corrected-to-normal
ision.

.1.2. Stimuli and procedures
The experiment had three critical conditions: D1 absent, the Arabic D1, and the

hinese D1. Both the Chinese D1 and the Arabic D1 appeared at lag −1 before T1. Each
ondition had 200 trials, with T2 appearing equally often on either the left or right
ide of fixation. Two hundred filler trials were used, with either an Arabic or a Chinese
1 embedded in the RSVP stream. Additionally 100 filler trials had only letters in

he RSVP stream. The total 900 trials were divided into 20 test blocks. Twenty-four
ractice trials were presented prior to the formal experiment. The procedures of
resenting stimuli, collecting, and analyzing behavioral and ERP data were the same
s in Experiment 1.

.2. Results

.2.1. Behavioral results
A 3 (D1 condition) × 2 (T2 location) ANOVA on T1 accuracy

evealed a significant main effect of D1 condition, F(2, 38) = 7.14,
< 0.01. The T1 accuracy in the Chinese D1 condition was signifi-
antly lower than that in the Arabic D1 or the D1 absent condition,
s < 0.01, whereas the latter two did not differ from each other,
> 0.1 (see Table 2). Thus, unlike an Arabic D1, when a Chinese
umber character appeared at the lag −1 position, it impaired T1
erformance. Neither the main effect of T2 location nor the inter-

ction between T2 location and D1 condition was significant, Fs < 1.

T2|T1 accuracies were analyzed in the same way. The main effect
f D1 condition was significant, F(2, 38) = 18.88, p< 0.001, with T2
erformance in the D1 absent condition being significantly bet-
er than in the D1 present conditions, ps < 0.001. The difference
9 −0.51 p> 0.1
231 p< 0.05

8 −0.88 p> 0.1
400 p> 0.1

between the Chinese and the Arabic D1 conditions did not reach
significance, p> 0.1. Neither the main effect of T2 location nor the
interaction between D1 condition and T2 location was significant,
Fs < 1.

The intrusion rates were analyzed with a 2 (D1 condition) × 2 (T2
location) ANOVA. The main effect of D1 condition was significant,
F(1, 19) = 20.86, p< 0.001, with a higher intrusion rate for the Arabic
D1 than for the Chinese D1 (see Table 2). Other effects were not
significant, Fs < 1.

3.2.2. ERP responses to T2
Difference waveforms across 6 posterior electrode pairs are

shown in Fig. 5. The N2pc latencies were analyzed with a 3 (D1
condition) × 6 (electrode pair) ANOVA. The main effect of D1 con-
dition was significant, F(2, 38) = 3.41, p< 0.05, with a most delayed
latency for the Chinese D1, the shortest for the D1 absent condi-
tion, and intermediate for the Arabic D1 (Table 2). Although the
Bonferroni-corrected pairwise comparisons found only the differ-
ence between the D1 absent and the Chinese D1 conditions to be
significant, p< 0.05, the trend of a linear increase of the latency over
the D1 absent, the Arabic D1, and the Chinese D1 conditions was sig-
nificant, F(1, 19) = 9.0,p< 0.01. The interaction between D1 condition
and electrode pair was not significant, F< 1.

Analyses of the N2pc peak amplitude and the SPCN onset latency
and peak amplitude found no significant main effects or interac-
tions. On the other hand, ERP responses to T2 in trials in which
T2 were incorrectly reported were clearly suppressed, as in Exper-
iment 1 (see Fig. 5).
Fig. 5. Difference waveforms after subtracting the ipsilateral ERP response to T2
from the contralateral response to T2, averaged from P3/4, P5/6, P7/8, PO3/4, PO5/6,
and PO7/8 in Experiment 2. The difference waveform for trials with incorrectly
reported T2 is also included.
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ig. 6. Difference waveforms of the ERP responses to D1 on exemplar electrode p
erved as the baseline and were subtracted from ERP responses to D1 in D1 present

eak amplitudes in both conditions were significantly larger than
ero, ps < 0.001, suggesting that both the Arabic and the Chinese D1
voked negative attention sets. Moreover, the N2 peak amplitude
as more negative for the Chinese D1 (−3.2 �V; see Table 2) than

or the Arabic D1 (−2.6 �V), p< 0.01. No effects were found in the
nalysis of the onset latency.

.2.4. ERP responses to T1
As in Experiment 1, the P300 responses to T1 did not differ

etween D1 conditions (see Table 2).

.3. Discussion

This experiment showed that both the Chinese D1 and the Ara-
ic D1 impaired T2 performance, with the detrimental N2pc effect
eing slightly stronger for the Chinese D1 than for the Arabic D1,

n accordance with the stronger N2 to the Chinese D1 than to the
rabic D1. Behaviorally, the Chinese D1 and the Arabic D1 impaired
2 performance to an equal extent, but the Arabic D1 induced more
ntrusion errors in T2 report than the Chinese D1. The Chinese D1
lso impaired T1 performance, unlike the Arabic D1, although the
300 to T1 was not influenced by the D1 manipulation.

The impact of the Chinese D1 upon T1 performance was likely
ue to its ability in capturing attention. The Chinese number
haracters have perceptual properties distinct from those of the
urrounding distractor letters and the native Chinese participants
ere sensitive to such properties. This saliency may increase the

pportunity of the Chinese D1 to capture attention, making atten-
ion less easy to shift to the subsequent T1. The enlarged N2 to the
hinese D1 may partly reflect this attentional capture. Thus the Chi-
ese D1 could influence T2 performance and the N2pc to T2 via two
outes: an attentional capture-induced AB and the negative atten-
ional set against the abstract, number category. This might explain
hy the N2pc to T2 was delayed more severely by the Chinese D1
han by the Arabic D1.
Although the N2pc latency to T2 showed a trend of linear

ncrease over the D1 absent, the Arabic D1, and the Chinese D1 con-
itions, the difference between the Arabic D1 and the D1 absent
onditions, unlike Experiment 1, did not reach statistical signifi-
Experiment 2. ERP responses to the letter distractor at lag −1 in D1 absent trials
.

cance. Comparing Tables 1 and 2, we found that while the N2pc
onset latency for the Arabic D1 at lag −1 was 220 ms in Experi-
ment 1 and 216 ms in Experiment 2, thus showing no sign of an
evident shift, the N2pc latency for the D1 absent condition was
181 ms in Experiment 1 and 209 ms in Experiment 2. Thus chang-
ing the composition of stimuli (i.e., having the Chinese number
character as D1) somehow had particular influences upon the N2pc
latency to T2 when D1 was not actually presented. Moreover, the
rates of intrusion errors induced by the Arabic D1 at lag −1 did
not differ between the two experiments, t(34) < 1, neither the T2|T1
accuracies, t(34) < 1. These results suggest that the reduced effect in
Experiment 2 for the N2pc latency to T2 was likely due to the relative
complexity of stimulus composition influencing brain responses to
the baseline stimuli. Possibly, the type uncertainty of D1 in Experi-
ment 2 might reshape the attentional set to the digit category to be
more negative even in the baseline condition. Importantly for the
present purpose, the Chinese D1, although distinct from the digit
T2 in terms of perceptual features, impaired T2 performance and
delayed N2pc to T2, suggesting that the negative attentional set
can be based on an abstract semantic category.

4. Experiment 3

We have interpreted the negative impact of the Arabic or Chinese
D1 upon T2 performance and the N2pc latency to T2 in Experi-
ments 1 and 2 as being due to a negative attentional set elicited by
D1 against the semantic category that D1 and T2 belonged to. This
attentional set is category-specific, in the sense that it is established
only when both D1 and T2 are in the same category and are task-
relevant. An alternative account is that D1 impairs T2 processing
via a category-unspecific mechanism, which could be related to a
general negative attentional set against any items that are percep-
tually deviant from the letter distractors, or attentional capture by
the feature-deviant D1. Because both D1 and T2 are deviant from

letters in terms of perceptual features, a general negative atten-
tional set could be established upon the presentation of D1 and
this attentional set would have an inhibitory effect upon any items
(including T2) that share few perceptual features with the letter
streams. According to this view, any D1 that is perceptually deviant
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rom letters would impair the digit T2 performance and delay the
2pc latency to T2 even though D1 is not in the same semantic
ategory as T2. A variant of this category-unspecific mechanism is
hat a feature-deviant D1 captures attention and the depletion of
ttentional resources by D1 somehow impairs T2 performance. As
iscussed previously, however, this attentional capture account is
nlikely to stand as the digit D1 did not impair the report of T1,
hich was closer to D1 than T2, and as D1 evoked the frontocentral
2 rather than the P300 in the above two experiments.

Experiment 3 was conducted to rule out the category-unspecific,
eneral negative attentional set account. To this end, we employed
hree types of D1: in addition to the Arabic D1 and the Chinese D1,
keyboard symbol D1, differing from T2 and letter distractors in

erms of both perceptual features and category membership, was
sed. If it was the general negative attentional set, rather than a
ategory-specific negative attentional set, that impaired T2 perfor-
ance and delayed the N2pc latency to T2 in Experiments 1 and

, then this symbol D1 should have similar negative impacts upon
he digit T2. If, however, the negative attentional set was category-
pecific, the symbol D1 should have little effect on T2.

.1. Method

.1.1. Participants
Fifteen right-handed Peking University students (9 female, aged between 20 and

4 years old) took part in this experiment. They were not tested in Experiments 1
nd 2 and were paid for their participation.

.1.2. Stimuli and procedure
The stimuli and apparatus were essentially the same as in the previous exper-

ments, with the following four exceptions. Firstly, each item in the RSVP was
resented for 82 ms, rather than 100 ms, without inter-item interval. The second
xception was that besides the Arabic and the Chinese D1, the symbol D1 could have
ne of the following forms: “?”, “#”, “/”, “%”, “>”, “<”, “*”, and “̂’’ (cf. Chun, 1997). In
ddition, a conventional form of RSVP was used. That is, T2, without the accompany-
ng letter distractor, appeared in the center of the screen, at the same location as D1,
1, and the letter distractors. The final difference was that a relatively full-range of
1–T2 TOAs was used. The TOA in this experiment had 3 levels (lags 1, 3, or 8) while
he D1–T1 SOA was always lag −1. Thus the experiment was a 3 (TOA) × 4 (D1 type,
ncluding the D1 absent condition) within-participant factorial design. There were
2 trials for each combination of conditions. The experiment had 384 trials in total,
ivided over 8 testing blocks. Each participant received 24 practice trials before the
ormal experiment.

.2. Results

The overall T1 accuracy was 80.1% (see Fig. 7A). ANOVA with
OA and D1 condition as two within-participant factors revealed
significant main effect of D1 condition, F(3, 42) = 7.99, p< 0.001.
onferroni-corrected pairwise comparisons showed that T1 accu-
acy for D1 absent (84.5%) was significantly higher than that for
he symbol D1 (78.3%) and the Chinese D1 (76.6%), ps < 0.05, but T1
ccuracy for the Arabic D1 (81%) did not significantly differ from
ther conditions. These results indicated that the symbol D1 and
he Chinese D1 have stronger abilities than the digit D1 in captur-
ng attention and impairing T1 performance. The main effect of TOA
as also significant, F(2, 28) = 7.81, p< 0.01, with T1 accuracy at lag 1

82.9%) being significantly higher than that at lag 8 (78.6%), p< 0.05,
nd with T1 accuracy at lag 3 (78.9%) standing between them. The
nteraction between D1 manipulation and TOA was not significant,
(6, 84) = 1.44, p> 0.1.

T2 performance (see Fig. 7B) was analyzed in the same way, with
significant main effect of D1 condition on T2|T1 accuracy, F(3,

2) = 37.97, p< 0.001. While T2 performance did not differ between
he symbol D1 and D1 absent conditions (68.6% and 70% respec-

ively), T2|T1 performance in the Arabic D1 (46.9%) and the Chinese
1 (57.1%) conditions was significantly worse than that in the other

wo conditions, ps < 0.01. The difference between the Arabic D1 and
he Chinese D1 conditions also reached significance, p< 0.05. These
esults indicate that both the Arabic and the Chinese D1 impaired
Fig. 7. Performance on T1 and T2 in Experiment 3. (A) Proportion of correct T1
identification. (B) T2 identification proportion for trials in which T1 was correctly
reported (T2|T1).

T2 performance, but the symbol D1 did not. The main effect of TOA
was significant, F(2, 28) = 23.89, p< 0.001, with the highest T2|T1
for lag 1 (73.3%), the lowest for lag 3 (44.6%), and intermediate
for lag 8 (64%), indicating a substantial AB effect. The interaction
between D1 condition and TOA was not significant, F(6, 84) = 1.77,
p> 0.1.

Intrusion error rates were analyzed using a 2 (D1 type: the Arabic
D1 vs. the Chinese D1) × 3 (TOA) ANOVA. The main effect of D1 type
was significant, F(1, 14) = 4.94, p< 0.05, with a higher intrusion rate
for the Arabic D1 (33.8%) than for the Chinese D1 (23.3%). The main
effect of TOA was also significant, F(2, 28) = 12.42, p< 0.001, with
the intrusion rate being significantly lower at lag 1 (20%) than at
lag 3 (37.2%), p< 0.05, and with the intrusion rate at lag 8 (28.5%)
standing between them. The interaction between D1 type and TOA
was not significant, F< 1.

4.3. Discussion

Results showed that both the symbol and the Chinese D1
impaired T1 performance. More importantly, while the Arabic D1
and the Chinese D1 impaired T2 performance and induced intru-
sion errors, the symbol D1 had no impact upon T2 performance
relative to the D1 absent baseline. Furthermore, the D1 effect on T2
performance did not interact with TOA, indicating that this effect

is independent from the AB effect elicited by T1 and that the effect
can last for a relative long time.

The absence of a symbol D1 effect on T2 performance allows us to
rule out the possibility that the impairment of T2 performance (and
the delay of the N2pc latency to T2) by the Arabic or the Chinese
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1 in current and the previous two experiments was simply due
o a general, category-unspecific negative attentional set elicited
y a perceptually deviant D1. The absence of a symbol D1 effect
n T2 performance also rules out, again, the possibility that the
mpairment of T2 performance (and the delay of the N2pc latency
o T2) by the Arabic or the Chinese D1 was simply due to attentional
apture and depletion of attentional resources by D1. Although the
ymbol D1 did impair T1 performance, possibly through attentional
apture, it had no effect on T2 performance.

This experiment also showed that the Arabic and the Chinese
1 impaired the report of T2 at both the short TOA (lag 3) and the

ong TOA (lag 8). Thus, although the TOA of lag 5 that was used in
xperiments 1 and 2 may not be the position with the maximal AB
ffect and the maximal effect of negative attentional set upon T2
erformance, given the constraints upon the ERP design, the TOA
f lag 5 was sufficient to reveal the effect of a negative attentional
et elicited by D1 on T2 performance and the N2pc latency to T2.

. General discussion

This study investigates whether the negative attentional set
licited by a pre-T1 special distractor (D1) could influence the online
arget processing indexed by the report accuracy and the lateral
RPs in response to T2 in an RSVP stream. A D1 from the same con-
eptual category as the digit T2 was presented while the N2pc to
2 was measured. In Experiments 1 and 2, the N2pc was substan-
ially suppressed in trials in which T2 was misreported relative to
rials in which T2 was correctly identified. Moreover, the Arabic
igit D1 at either lags −1 or −3 (Experiment 1) and the Arabic and
he Chinese D1 at lag −1 (Experiment 2) evoked a frontocentral
2 component and delayed the onset of the N2pc to T2. In con-

rast, the P300 to T1 was not influenced by D1 manipulation in
ither experiment, although the accuracy of T1 report was some-
ow reduced by the Chinese D1. The behavioral data in the two
xperiments were consistent with the ERP results and showed that
he Arabic or Chinese D1, belonging to the same semantic category
s the digit T2, impaire T2 performance and cause intrusion errors
n T2 report. Experiment 3 provided further behavioral evidence
hat while the Arabic or Chinese D1 impaired T2 performance, a
eyboard symbol D1, which is perceptually deviant from distractor
etters and T2 but does not share the category membership with
2, had no effect on T2 performance. Both the symbol D1 and the
hinese D1 impaired T1 performance, consistent with Experiment
. These findings demonstrate that the online processing of the tar-
et in the RSVP stream can be impaired by a negative attentional
et elicited by D1 sharing semantic properties with the target.

It is assumed that the processing system uses a negative atten-
ional set to inhibit the processing of distractors in the RSVP stream
Maki & Padmanabhan, 1994; Olivers & Meeter, 2008; Olivers &

atson, 2006). An early study by Maki and Padmanabhan (1994)
emonstrated that the AB effect was enlarged when items from the
ame category of T2 were inserted into the RSVP stream. Olivers and

atson (2006) also observed that T2 performance was impaired
hen T2 shared the same, task-irrelevant color as distractors pre-

eding T1. Our previous behavioral study (Zhang et al., submitted
or publication) extended these two studies by showing that the
egative attentional set could be built upon abstract semantic cat-
gories and on a trial-by-trial basis. In the present study, we also
bserved that, for both the Arabic digit and the Chinese number
haracter, D1 impaired performance on the digit T2 in the RSVP

tream and induced intrusion errors in T2 report. However, these
ehavioral data do not provide unequivocal evidence pertaining to
he question whether the impairment of T2 performance is due
o competition between D1 and T2 at the retrieval stage during
ffline target report or whether it is due to an online inhibition
ia 47 (2009) 2604–2614

of digit representations from a negative attentional set elicited
by D1.

The present study provides electrophysiological evidence show-
ing that the special distractor D1, which is from the same semantic
category (i.e., in the same response set) as the subsequently
presented T2 but which has to be ignored, not only evokes an
inhibition-related frontocentral N2 upon its presentation, but also
elicits a negative attentional set against the category to which D1
and T2 belong and inhibits representations of the members of
this category. Since T2 had to overcome such inhibition, the N2pc
response to T2 was thus delayed even in trials in which T2 was
correctly reported. Given that the N2pc reflects online allocation
of attentional resources to T2 (e.g., Eimer, 1996; Luck & Hillyard,
1994; Ruge et al., 2006), the delay of the onset latency of N2pc
demonstrated clearly that the online processing of T2 can be inhib-
ited by a negative attentional set established on a trial-by-trial
basis.

Importantly, this negative attentional set is category-specific,
due to D1 and T2 sharing the same semantic category and being
task-relevant, rather than a general one, established by a process-
ing mode against any items that are perceptually deviant from
the letter stream. Experiment 3 demonstrated that a perceptually
salient distractor, the symbol D1, had no effect upon the accu-
racy of T2 report even though it captured attention and affected
T1 performance. The category-specificity of the negative atten-
tional set elicited by D1 was further supported by the finding that
the Chinese number character, which represents the same cat-
egory as the digit T2, can also impair T2 performance and the
N2pc response to T2 even though it has little perceptual similar-
ity with the Arabic digit. The negative attentional set elicited by
D1 is therefore based on an abstract semantic category although
the perceptual similarity between D1 and T2 does play a role
(Zhang et al., submitted for publication; see also Experiments 2
and 3 for the difference in the onset latency of the N2pc or the
intrusion error rate). Thus we extended the finding of Olivers
and Watson (2006) which demonstrated that T2 performance
was impaired when T2 shared color with distractors preceding
T1.

These findings have important implications for a current debate
concerning the possible mechanisms underlying the AB. As we
introduced in Section 1, the TLC hypothesis (Di Lollo et al., 2005)
posits that in-depth processing of T1 occupies the central con-
trol system located in the prefrontal cortex and responsible for
sending top-down control signals to the input filter. The distrac-
tors following T1 change the filter settings which are now at the
mercy of the properties of the bottom-up input. Because the fil-
ter settings, which are initially configured by the top-down task
demand, no longer match the specifications of T2, T2 process-
ing is then impaired, resulting in the AB effect that is commonly
observed in RSVP. Although the TLC hypothesis has already been
under attack by the finding of intact endogenous cueing in an AB
paradigm (Zhang, Shao, Nieuwenstein, & Zhou, 2008), the present
study and our previous behavioral study (Zhang et al., submitted
for publication) provides further evidence against this theory. The
processing of T1 did not interrupt the negative attentional set
elicited by D1 but rather strengthened it, as shown by the effect
of temporal distance between D1 and T1 in Experiment 1. More-
over, the category-specific negative attentional set seems to be
active for a relatively long period, reflected by the finding that
a T2 presented more than 700 ms after D1 is still affected by it.
Clearly, top-down control is not lost during the AB period and the

TLC hypothesis cannot be a general theory about the AB mecha-
nism.

The present findings are also consistent with other studies on
attentional set in the spatial domain. Tipper and Driver (1988; see
also Daza, Ortells, & Noguera, 2007) observed a negative priming
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ffect at the abstract, semantic level when a visual distractor (a pic-
ure of a DOG) was presented on one trial and an auditory probe (the
ord CAT) in the subsequent trial. In an inattentional blindness task,
oivisto and Revonsuo (2007) found that an unexpected stimulus
hat belongs to the same semantic category as the attended stimu-
us but does not share its perceptual features was more likely to be
etected than a semantically unrelated stimulus. Together with the
resent findings, we may argue for a general presence of abstract,
ategory-based attentional sets in attentional selection over time
r space.

To conclude, by measuring both behavioral performance and
RP responses to targets in the RSVP stream, we demonstrate that
special distractor D1 before T1 in the stream elicits a negative
ia 47 (2009) 2604–2614 2613
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