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Visual encoding of patterns is subject to
dual-task interference
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Two stimuli were presented at varying stimulus onset asynchronies (SOAs), with each stimulus as-
sociated with a distinct task. The first stimulus was a tone at one of either two or three frequencies. In
two conditions, the task associated with a tone was either a speeded two-alternative discrimination
(2AD), or a speeded three-alternative discrimination (3AD) based on the pitch of the tone. In a third
condition, subjects were told to ignore the tone. The second stimulus was a briefly exposed study ma-
trix of red and black squares followed by a mask. After a fixed delay, the mask was replaced by a test
matrix that was either the same or different from the study matrix. The task associated with the ma-
trices was to indicate, with no speed pressure, whether the study matrix and the test matrix were the
same or different. Results from each speeded AD condition showed that subject’s accuracy in the ma-
trix task decreased as the SOA between the tone and the study matrix decreased. This effect was larger
for the 3AD tone task than with a 2AD tone task. In addition, within each speeded AD condition, longer
RTs in the tone task were associated with lower accuracy in the matrix task. None of these effects was
evident when the subjects were told to ignore the tone. These results suggest that encoding visual in-

formation can be subject to significant capacity limitations imposed by cross-modal multitasking.

Recent work suggests that under conditions of sequential
presentation of a series of stimuli, the encoding of visual in-
formation from brief masked displays is subject to capacity
limitations. These limitations have been described for
within-modality dual-task paradigms (Broadbent & Broad-
bent, 1987; Chun, 1997; Chun & Potter, 1995; Duncan,
Martens, & Ward, 1997; Duncan, Ward, & Shapiro, 1994;
Jolicoeur, 1999b; Moore, Egeth, Berglan, & Luck, 1996;
Raymond, Shapiro, & Arnell, 1992, 1995; Ward, Duncan, &
Shapiro, 1996, 1997; Weichselgartner & Sperling, 1987).

Similar limitations have also been observed in between-
modality dual-task paradigms (De Jong & Sweet, 1994;
Jolicoeur, 1999a, 1999b). Typically in these paradigms,
each trial consists of the presentation of a tone at one of a
number of different frequencies, followed by the presen-
tation of a visual stimulus at variable stimulus onset asyn-
chronies (SOAs). The task associated with the tone re-
quires a speeded discrimination based on the pitch of the
tone, and the task associated with the visual stimulus re-
quires encoding. In De Jong and Sweet’s experiments, the
encoding task required the delayed report of the highest
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digit in an array of briefly presented masked digits. In Joli-
coeur’s (1999a, 1999b) experiments, the encoding task re-
quired the delayed report of briefly presented masked let-
ters, or a delayed recognition of briefly presented masked
polygons. The logic behind these paradigms is as follows:
On the assumption that the speeded auditory discrimina-
tion task requires central mechanisms (Pashler, 1994a,
1998; Van Selst & Jolicoeur, 1997), lower performance in
the encoding task would be expected if some critical stage
of encoding also required the same class of mechanisms.
Accuracy in the encoding task should decrease as the SOA
between the auditory and the visual stimulus was reduced,
because the probability of contention for central mecha-
nisms should increase as the process that mediated each
task would overlap to a greater extent. De Jong and Sweet
and Jolicoeur (1999a, 1999b) found that accuracy in the
visual encoding task decreased as the SOA between the
tone and the to-be-encoded visual stimulus decreased, sug-
gesting that encoding requires central mechanisms.

These recent findings, however, seem to conflict with
earlier work that had provided support for the hypothesis
that, in between-modality tasks, visual input is not subject
to central capacity limitations. Specifically, Pashler (1993)
reported near-nil effects of the SOA on the accuracy of
recognizing a briefly presented masked matrix of squares
in a paradigm formally equivalent to that used by Jolicoeur
(1999a).

A number of important differences between Pashler’s
(1993) and Jolicoeur’s (1999a) paradigms, however, may
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account for this specific empirical discrepancy. Perhaps
encoding the spatial information that is required in order
to perform the matrix-judgment task used by Pashler (1993)
relied on a different form of memory than that required to
remember visually presented letters (Jolicoeur, 1999a, Ex-
periments 2 and 4), or the shape of a polygon (Jolicoeur,
1999a, Experiment 5). In this view, one might argue that
encoding spatial information about the structure of a ma-
trix does not require the same central mechanisms that
appear to be involved in the encoding of visual form in-
formation (letters or polygons). Furthermore, another dif-
ference involves the relative difficulty of the tone task in
these two studies. Pashler (1993) used a two-alternative
discrimination (2AD) tone task, whereas Jolicoeur (1999a)
used a 4AD tone task when polygons were to be remem-
bered. It is likely that the 4AD tone task used by Jolicoeur
(1999a, Experiment 5) taxed central mechanisms more
than did the 2AD task used by Pashler (1993), with the con-
sequence that the SOA effects on encoding accuracy were
evident in Jolicoeur’s, but not in Pashler’s (1993) results.

Given the theoretical importance of processing re-
quirements for visual encoding, a closer examination of
the work of Pashler (1993) was warranted. The first ex-
periment was an exact replication of Pashler’s (1993)
study. In the second experiment, a between-subjects ma-
nipulation was included to extended the original design.
The number of alternatives in the speeded task was ma-
nipulated. One group of subjects performed a 2AD tone
task, whereas a different group of subjects performed a
3AD tone task. The purpose of this manipulation was to
discover whether performance in the matrix encoding task
would be sensitive to the difficulty of the concurrent
speeded tone task. The predictions were straightforward.
If, as suggested by Pashler (1993), the matrix task relies
on a memory system that does not require central pro-
cessing capacity, we should be able to replicate the find-
ing of a near-nil SOA effect on the matrix task accuracy in
both experiments. If, in contrast, central mechanisms are
required in the matrix task, accuracy should systemati-
cally decrease as the SOA is reduced. Furthermore, on the
assumption that central processing mechanisms are en-
gaged for a longer period of time in the 3AD task than in
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the 2AD task (Van Selst & Jolicoeur, 1997), a more pro-
nounced effect of SOA should occur in the 3AD task than
in the 2AD task, when processing across the tone task and
the matrix encoding task more likely overlap (i.e., at
shorter SOAs).

EXPERIMENT 1

Method

Subjects. Thirteen students (7 women and 6 men) at the Univer-
sity of Padua volunteered to participate for pay or for course credit.
Most of them were undergraduate students; a few were graduate stu-
dents or staff. The ages of the subjects ranged from 20 to 31 years.
All were naive to the purpose of the experiment, and all reported hav-
ing normal or corrected-to-normal vision and normal hearing.

Auditory stimuli. The auditory stimuli were pure tones, pre-
sented for 150 msec, with a frequency of 300 Hz or 900 Hz. The
tones were presented through the speaker on the monitor of the com-
puter and were well above threshold.

Visual stimuli. The visual stimuli consisted of random 4 X 4 ma-
trices of black and red squares presented on a black background on
a color computer screen (CRT) controlled by a 586 CPU and MEL
software. At a distance of 60 cm, the side of each matrix measured
approximately 5° of visual angle. Each square in one matrix was
black or red with chance probability. The RGB values were set at 0,
0, 0 for the black palette and at 40, 0, 0 for the red palette. The CIE
coordinates for the red color were Y= 5.15, x = .610, y = .360.

Procedure. The sequence of the critical events on each trial is
schematized in Figure 1. Each trial was initiated by the press of the
spacebar on the computer keyboard. A fixation cross that was pre-
sent between trials was replaced by a blank screen (400 msec). A
tone was then presented, and the task on the tone (Task 1) required
subjects to perform a speeded 2AD based on the pitch of the tone.
To do so, the subjects kept their index and middle fingers of the right
hand on two appropriately labeled keys of a response box, and were
instructed to treat Task 1 as their primary task. After an SOA of 50,
150, or 650 msec, a study matrix was presented (red color repre-
sented by shaded areas in Figure 1). The study matrix was exposed
for either 100 or 300 msec. At the end of the exposure duration, a
mask composed of a 4 X 4 checkerboard pattern of black and red
squares was presented for 100 msec. After mask offset, a fixed inter-
val of 500 msec elapsed before the presentation of a test matrix. The
test matrix was exposed until the subject responded (see below).!

On half of the trials, the study matrix and the test matrix were the
same; otherwise, the color of one square in the test matrix was ran-
domly changed from red to black, or vice versa. The task on the ma-
trices (Task 2) required an unspeeded decision in order to indicate
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Figure 1. Schematic representation of the temporal sequence of the events on
each trial of Experiment 1 (see also Pashler, 1993).
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whether the study matrix and the test matrix were the same or dif-
ferent. Using the numeric keypad, the subjects had to press the “1”
to respond “same,” or “2” to respond “different.” Each subject was
tested individually in a separate room. The experiment began with 2
blocks of 12 practice trials each, followed by 12 blocks of 24 exper-
imental trials each. Tone pitch, SOA, exposure duration of the study
matrix, and response category (same/different) levels of manipula-
tion were fully crossed within each block of trials.

Method of analysis. In the present paradigm, Task 1 required the
speeded response, and the reaction time (RT1) was recorded. The
correct RT1s were screened for outliers with a modification of the
procedure described by Van Selst and Jolicoeur (1994). The data in
each cell were sorted, and the most extreme observation was tem-
porarily excluded from consideration. The mean and standard devi-
ation of the remaining numbers was then computed. The cut-off val-
ues were established with the use of following equations:

Vigw =X — Cn % SD
Vhigh =X + Cn * SD.

The smallest and largest observations in the cell were then
checked against the cut-off values, Viow and Viigh. If one or both
were outside the bounds, these observations were defined as outliers
and excluded from further consideration. If an outlier was found, the
algorithm was applied anew to the remaining data. The value of Cn
depended on the sample size, 7, in such a way that the estimated final
mean was not influenced by sample size (see Van Selst & Jolicoeur,
1994). This procedure resulted in a loss of less than 1.8% of the cor-
rect trials. When an outlier (or an error) in the speeded Task 1 was
found, the entire trial was discarded, including the data for Task 2.

Results

The results from both Task 1 and Task 2 were analyzed
using an analysis of variance (ANOVA) in which SOA and
study matrix exposure duration were treated as within-
subjects factors.

Task 2. In panel A of Figure 2, the proportion of cor-
rect matrix judgments is shown as a function of the SOA
between the tone and the study matrix, and as a function
of the exposure duration of the study matrix. Accuracy in
Task 2 decreased as the SOA was shortened [F(2,24) =
9.8, MS,=.003215, p <.001], and accuracy was higher at
the longer exposure duration (300 msec) than at the
shorter exposure duration (100 msec) of the study matrix
[F(2,24) =269.3, MS,=.004619, p < .001]. The interac-
tion between SOA and exposure duration of the study ma-
trix was not significant (F < 1, p > .9).2

Accuracy in Task 2 was also analyzed as a function of
the speed in Task 1. Following outlier screening of the
data set, the proportion of correct matrix judgments was
computed for each subject, in each cell of the present de-
sign, for RT1s divided into four bins based on a quartile
split. In panel B of Figure 2, the proportion of correct ma-
trix judgments is plotted as a function of the SOA between
the tone and the study matrix, and as a function of RT1
length (Q1 = shortest RT1s; Q4 = longest RT1s). Accu-
racy decreased systematically across RT1 quartiles as
RTls increased [F(3,36) =15.7, MS,=.014164, p <.001].
Notably, SOA effects on accuracy were more pronounced
as RT1sincreased [F(6,72) =2.7, MS,=.016586, p <.03].
This interaction appears to have been due primarily to an

. O—
qc) § Matrix exp. = 300 ms
£5
%g 75
Ss
< E
x
S8 .65/
S o
= Z Matrix exp. = 100 ms @
.55 — . r r ——
0 100 200 300 400 500 600 700
SOA (ms)
.85
—_ Q
€0
o9 |
5 S 75- ‘,Qf_{/t”’;‘
o ¢
g5 Nag
R =
x
£ 8. .65 A Qq
g9
s ®
.55 T T T T T .
0 100 200 300 400 500 600 700
SOA (ms)
500
460 4
)
2 )
: 420 - Matrix exp. = 300 ms
= |
o 380
c
5 J
— 340 - Matrix exp. = 100 ms
300

0 100 200 300 400 500 600 700
SOA (ms)

Figure 2. (A) Mean proportion of correct matrix judgments
(Task 2) as a function of the SOA between the tone and the study
matrix, and as a function of the exposure duration of the study ma-
trix (100 msec vs. 300 msec). (B) Mean proportion of correct ma-
trix judgments (Task 2) as a function of the SOA between the tone
and the study matrix, and as a function of RT length in Task 1
(Q1 = shortest RT; Q4 =longest RT). (C) Mean tone RT (Task 1)
as a function of the SOA between the tone and the study matrix,
and as a function of the exposure duration of the study matrix.

increase in the size of the SOA effect for the longest re-
sponse times in Task 1.

Task 1. RT1s and Task 1 accuracy were analyzed as a
function of the same variables considered for the analysis
of Task 2 accuracy. In panel C of Figure 2, RT1s are shown
as a function of the SOA between the tone and the study
matrix, and as a function of the study matrix exposure du-



ration. A 20-msec increase in RT1s from the two shorter
SOAs to the longest SOA produced a significant effect of
SOA [F(2,24) = 9.15, MS, = 498, p < .002]. Mean com-
parisons revealed that RT1s at the two shorter SOAs did
not differ significantly (F <1, p >.6). No other effect was
significant (F < 1, p > .35, in all cases).

The mean proportion of correct responses in Task 1 was
.972. The proportion of correct responses was higher at
the longest SOA (.983) than at the shortest and medium
SOAs (.967 and .966, respectively) [F(2,24) = 5.4, MS, =
.000438, p < .02]. Mean comparisons indicated that the
proportion of correct responses did not differ significantly
at the two latter SOAs [F(1,12) <1, p > .9]. No other ef-
fect was significant (F < 1.2, p > .36, in all cases).

Discussion

Accuracy in the matrix task decreased significantly as
the SOA between the tone and the study matrix was re-
duced. The results are consistent with the hypothesis that
encoding the information that is required in order to per-
form the matrix task relies on central mechanisms that are
subject to interference from the concurrent processing of
a stimulus in a different modality. In addition to the effects
of SOA, accuracy in the matrix task was also found to de-
crease as response times in Task 1 increased. This finding
is also consistent with the hypothesis that the two tasks in-
terfere with each other (Pashler, 1994a). In the General
Discussion we will discuss the discrepancy between the
magnitude of the SOA effect in Experiment 1 (7%) and
the effect reported by Pashler (1993) of 2%.

EXPERIMENT 2

The dual-task interference found in Experiment 1 is
consistent with the hypothesis that the matrix task requires
capacity-limited central processing. Experiment 2 was de-
signed in order to provide converging evidence for this
hypothesis. The number of alternatives in the concurrent
speeded choice task was manipulated. Previous work has
shown that a longer period of central processing is associ-
ated with speeded choice tasks that have more response
alternatives (e.g., Van Selst & Jolicoeur, 1997). If the ma-
trix encoding task requires central processing, the effects
of SOA should be larger when the concurrent choice task
engages central processing for a longer period of time—
that is, when the task has more response alternatives (Joli-
coeur, 1999a). The tone task involved either two tones and
two responses (2AD), or three tones and three responses
(3AD), which should vary the duration of central pro-
cessing required in order to perform the tone task. Fur-
thermore, in order to span a longer period of tasks inter-
action, we added a longer SOA of 950 msec to the original
set of SOAs that were used by Pashler (1993) and in our
Experiment 1.

Method

Subjects. Thirty-six students (16 women, 20 men) at the Univer-
sity of Padua volunteered to participate for pay or for course credit.
Most of them were undergraduate students; a few were graduate stu-
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dents or staff. The ages of the subjects ranged from 20 to 33 years.
All were naive to the purpose of the experiment, and all reported
having normal or corrected-to-normal vision and normal hearing.
None of the subjects had participated in Experiment 1.

Auditory stimuli. The auditory stimuli were pure tones, pre-
sented for 100 msec, with a frequency of 300, 600, or 900 Hz. The
tones were presented through the speaker on the monitor of the com-
puter and were well above threshold.

Visual stimuli. The visual stimuli were the same as those em-
ployed in Experiment 1.

Procedure. Each trial was initiated by the press of the spacebar
on the computer keyboard. A fixation cross that was present between
trials was replaced by a blank screen (400 msec). A tone was then
presented, and the task associated with the tone (Task 1) required a
speeded discrimination based on the pitch of the tone. Half of the
subjects performed a 2AD task that was based on a pitch of either
300 or 900 Hz, whereas the other half of the subjects performed
3AD task that was based on a pitch of either 300, 600, or 900 Hz.
Depending on the AD condition, the subjects kept either two or three
fingers of the right hand on the appropriately labeled keys of the re-
sponse box and were instructed to treat Task 1 as their primary task.
After an SOA of 50, 150, 650, or 950 msec, a study matrix was pre-
sented for 170 msec. At the end of the exposure duration, a mask
composed of a4 X 4 checkerboard pattern of black and red squares
was presented for 100 msec. After mask offset, a fixed interval of
680 msec elapsed before the presentation of a test matrix. The test
matrix was exposed until the subject responded (see below). On half
of'the trials, the study matrix and the test matrix were the same; oth-
erwise, the color of one square in the test matrix was randomly
changed from red to black, or vice versa. The task associated with
the matrices (Task 2) and the instructions given to the subjects were
the same as those in Experiment 1.

Each subject was tested individually in a separate room. The exper-
iment began with two blocks of practice trials. In the 2AD condition,
the subjects performed a total of 24 practice trials, followed by six
blocks of 32 experimental trials each. In the 3AD condition, the sub-
jects performed a total of 48 practice trials, followed by seven blocks
of 24 experimental trials each. In each AD condition, tone pitch,
SOA, and response category (same/different) levels of manipulation
were fully crossed within each block of experimental trials.

Results

The correct RT1s were screened for outliers according
to the procedure that was described in Experiment 1.
Elimination of outliers produced a total loss of 1.5% for
Task 1 and Task 2 responses. The results from both Task 1
and Task 2 were subjected to an ANOVA, in which the AD
condition was treated as a between-subjects factor, and the
SOA as a within-subjects factor.

Task 2. In panel A of Figure 3, the proportion of cor-
rect matrix judgments (solid lines and empty symbols) is
shown as a function of the SOA between the tone and the
study matrix, and as a function of the AD condition. Ac-
curacy in Task 2 decreased as the SOA was shortened
[F(3,102) =53.4, MS,=.004909, p < .001], and this effect
was more pronounced in the 3AD condition than in the
2AD condition [F(3,102) = 5.6, MS, = .004909, p <.002].

Accuracy in Task 2 was also analyzed as a function of
the speed in Task 1. Following outlier screening of the
data set, the proportion of correct matrix judgments was
computed for each subject, in each cell, for RT1s above or
below the median in that cell. In panel B of Figure 3, the
proportion of correct matrix judgments is plotted as a
function of the SOA between the tone and the study ma-
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Figure 3. (A) Solid lines and empty symbols (Experiment 2):
Mean proportion of correct matrix judgments (Task 2) as a func-
tion of the SOA between the tone and the study matrix, and as a
function of Task 1 AD condition (2AD vs. 3AD). Dashed lines and
filled symbols (Experiment 3): Mean proportion of correct ma-
trix judgments as a function of the SOA between the tone and the
study matrix, and as a function of the number of pitch alterna-
tives (ZA vs. 3A). (B) Mean proportion of correct matrix judg-
ments (Task 2) in Experiment 2, as a function of the SOA between
the tone and the study matrix, and as a function of RT length
(short vs. long) in Task 1. (C) Mean tone RT (Task 1) in Experi-
ment 2 as a function of the SOA between the tone and the study
matrix, and as a function of Task 1 AD condition.

trix, of RT1 length, and of AD condition. Accuracy in
Task 2 was higher with shorter RT1s than with longer RT1s
[F(1,34) = 24.9, MS, = .009176, p < .001]. The analysis
revealed a significant three-way interaction between RT
length, SOA, and AD condition [F(3,102) = 3.7, MS, =

.009635, p <.02]. To elucidate the source of this complex
interaction, separate analyses were carried out on each of
the data sets from the different AD conditions. The analy-
sis carried out on the data set from the 3AD condition re-
vealed a significant main effect of RT length [F(1,17) =
10.8, MS, = .013822, p < .005] and a significant interac-
tion between RT length and SOA [F(3,51) = 4.8, MS, =
.010974, p <.004]. The analysis carried out on the data set
from the 2AD condition, in contrast, revealed a significant
main effect of RT length [F(1,17) = 18.3, MS, = .004529,
p <.001] and no significant interaction between RT length
and SOA (F<1,p>.75). As can be seen in panel b of Fig-
ure 3, in fact, although the SOA functions were parallel
across RT1s in the 2AD condition, the SOA functions for
longer RT1s and for shorter RT1s in the 3AD condition
were, respectively, positively and negatively accelerated.

Task 1. RT1s and Task 1 accuracy were analyzed as a
function of the same variables considered for the analysis
of Task 2 accuracy. In panel C of Figure 3, RT1s are shown
as a function of the SOA between the tone and the study
matrix and as a function of the AD condition. RT1s were
longer in the 3AD condition than in the 2AD condition
[F(1,34) = 26.5, MS, = 22,890, p <.001], and RT1s in-
creased slightly from the two shorter SOAs to the two
longer SOAs [F(3,102) =7.2, MS, =374, p <.001]. There
was also a significant interaction between SOA and AD
condition [F(3,102)=3.1, MS, =374, p <.03], which likely
reflected the fact that, as panel C of Figure 3 suggests,
SOA effects were confined to the 3AD condition. To pro-
vide support for this impression, the data sets from each
condition were separately analyzed. A significant main ef-
fect of SOA was found in the analysis carried out on the
data set from the 3AD condition [F(3,51) = 7.5, MS, =
483, p < .001]. SOA effects were not significant in the
analysis carried out on the data set from the 2AD condi-
tion (F <1, p> .45).

The mean proportion of correct responses in Task 1 was
.891. The proportion of correct responses was higher in
the 2AD condition (.939) than in the 3AD condition (.836)
[F(1,34)=13.8, MS,=.028185, p <.001]. The proportion
of correct responses increased as SOA was lengthened
(.860,.891, .899, and .901, from the shortest to the longest
SOA, respectively) [F(3,102) = 6.0, MS, = .002228, p <
.001]. The interaction between SOA and the AD condition
was not significant (£ < 1, p > .55).

Discussion

In Experiment 2, the number of alternatives in the con-
current speeded choice task was manipulated. At short
SOAs, the Task 1 manipulation caused a greater decrease
in Task 2 accuracy when the number of alternatives was
increased. On the assumption that a longer period of cen-
tral processing is associated with speeded choice tasks
that have more response alternatives (see, e.g., Van Selst
& Jolicoeur, 1997), our claim is that the results of Exper-
iment 2 provide strong evidence for the hypothesis that
performance on the matrix task is subject to central limi-
tations.



EXPERIMENT 3

In our view, the effects of SOA on the matrix task are
due to central processing that is required for one to per-
form the tone task. One could argue, however, that the
alerting properties of the tone (see, e.g., Posner, 1978)
were confounded with other possible effects of SOA. Al-
though this account provides no obvious explanation for
the large difference between the two-alternative and three-
alternative versions of the tone task, we conducted Exper-
iment 3 in order to provide a strong case against inter-
pretations based on alerting properties of the tone. If
interference on the matrix task was mediated by the warn-
ing function of the tone, the same pattern of interference
found in Experiments 1 and 2 should be found even if the
subjects were not required to produce an overt response to
the tone. On the other hand, if the effects of SOA were due
to central processing in the tone task, effects of SOA
should vanish when the tone was not processed.

Method

Subjects. Thirteen students (6 women, 7 men) at the University
of Padua volunteered to participate for pay or for course credit. Most
of them were undergraduate students; a few were graduate students
or staff. The ages of the subjects ranged from 20 to 30 years. All
were naive to the purpose of the experiment, and all reported having
normal or corrected-to-normal vision and normal hearing. None of
the the subjects had participated in Experiment 1 or 2.

Auditory stimuli. The auditory stimuli were the same as those
used in Experiment 2.

Visual stimuli. The visual stimuli were the same as those used in
Experiments 1 and 2.

Procedure. The sequence and the duration of the events on each
trial were the same as those in Experiment 2. In separate blocks, the
tone pitch would randomly vary between two (300 or 900 Hz) or
among three possible pitches (300, 600, or 900 Hz). After a varying
SOA, a masked study matrix was presented, followed by presenta-
tion of a test matrix. The subjects were instructed to ignore the tone,
and to perform the same/different judgment on the matrices with no
speed requirement. The experiment began with one block of 24 prac-
tice trials, followed by four blocks of 48 experimental trials each:
two blocks in which the tone had two possible pitches, and two
blocks in which the tone had three possible pitches. Block order was
randomized for each subject. Number of tone pitches, SOA, and re-
sponse category (same/different) levels of manipulation were fully
crossed within each block of experimental trials.

Results

The results from 1 subject were discarded because the
subject did not understand the instructions. Mean propor-
tions of correct matrix judgments were subjected to an
ANOVA, in which number of pitches and SOA were
treated as within-subjects factors. Overall, the mean pro-
portion of correct matrix judgments was .82. In panel a of
Figure 3, the proportion of correct matrix judgments
(dashed lines and filled symbols) is shown as a function
of the SOA between the tone and the study matrix, and as
a function of the number of tone pitches (2A vs. 3A). No
factor reached the significance level (F' < 1, and p > .53,
in all cases).

DUAL-TASK ENCODING INTERFERENCE 189

GENERAL DISCUSSION

Conflicting results have been reported regarding
whether or not the encoding of visual information is af-
fected by the temporal overlap with unrelated cognitive
activity. In a dual-task paradigm that involved a speeded
auditory task and an unspeeded task that required visual
encoding, Jolicoeur (1999a), on the one hand, reported a
significant decrease in recognition accuracy as the SOA
between the tone and a masked random polygon was de-
creased. Pashler (1993), on the other hand, reported no
such effect when the SOA between the tone and a masked
random matrix was decreased.

In order to discover the cause of this apparent empiri-
cal discrepancy, Experiment 1 was devised to replicate the
experiment reported by Pashler (1993). In contrast to the
near-nil (2%) effect of the SOA (not statistically signifi-
cant) found by Pashler (1993), the results of Experiment 1
indicated a 7% decrease in accuracy in the matrix task,
which was highly statistically significant, as the SOA be-
tween the tone and the study matrix decreased. Also found
was clear-cut evidence for trial-to-trial dependencies across
tasks, in which worse performance in the matrix task was
associated with longer RTs to the tone. These dependen-
cies were more pronounced as the SOA was decreased.
Similar dependencies were also found in Experiment 2.
These findings also contrast with Pashler’s (1993) results.
Besides the small SOA effects in the results of his exper-
iment, Pashler (1993) also argued against the involvement
of central mechanisms in the encoding of the study matrix
on the basis of a comparison between effects of SOA and ef-
fects of exposure duration. Pashler observed that a reduc-
tion in exposure duration of the study matrix of 200 msec
produced a 15% decrease in the matrix task accuracy. In
our Experiment 1, the exposure duration effect was about
20%. If the size of the exposure duration effect is taken as
a benchmark against which to estimate the effects of dif-
ferent time constraints on the matrix task, the conclusion
must be that the constraint provided by the temporal over-
lap between the speeded task and the matrix task was truly
minimal, as Pashler (1993) argued. (To reiterate, from the
longest to the shortest SOA, a 2% decrease in accuracy
was observed in Pashler’s experiment, whereas a 7% de-
crease in accuracy was observed in our Experiment 1).
There is a problem, however, with this line of argument.
As suggested by the additivity of SOA and exposure du-
ration effects in both Pashler’s (1993) experiment and in
our Experiment 1, exposure duration and SOA may affect
distinct stages of processing. Furthermore, interference
(such as postponement) at these different stages could
have different effects on the final matrix task accuracy. Al-
though it seems reasonable to maintain that a reduction of
the exposure duration of a visual pattern affects a sensory
stage of processing, recent work in our labs suggests that
the stage that is subject to central limitations is a postsen-
sory stage of processing—namely, the short-term consol-
idation of information into short-term memory (Jolicoeur,
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1999a; Jolicoeur & Dell’ Acqua, 1998, 1999, in press; see
also Chun & Potter, 1995). In this view, exposure duration
effects hinge on a reduction of the time that is required for
the creation of a visual sensory trace. Effects of SOA,
however, would occur later in the system, because of a delay
in the onset of short-term consolidation. During this pe-
riod of delay, information created by sensory processing
would be subject to decay. The rate of decay could be con-
siderably slower than the rate at which sensory informa-
tion accrues, leading to quite different relationships be-
tween the effects associated with a given duration of
postponement and the effects associated with the duration
of visual stimulation (prior to the onset of a mask).

In Experiment 2, we manipulated the number of re-
sponse alternatives in Task 1. Van Selst and Jolicoeur
(1997) provided evidence that when the number of stimu-
lus and response alternatives is manipulated in Task 2 of
a PRP (psychological refractory period) paradigm, the ef-
fects of this manipulation remain stable across SOAs, thus
suggesting that the locus of the effect is in or after the
stage (or stages) of processing that produces the interfer-
ence in the PRP paradigm. Indeed, several findings sug-
gest that a Task 2 manipulation that affects a stage prior to
the PRP bottleneck (e.g., a perceptual stage) likely results
in an underadditive interaction with SOA, as SOA is short-
ened (De Jong, 1993; McCann & Johnston, 1992; Pashler,
1994b). Although both experiments in the present study
suggest that visual encoding is subject to capacity limita-
tions, the results of Experiment 2 are especially com-
pelling because a manipulation that is believed to affect
the duration of central processing in Task 1 (Van Selst &
Jolicoeur, 1997) caused an increase in the magnitude of
the dual-task interference effect observed in Task 2 accu-
racy. This evidence provides support for the hypothesis
that encoding visual information is subject to interference
from concurrent cognitive activity that is required in order
to perform a speeded auditory task (Jolicoeur & Dell’ Ac-
qua, 1998, 1999), even when the visual display consists of
a random matrix, rather than letters or random polygons
(Jolicoeur, 1999a). Thus, the hypothesis that the empirical
differences across Pashler’s (1993) and Jolicoeur’s (1999a)
results might be attributed to a difference in stimulus ma-
terials (matrices vs. random polygons) was not supported.
Furthermore, our interpretation of the present findings is
also supported by the results of our Experiment 3, which
was devised to rule out possible accounts based on alert-
ing properties of the tone (i.e., the first stimulus) in our
paradigms.

Because the results of Experiment 1, which was ex-
tremely similar to the experiment performed by Pashler
(1993), provided evidence for dual-task interference, the
results are difficult to reconcile with Pashler’s suggestion
that the processes that mediate the encoding of visual in-
formation into short-term memory are capacity free
(Pashler, 1993; see also Pashler, 1994a, 1998). There is
another difference between the results of Pashler (1993)

and those in this article, however, that could provide the
basis for an account of the differences in results. The mean
response times in Task 1 reported by Pashler (1993) were
almost 100 msec longer than those in the present experi-
ments. This suggests that Pashler’s subjects may have
been less prepared for the auditory task than ours. Perhaps
Pashler’s subjects were trading off, on some proportion of
trials, speed in the auditory task for accuracy in the de-
manding matrix encoding task (De Jong & Sweet, 1994).

The difference in response times for the auditory task in
Pashler’s (1993) experiment and our Experiments 1 and 2
could have been caused by a greater emphasis on per-
forming the auditory task quickly, on the part of our sub-
jects. This possibility raises the issue of the role of prepara-
tory versus structural limitations in performing concurrent
tasks. Although strong evidence suggests that some dual-
task limitations reflect a fundamental inability of a central
channel to process more than one stimulus or task at a
time (Pashler, 1994b), other evidence suggests that limi-
tations can sometimes arise when central mechanisms, al-
beit potentially capable of some parallel processing, can
be allocated to and/or prepared for only one discrete task
at a time (De Jong, 1995; De Jong & Sweet, 1994). Al-
though the SOA effects consistently found in our experi-
ments suggest some form of central limitation in the en-
coding of visual information, determining the exact nature
of this limitation (whether a structural bottleneck, a form
of task preparation, or both) will require additional research.
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NOTES

1. Instructions given to the subjects:

On each trial of this experiment, you will see a fixation cross displayed in the
center of the screen. In order to start each trial, you have to press the space-
bar. After pressing the spacebar, you will hear a tone that could be high or low
in pitch. Your primary task is to press the left key of the response box if the
pitch is high, or the right key of the response box if the pitch is low. Always
make your response to the tone as fast and accurate as you can. Following the
tone, a matrix composed of red squares will be briefly displayed in the cen-
ter of the screen. This matrix will be masked by a “checkerboard” matrix, and
followed by another matrix, which will stay on the screen until you respond.
Your task is to press “1” if the first matrix and the last matrix are identical, or
“2” if the first matrix and the last matrix are different. The task with the ma-
trices is not speeded: make your response with no speed pressure, and try to
be as accurate as you can.

2. In order to rule out accounts of the present findings that are based
on possible criterion shifts across SOAs, all the analyses performed on
the proportion of correct same/different judgments have also been per-
formed using the same experimental designs and d’ as the dependent
measure. The results of the analyses on d’ mirror and fully support the
results reported in the empirical sections of the present work.
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