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Working memory involvement in dual-task
performance: Evidence from the
backward compatibility effect
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In three experiments, the authors supported the hypothesis that parallel response activation seen in dual-task
performance results from holding Task 2 rules in working memory (WM) while performing Task 1. To this end,
the authors used the backward compatibility effect (BCE; quicker primary responses when the Task 2 response is
compatible with codes of Task 1) as a marker for parallel response activation and manipulated WM load. Increas-
ing the number of primary task rules from two to four did not modulate BCE, replicating Hommel and Eglau
(2002), but a higher load condition, involving six primary task rules, reduced the BCE to nonsignificant levels.
Experiment 3 further showed that WM is loaded by rules associating abstract stimulus categories to responses,
and not by rules that associate individual stimuli to responses (S—R rules).

People often carry out more than one task at a time, such
as talking on the phone while driving. Understanding this
ability has become the focus of many recent investigations.
In order to explore these issues, researchers use the dual-task
paradigm, in which there is temporal overlap between a pri-
mary task (Task 1) and a secondary task (Task 2) processing.
The performance in these situations is usually accompanied
with costs: (1) Both tasks’ responses are delayed and less
accurate, as compared with a single-task performance level,
and (2) only secondary task performance impairment in-
creases as the temporal overlap between the tasks increases
(for a review, see Pashler & Johnston, 1998). Three broad
approaches have been proposed as possible accounts of dual-
task costs: (1) models of structural bottleneck in which serial
processing reflects structural limitations (e.g., Byrne & An-
derson, 2001; Pashler, 1994, 1998), (2) models suggesting
that sequential processing is strategic (e.g., Logan & Gor-
don, 2001; Meyer & Kieras, 1997a, 1997b), and (3) models
that propose capacity sharing between tasks during response
selection, together with a change in allocation from Task 1
to Task 2 (e.g., Navon & Miller, 2002; Tombu & Jolicceur,
2003). As will be explained in the General Discussion sec-
tion, these theories differ from one another with respect
to the putative involvement of working memory (WM) in
dual-task performance. In the present study, our aim was to
explore the involvement of WM in dual-task performance.
Specifically, we focused on how WM load affects the back-
ward compatibility effect (BCE).

The Backward Compatibility Effect
The BCE has been observed in many studies (Caes-
sens, Hommel, Reynvoet, & van der Goten, 2004; Hom-

mel, 1998; Hommel & Eglau, 2002; Lien & Proctor, 2000;
Lien, Schweickert, & Proctor, 2003; Miller, 2006; Miller &
Alderton, 2006; Watter & Logan, 2006; see also Logan &
Delheimer, 2001; Logan & Gordon, 2001; Logan & Schul-
kind, 2000). These studies have shown that when two tasks
overlap in time, processing of the primary task is affected by
the compatibility relationship between the secondary task
response (R2) and either the primary task response (R1) or
the primary task stimulus (S1). These effects are known as
the R2-R1 and R2-S1 BCEs, respectively. For instance,
Hommel (1998) presented red or green letters (H or S) to
participants. In his Experiment 2, R1 involved a left or a
right keypress in response to the letter color (red or green),
and R2 involved saying “red” or “green” in response to let-
ter identity (H and S). In this experiment, the compatibility
relationship was between S1 (stimulus color) and R2 (color-
naming response to the letter identity). The results showed
that R1 was quicker and more accurate when S1 and R2
were compatible than when they were incompatible.

The Present Hypothesis

According to our hypothesis, task rules are represented
in limited capacity WM. When the capacity is not ex-
hausted, it can be shared between the two tasks, and partic-
ipants hold Task 2 rules in WM while executing Task 1, in
order to achieve high preparedness for Task 2 (the second
task to be performed). The rules that are held in WM lead
to autonomous response activation (Cohen-Kdoshay &
Meiran, 2007). Because activation is gradual and not all-
or-none in nature, Task 2 rules can be partly active while
Task 1 is executed, giving rise to the BCE. Our hypoth-
esis accords with modern versions of the prepared reflex
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metaphor originally suggested by Woodworth (1938; see
also Ach, 1910/2006; Hommel, 2000; Logan, 1978) and
is most consistent with capacity-sharing theories (e.g.,
Navon & Miller, 2002; Tombu & Jolicceur, 2003).

A very similar hypothesis was considered by Hommel
(1998). According to his transient-link model, multiple task
rules can be held and implemented in WM, and these rules
are used for parallel response activation. From this view-
point, increasing WM load should impair the degree to which
task rules are prepared and should lead to a smaller BCE.
The alternative model suggested by Hommel (1998) was
the direct-link model. According to this model, repeatedly
applying the task rules leads to the formation of memory
traces outside WM. These direct stimulus—response (S—R)
links bypass the central bottleneck and activate responses in
parallel. However, the latter alternative is less likely accord-
ing to recent findings (Hiibner & Lehle, 2007), which have
shown that BCE is smaller when participants are encouraged
to perform serial processing rather than parallel processing.

To decide between these models, Hommel and Eglau
(2002) manipulated WM load by varying the number of
primary task rules. In their low-load condition, there were
two Task 1 rules and two Task 2 rules, whereas in the high-
load condition the number of Task 1 rules was increased to
four. Because the BCE was unaffected by this manipula-
tion, Hommel and Eglau endorsed the direct-link model.

We suggest that Hommel and Eglau’s (2002) rejection
of the transient-link model may have been premature, be-
cause their WM manipulation was not sufficiently strong
to show an effect. This argument is reasonable, since pre-
vious studies in which WM load manipulations have been
used have often shown that the effect of this manipulation
is not monotonic but shows up only when extreme loads
are used (see, e.g., Baddeley & Hitch’s [1974] classic
study). Accordingly, a higher load on WM might reduce
the BCE and support the transient-link model.

To test our hypothesis, we adhered closely to the de-
sign and analytic approaches employed by Hommel and
Eglau (2002) in their Experiment 2. Such adherence was
important in order to ensure that any discrepancy between
our results and theirs did not indicate a replication failure.
There was an additional reason for preferring this method
of loading WM. The literature suggests that WM is divided
into subsystems (see Baddeley, 2003; Cowan, 1998), which
implies that no certainty exists that loading one subsystem
(e.g., such as remembering irrelevant digits) will impact the
other systems (those presumably holding the task rules). To
ensure as much as possible that the system in which task
rules are held was loaded, we needed to load WM with task
rules (but see Logan, 1978). The fact that an increase in
the number of Task 1 rules prolongs response selection is
not problematic from our perspective, because slowing re-
sponse selection should increase, rather than decrease, the
BCE. The reason is that with prolonged response selection,
there is greater opportunity for interference to take place.

Three levels of WM load were compared in the present
work: (1) the low-load condition with two color categories
for Task 1 (two Task 1 rules), (2) the high-load condition
with four color categories for Task 1 (four Task 1 rules),
and (3) the higher load condition with six color categories

for Task 1 (six Task 1 rules). The prediction of the direct-
link model is that the BCE will be unaffected by WM load.
In contrast, if response activation proceeds via task rules
held in WM, as suggested by the transient-link model, the
BCE is predicted to be reduced in high and/or higher WM
load conditions.

In Experiment 1, we replicated Hommel and Eglau’s
(2002) Experiment 2. We used their two Task 1 rules (low-
load condition) and four Task 1 rules (high-load condition)
and replicated their results. As was expected, the BCE was
unaffected in the high-load condition with four rules, as
compared with a low-load condition with two Task 1 rules.
In Experiment 2, we used the higher load condition with
six Task 1 rules instead of just four Task 1 rules, with the
same two Task 1 rules as in the low-load condition. In this
experiment, the BCE in the higher load condition was re-
duced to a nonsignificant level, as would be expected from
the transient-link model. Experiment 3 was run in order to
rule out an alternative explanation, as well as to character-
ize the nature of the task rules that are held in WM and give
rise to the BCE. For reasons that will become clearer later
on, we refer to category—response (C—R) rules, which link
the stimulus category (such as “red”) to the response.

EXPERIMENT 1

This experiment was conducted as a replication of
Hommel and Eglau’s (2002) Experiment 2. The number
of Task 1 rules was manipulated between participants to
minimize potential carryover effects.

Method

Participants. Twenty-six undergraduate students from Ben-
Gurion University of the Negev participated in this experiment. The
participants were assigned to one of the two loading conditions ac-
cording to the order of entry.

Apparatus and Stimuli. The stimuli were presented on an IBM-
PC clone with a 17-in. monitor controlled by software written in
E-Prime (Schneider, Eschman, & Zuccolotto, 2002). A white aster-
isk served as a fixation mark. The stimuli for the primary and the
secondary tasks were the uppercase letters H and S (S2), presented
in red or green color (S1) in the low-load condition or presented in
red, green, yellow, or blue color (S1) in the high-load condition. All
the stimuli were presented at the center of a black screen and sub-
tended approximately 0.40° X 0.30° of visual angle from a viewing
distance of about 60 cm. Manual responses in the low-load condition
(only red and green stimuli) were performed by pressing the f'(left)
and / (right) keys of a QWERTY keyboard with the index fingers of
both hands. The manual responses in the high-load condition (four
colors) were performed by pressing the f'and 4 keys with the index
fingers of both hands to the red or green stimuli (as in the low-load
condition) and, in addition, pressing d and j with the middle fingers
of both hands to the blue or yellow stimuli. Vocal responses to let-
ter identity consisted of saying the words “adom” and “yarok,” the
Hebrew words for “red” and “green,” respectively, in both load con-
ditions. A microphone collected the vocal responses for the reaction
time (RT) analysis, and the experimenter who sat behind the partici-
pant entered the correctness scoring of these responses during the
intertrial interval (1 sec). Errors were followed by a beep feedback
consisting of a 400-Hz tone presented for 50 msec.

Design and Procedure. The experiment consisted of a single
session, consisting of one practice block and four experimental
blocks. Each block was composed of five replications of each of
the four or eight combinations of letter identity and color, randomly
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intermixed. Here, each block consisted of 20 trials in the low-load
condition (2 colors X 2 letters X 5 replications) or 40 trials in the
high-load condition (4 colors X 2 letters X 5 replications), for a total
of 80 or 160 experimental trials, respectively.

The procedure for any given trial was as follows. After an intertrial
interval of 1 sec, the fixation mark appeared for 1 sec, followed by a
blank interval of 250 msec. Then the stimulus, a colored H or S, was
presented until both responses were made or until 2,500 msec had
elapsed. Manual responses were assigned to stimulus color (Task 1),
and vocal responses to letter identity (Task 2). Accordingly, the par-
ticipants first made a manual response to stimulus color and then
made a vocal response to the letter. They were required to perform
the two responses in strict serial order as quickly as possible while
maintaining high accuracy.

Results and Discussion

The data were treated exactly as in Hommel and Eglau’s
(2002) article, since we wanted to ensure that any discrep-
ancy between our results and theirs would not be due to dif-
ferential procedural or analytical approaches. Data associ-
ated with middle finger responses were excluded, because
these were available only for the high-load group. There-
fore, all the analyses are based exclusively on the data from
the two index finger responses and, hence, on conditions

with the stimulus colors red and green. We excluded pre-
mature Task 1 responses (RT1 < 150 msec, 0.13%), Task 1
response omissions (RT1 > 2 sec, 2.27%),! and R1 and/or
R2 error trials (5.45%). Responses in opposite order were
excluded from the RT analysis and were considered as er-
rors. For the remaining data, mean RT and the proportion of
errors (PE) were computed for each participant according
to response (primary or secondary), compatibility (compat-
ible, a red stimulus with a secondary response of “red,” or a
green stimulus with a secondary response of “green”; in-
compatible, a red stimulus with a secondary response of
“green,” or a green stimulus with a secondary response
of “red”) and alternatives (two or four Task 1 rules). The
group mean RTs and PEs for Task 1 are presented in
Figure 1A.

An alpha level of .05 was used for all the statistical tests.
The ANOVA on RT, with response and compatibility as
within-participants independent variables and alternatives
as a between-participants independent variable, yielded
three significant main effects: response [F(1,24) = 733.56,
MS, = 5,855.88], alternatives [F(1,24) = 10.54, MS, =
76,024.47], and compatibility [F(1,24) = 34.58, MS, =
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Figure 1. Mean reaction times (RTs) and proportions of errors (PEs) for the pri-
mary task according to working memory (WM) load in Experiment 1 (A) and Ex-
periment 2 (B). The data come from the two index finger responses—that is, only from
compatible and incompatible trials. Error bars indicate a 95% confidence interval com-
puted for the contrast examining the compatibility effect. C, category; R, response.
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11,523.47], indicating slower responses with secondary
(1,351 msec) versus primary (945 msec) responses, with
four (1,236 msec) versus two (1,060 msec) C1-R1 rules
and with an incompatible (1,210 msec) versus compatible
(1,086 msec) relationship between C1 and R2. The effect
of alternatives validates our WM load manipulation. Also,
the interaction between response and compatibility was sig-
nificant [F(1,24) = 6.01, MS, = 619.14], indicating larger
compatibility effects on secondary (136 msec) versus pri-
mary (112 msec) responses. More important, the interaction
between alternatives and compatibility was far from signifi-
cance, as was the three-way interaction (both F's < 1).

A parallel ANOVA on the PE data indicated a main effect
for compatibility [F(1,24) = 5.83, MS, = .001] and a three-
way interaction [F(1,24) = 8.49, MS, = .001]. Follow-up
planned contrasts showed that, for the primary responses,
there was a significant simple interaction between com-
patibility and alternatives [F(1,24) = 7.99, MS, = .002].
There was a significant simple—simple BCE in the low-
load condition [F(1,24) = 9.37, MS, = .002], but not in the
high-load condition (F < 1). In contrast, for the secondary
response, the simple interaction between compatibility and
alternatives was nonsignificant (F < 1).

This experiment replicates Hommel and Eglau’s (2002)
RT results. Although the BCE we observed (around
140 msec) was considerably larger than that observed by
Hommel and Eglau (56 msec), increasing the WM load
from two to four Task 1 rules affected RT in the expected
direction but did not influence the RT-BCE. However, the
PE-BCE was absent for the high-load condition, already
hinting that WM load is influential.2

EXPERIMENT 2

This experiment was identical to Experiment 1, except
that we used a higher WM load condition of six Task 1
rules, rather than four.

Method

Participants. Twenty-six undergraduate students with attributes
similar to those of the participants in Experiment 1 took part in this
experiment.

Apparatus, Stimuli, and Procedure. The only difference, rela-
tive to Experiment 1, was that the high-load condition involved six
Task 1 rules (higher load condition). The stimuli in the higher load
condition were presented in red, green, yellow, blue, white, or pink
color (S1). The manual responses in this condition were performed
by pressing the fand / keys with the index fingers to indicate that the
stimulus was red or green, the adjacent d and j keys to indicate that
the stimulus was yellow or blue (using the middle fingers), and the &
and s keys to indicate that the stimulus was white or pink (using the
ring fingers). Here, each block consisted of 20 trials in the low-load
condition (2 colors X 2 letters X 5 replications) or 60 trials in the
higher load condition (6 colors X 2 letters X 5 replications), for a
total of 80 or 240 experimental trials, respectively.

Results and Discussion

The data were treated as in Experiment 1. As before, all
the analyses are based exclusively on the two index finger
responses and, hence, on conditions with stimulus col-
ors red and green. As before, premature Task 1 responses
(RT1 < 150 msec, 0.32%), Task 1 response omissions

(RT1 > 2 sec, 0.82%; see note 1), and R1 and/or R2 error
trials (3.59%) were excluded. Responses performed in the
opposite order (R2—R 1) were excluded from the RT analy-
ses and were considered as errors. The group mean RT and
PE for Task 1 are presented in Figure 1B.

The ANOVA on RT, with response and compatibility as
within-participants independent variables and alternatives as
a between-participants independent variable, yielded three
significant main effects: response [F(1,24) = 599.22, MS, =
6,838.60], alternatives [F(1,24) = 9.12, MS, = 128,342.80],
and compatibility [F(1,24) = 18.71, MS, = 9,739.50], in-
dicating slower responses with secondary (1,384 msec) ver-
sus primary (987 msec) responses, with six (1,291 msec)
versus two (1,079 msec) C1-R1 rules, and with an incom-
patible (1,227 msec) versus a compatible (1,143 msec) re-
lationship between C1 and R2. The effect of alternatives
validates our WM load manipulation. More important, the
interaction between alternatives and compatibility was sig-
nificant [F(1,24) = 12.85, MS, = 9,739.50]. There was a
significant simple compatibility effect of 153 msec in the
low-load condition [F(1,24) = 31.29, MS, = 9,739.50] and
a nonsignificant simple compatibility effect of 14 msec in
the higher load condition (¥ < 1). Also, the three-way in-
teraction was significant [F(1,24) = 4.31, MS, = 514.40].
There was a significant simple interaction between alterna-
tives and compatibility for both responses [F(1,24) = 10.06
and 14.41, MS, = 4,678.40 and 5,575.50, for primary and
secondary responses, respectively]. In the primary response,
the BCE was reduced from 142 msec in the low-load condi-
tion [F(1,24) = 27.99, MS, = 4,678.40] to 22 msec in the
higher load condition (' < 1). In the secondary response,
the compatibility effect was reduced from 164 msec in the
low-load condition [F(1,24) = 31.46, MS, = 5,575.50] to
7 msec in the higher load condition (F < 1).

The PE analysis indicated a significant main effect of
compatibility [F(1,24) = 14.49, MS, = .001] and a signif-
icant three-way interaction [F(1,24) = 6.42, MS, = .001].
Follow-up planned contrasts showed that, for the primary
responses, there was a simple interaction between com-
patibility and alternatives [F(1,24) = 5.35, MS, = .001].
It resulted from a significant simple—simple BCE in the
low-load condition [F(1,24) = 12.87, MS, = .001] and
a nonsignificant simple—simple BCE in the higher load
condition (F < 1). In contrast, for the secondary response,
the simple interaction between compatibility and alterna-
tives was nonsignificant (F < ).

The present results, showing that BCE was reduced
to nonsignificant levels by higher WM load, support the
notion that holding multiple task rules in WM results in
parallel response activation.

EXPERIMENT 3

In the two previous experiments, we loaded WM by in-
creasing the number of primary task rules but, concomi-
tantly, we also increased the number of Task 1 stimuli.
It is therefore conceivable that increasing the number of
Task 1 stimuli was responsible for the eliminated BCE,
rather than the WM load being responsible, as we have
argued. One possibility is that increasing the number of
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primary task stimuli prolonged the stimulus discrimina-
tion stage of Task 1 and postponed the response activa-
tion stage (Hommel, 1998), thereby reducing the temporal
overlap between the two tasks. Another possibility is that,
in this particular paradigm, Task 1 stimuli prime Task 2
responses (Lien, Ruthruff, Hsieh, & Yu, 2007) and this
priming becomes weaker when fewer of the Task 1 stimuli
overlap with Task 2 responses, as took place in the high-
load and higher load conditions.

Aside from ruling out this alternative explanation, Ex-
periment 3 was also run in order to clarify the nature of the
task rules that give rise to the BCE. One hypothesis, the
S=R rule hypothesis, states that the rules link each stimulus
directly to its response. Another hypothesis, the C—R rule
hypothesis, is that the stimuli are linked to abstract response
categories and these response categories are linked, in turn,
to the responses (see Logan, 1990; Meiran & Kessler, 2008;
Pashler & Baylis, 1991; Schuch & Koch, 2003). The load
manipulations that were used in Experiments 1 and 2 could
not discriminate between these options because each con-
crete stimulus (color) was linked to a unique response cat-
egory. Nonetheless, the literature strongly favors the C—R
rule hypothesis. For example, Logan and Schulkind (2000)
used parity and magnitude judgments of eight digits. If each
digit was paired with the response through a separate link,
as the S—R hypothesis states, the load was such that no BCE
should have been observed (due to the enormous WM load:
8 S—R rules, in this case), but this effect was found none-
theless. Moreover, the participants in Logan and Gordon’s
(2001) Experiment 3 were asked to classify 96 pictures and
96 words into two categories. If each of the 192 stimuli
was linked to its response through a unique link, this would
most certainly exceed the capacity of WM by any estimate.
The C—R hypothesis can account for these results by assum-
ing that each stimulus was linked to its category through
overlearned associations in long-term memory (LTM)
and that WM held only the novel mapping of categories to
responses.

There was an additional, more technical motivation for
running Experiment 3, having to do with the fact that the
participants were not assigned to experiment (1 vs. 2) on a
random basis, and our primary finding concerns the differ-
ence between these two experiments. There was a hint that
participant differences contributed to the effects in the lack
of significant difference in the mean level of performance
between the high-load condition (Experiment 1) and the
higher load condition (Experiment 2), although a trend was
found. Such a lack of significant difference is unexpected,
given our claim that the WM load was influenced.

In this experiment, we included the three previous con-
ditions (low, high, and higher WM load) and included an
additional condition. In the low-load condition (henceforth,
2C28, for 2 categories and 2 stimuli), the participants had
two C1-R1 rules with two colors. In the high-load condition
(4C4S), the participants had four C1-R1 rules with four
colors. In the higher load condition (6C6S ), the participants
had six C1-R1 rules with six colors. In all these groups,
the number of C—R rules was confounded with the number
of stimuli (and potential S—R rules). The added condition,

2C6S, had only two C1-R1 rules involving six stimuli that
were the same as those used in the higher load condition
with two C—R rules that were the same as those used in the
low-load condition. To create the task, the six colors in this
condition were mapped to two categories: pink-related col-
ors (red, white, and pink) and green-related colors (yellow,
blue, and green). All the groups had the same secondary
task (letter identity) requiring a vocal response, the words
“pink” and “green” in Hebrew.

We predicted that we would replicate the results of Ex-
periments 1 and 2 in the first three groups, this time also
with the expected effects of WM load on mean RT that were
missing before, presumably due to participant differences.
Moreover, the last group enabled us to determine whether
the number of C—R rules or the number of S—R rules (and
stimuli) is critical. If the number of C—R rules is critical, the
2C6S group should produce results similar to those of the
2C2S group. If the number of stimuli (and S-R rules) mat-
ters most, the 2C6S condition should produce results that
are most similar to those for the 6C6S condition.

Moreover, if the BCE resulted from the Task 2 rules
that were held in WM, RT2 should be more strongly de-
layed by primary task performance when Task 2 rules are
not held in WM—that is, when BCE is not observed—
since Task 2 rules need to be uploaded to WM in se-
rial after Task 1 rules are uploaded. Specifically, we ex-
pected R2 to be slower in the 6C6S condition relative to
the remaining conditions and slower in condition 4C4S
relative to the 2C2S and 2C6S conditions, which would
not differ from one another. For the same reason, we
also expected bigger RT differences between Task 1 and
Task 2 responses—that is, longer interresponse intervals
(IRIs)—in the 6C6S condition relative to the remaining
conditions.

Method

Participants. Forty undergraduate students from Ben-Gurion
University of the Negev participated in this experiment. The partici-
pants were assigned to one of the four loading conditions according
to the order of entry.

Apparatus, Stimuli, and Procedure. This experiment was simi-
lar to Experiments 1 and 2, with the following exceptions. First, the
vocal responses were changed to “varod” and “yarok” (the Hebrew
words for “pink™ and “green,” respectively). The stimuli in the 2C2S
condition were presented in pink or green color, the stimuli in the
4C4S condition were presented in pink, green, yellow, or blue color,
and the stimuli in the 6C6S and 2C6S conditions were presented in
pink, green, yellow, blue, white, or red color. The manual responses in
the 2C2S and 2C6S conditions were pressing the f'(left) and 4 (right)
keys with the index fingers of both hands. The manual responses in the
4C4S condition were pressing the f'and / keys with both hands in re-
sponse to the pink or green stimuli (as in the low-load conditions) and,
in addition, pressing d and j in response to the blue or yellow stimuli
with the middle fingers of both hands. Finally, manual responses in the
6C6S condition were pressing the fand / keys with the index fingers
to indicate that the stimulus was pink or green, the adjacent d and j
keys to indicate that the stimulus was yellow or blue (using the middle
fingers), and the k£ and s keys to indicate that the stimulus was white
or red (using the ring fingers). In this experiment, each block was
composed of 20 trials in the 2C2S condition (2 colors X 2 letters X
5 replications), 40 trials in the 4C4S condition (4 colors X 2 letters X
5 replications), and 60 trials in the 6C6S and 2C6S conditions (6 col-
ors X 2 letters X 5 replications).3
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Results and Discussion

As in the previous experiments, all the analyses are
based exclusively on the two index finger responses (pink
or pink-related colors vs. green or green-related colors). As
previously, premature Task 1 responses (RT1 < 150 msec,
0.71%), Task 1 response omissions (RT1 > 2 sec, 1.80%;
see note 1), R1 and/or R2 error trials (4.58%), and tri-
als with potential response grouping (IRI < 100 msec,
15.83%) were excluded from data analyses. As before,
responses in the opposite order were excluded from the
RT analyses and were considered as errors. Mean RT and
PE for Task 1 are presented in Figure 2.

The ANOVA on RT1 yielded two significant main ef-
fects: group [F(3,36) = 16.18, MS, = 752,042.03] and
compatibility [F(1,36) = 27.4, MS. = 6,716.5]. Re-
sponses were slower with an increasing number of C—R
alternatives (878, 1,131, 1,315, and 975 msec for the
2C28, 4C4S, 6C6S, and 2C6S conditions, respectively)
and with an incompatible (1,118 msec) versus compatible
(1,022 msec) relationship between C1 and R2. Planned
comparisons revealed that all the group differences were
significant except for the differences between Groups
2C2S and 2C6S [F(1,36) = 1.34, n.s.]. The significant

differences include the comparison between the 2C2S
and 4C4S conditions [F(1,36) = 13.74], between the
4C4S and 2C6S conditions [F(1,36) = 6.48], between
the 2C2S and 6C6S conditions [F(1,36) = 40.89], be-
tween the 6C6S and 2C6S conditions [F(1,36) = 27.39],
and between the 4C4S and 6C6S conditions [F(1,36) =
7.22]. For all these comparisons, MS, = 4,646.98. These
results support the C—R hypothesis, which states that
WM is loaded by C—R rules and not by S—R rules.

No less important, the interaction between group and
compatibility was significant [F(3,36) = 3.35, MS, =
6,716.50]. Follow-up planned comparisons showed signifi-
cant simple BCEs of 176, 100, and 90 msec in the 2C2S,
4C4S, and 2C6S conditions, respectively [F(1,36) = 23.06,
8.21, and 6.02, respectively; all MS,s = 6,716.50], and a
nonsignificant simple BCE of 14 msec in the 6C6S condi-
tion (F < 1). Planned interaction contrasts compared the
BCE between groups. This contrast was nonsignificant for
the comparisons between the 2C2S and 4C4S conditions,
between the 2C2S and 2C6S conditions, and between the
2C2S and 2C6S conditions [F(1,36) = 2.76, 1.87,and 0.08;
n.s.]. Also, this contrast was significant for the comparisons
between the 2C2S and 6C6S conditions between the 4C4S
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Figure 2. Mean reaction times (RTs) and proportions of errors (PEs) for the pri-
mary task according to group (working memory [WM] load) in Experiment 3. The

data for all groups of WM condition come

from the two index finger responses—that

is, only from compatible and incompatible trials. Error bars indicate a 95% confi-
dence interval computed for the contrast examining the compatibility effect.
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and 6C6S conditions [F(1,36) = 9.94 and 3.18, respec-
tively] and was marginally significant for the comparison
between the 2C6S and 6C6S conditions [F(1,36) = 2.22,
p = .083; all MS,s = 6,716.50].

The PE analysis indicated a significant main effect
of compatibility [F(1,36) = 4.54, MS, = .03] and a sig-
nificant interaction between compatibility and group
[F(3,36) = 3.45, MS, = .02]. Follow-up planned compari-
sons showed a simple BCE that was significant solely in
the 2C2S condition [F(1,36) = 13.53, MS, = .0001] and
nonsignificant in the 4C48S, 6C6S, and 2C6S conditions
[F(1,36) = 0.03,0.12, and 1.23, respectively; n.s.].

We also tested our predictions on RT2 to support our
claims concerning Task 2 readiness in WM. The ANOVA
revealed a significant effect for group [F(3,36) = 22.44,
MS, = 49,923.75]. As was expected, R2 was slower in the
6C6S conditions relative to the 4C48S, 2C2S, and 2C6S
conditions [F(1,36)= 16.16, 51.61, and 48.25, respec-
tively; MS, = 49,923.75], slower in the 4C4S condition
than in the 2C2S and 2C6S conditions [F(1,36)= 10.01
and 8.56, respectively; MS, = 49,923.75], and nonsignifi-
cantly different in the 2C2S and 2C6S conditions (F < 1).
These results support our hypothesis that Task 2 readiness
is achieved by holding Task 2 C—R rules activated in WM.

The final comparisons concern the unique Task 2 slow-
ing. According to response selection bottleneck theory
(Pashler, 1994, 1998) and response deferment theory
(Byrne & Anderson, 2001), R1 prolongation propagates
into RT2 because the Task 2 processing stage at or after
the bottleneck must wait until the processors are freed
from Task 1 processing. If the group effect on RT2 merely
reflects the group effects on RT1, one would predict that
RT2 prolongation would be equivalent for all groups. Con-
trary to this expectation, we found a greater degree of R2
prolongation in the 6C6S condition, relative to the other
conditions (see Figure 3). This result suggests that Task 2
was especially prolonged in this condition, in line with
our reasoning that Task 2 rules were present in WM while
Task 1 was performed in all the conditions except the 6C6S
condition. Specifically, when RT2 and RT1 were entered
into a single ANOVA with response (1 vs. 2) and group
as independent variables, the interaction was statistically
significant [F(3,36) = 3.98, MS, = §8,184.92]. We con-
ducted a series of follow-up planned interaction contrasts
between contrasts comparing group pairs and response.
All the comparisons not involving Group 6C6S yielded
nonsignificant differences [F(1,36) = 0.52,2.36, and 0.66
for the comparisons between Groups 2C2S and 4C4S, be-
tween Groups 2C2S and 2C6S, and between Groups 4C4S
and 2C6S, respectively; all MS,s = 8,184.92]. In contrast,
all the comparisons involving Group 6C6S were signifi-
cant [F(1,36) = 3.14, 6.22, and 10.96 for the compari-
sons with Groups 2C2S, 4C48S, and 2C6S, respectively;
all MS,s = 8,184.92].

As in Experiments 1 and 2, we found that the BCE
was reduced to nonsignificant levels in the higher load
(6C6S) condition. We also refuted the two alternative ex-
planations concerning prolonged stimulus discrimination
and priming of Task 2 rules by Task 1 stimuli, because
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Figure 3. Mean reaction times (RTs) for primary and second-
ary tasks according to group (working memory [WM] load) in
Experiment 3.

the 2C6S condition yielded a significant BCE in spite of
being equivalent to the 6C6S condition, which was iden-
tical to it in these respects and yielded a negligible and
nonsignificant BCE. Finally and most important, the pres-
ent results clearly show that WM holds C-R rules and not
S—R rules, because the number of C—R rules determined
the overall RT and the BCE, and not the number of stimuli
or S-R rules. The present results support again the notion
that holding multiple rules for both tasks in WM results in
parallel response activation. When WM is loaded by many
Task 1 rules, Task 2 rules cannot be held in preparation in
WM while Task 1 is executed, and Task 2 responses are
prolonged while the BCE is eliminated.

PRACTICE EFFECTS

Because the direct link model assumes that repeatedly
used task rules are held in long(er) term memory, this model
predicts that the BCE will increase with practice. We there-
fore examined how practice (block) affected the BCE. As
can be seen in Figures 4A, 4B, and 4C, there was a trend for
an increase in the BCE only in the low-load condition. To
examine whether the increase in BCE was significant, we
computed a series of planned simple-interaction contrasts
between compatibility and the contrasts that compared ad-
jacent blocks only in the low-load conditions—that is, in
the low-load condition of Experiments 1 and 2 and in Con-
ditions 2C2S and 2C6S in Experiment 3. In all the experi-
ments, all the comparisons were nonsignificant. However,
this might be due to the relatively small increases in the
effect from block to block. Therefore, we ran a series of
similar contrasts that compared the first and the last blocks
separately in each experiment. Here, the BCE was signifi-
cantly larger in the last block, relative to the first block, in
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Figure 4. Mean reaction times (RTs) for primary task according to block, compatibility, and working memory (WM) load in Experi-

ment 1 (A), Experiment 2 (B), and Experiment 3 (C).

the low-load WM condition in Experiment 1 [F(1,24) =
6.18, MS, = 8,059.19], in the low-load WM condition in
Experiment 2 [F(1,24) = 4.48, MS, = 6,443.02], and in the
2C2S condition in Experiment 3 [F(1,24) = 10.90, MS, =
6,141.84]. In contrast, this comparison was nonsignificant
in the 2C6S condition in Experiment 3 (F' < 1).

Two alternative (not necessarily mutually exclusive)
explanations are offered for the results above. First, after
practice, responses can be activated by direct S—R links
outside WM, in addition to being activated from rules held

in WM. Furthermore, the high and the higher WM loads
may have prevented retrieving these direct links from LTM.
Alternatively, the direct links are held in rule complexes, so
that when the rule complex is retrieved, it supports paral-
lel response activation. However, for these complexes to
be placed in LTM, they must first be simultaneously held
in WM (see Jiménez & Méndez, 1999, for a related idea).
Accordingly, in the high-load and higher load conditions, it
was impossible to hold all the rules simultaneously active,
which prevented the formation of rule complexes.
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DISTRIBUTIONAL ANALYSES

Our results show that the BCEs are eliminated in condi-
tions with longer RTs. One could argue that it is response
prolongation per se that caused the elimination of the
BCE, and not the WM load. This account is unlikely to
be correct because Hommel (1998) observed increasing
BCEs with longer RTs in all of his experiments. We none-
theless wanted to rule out this account of our own data. In
order to address this problem, we performed a Vincentiz-

ing procedure (Ratcliff, 1979) on the RT1 data. For each
participant and cell in the design, the 5th, 25th, 50th, 75th,
and 95th RT percentiles were computed. As can be seen
in Figure 5, the BCE was absent throughout the distribu-
tion in the higher load conditions of Experiments 2 and 3.
Moreover, in conditions in which the BCE was present
in the means, it increased, rather than decreased, with
relative response speed, replicating the results in Hommel
(1998). These results fully rule out slowing as an account
for our core finding.
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GENERAL DISCUSSION

In the present article, we examined the hypothesis that
the BCE results from holding Task 2 rules in WM while
performing Task 1. To this end, we followed up on an ear-
lier article by Hommel and Eglau (2002), who rejected
this hypothesis. In Experiment 1, we were able to replicate
their findings by showing that the BCE in RT was sta-
tistically the same for conditions involving two and four
task rules. This was critical in showing that the Experi-
ment 2 results were not merely a replication failure. Using
a higher WM load condition with six task rules in Experi-
ment 2 reduced the BCE to nonsignificant levels. Finally,
in Experiment 3, we replicated these results in a single
experiment, ruled out some alternative explanations, and
most important, showed that WM holds C—R rules, rather
than S—R rules. These results suggest that the effect of
WM load may not be monotonic and that it shows up only
when extreme loads are used, so that this limited capacity
system is pushed to its limits.

Our results confirm our hypothesis and suggest that
Task 2 readiness is achieved by holding its rules in WM. This
idea is in line with the prepared reflex metaphor suggested
by Woodworth (1938) and revived by Hommel (2000) and
Logan (1978; see also Kunde, Kiesel, & Hoffmann, 2003).
In modern terms (see Cohen-Kdoshay & Meiran, 2007), the
idea of a prepared reflex is that, once the task rules (or #rig-
ger conditions) are placed in WM, stimulus information is
translated more or less autonomously into the correspond-
ing response activation. The readiness of the rules expedites
response activation, but serial response selection still needs
to be done (Hommel, 1998).

An interesting implication of our (confirmed) hypoth-
esis is that Task 2 rules can be activated while Task 1 is
performed, as long as there is enough WM capacity to hold
both tasks sets activated. If so, a major challenge in dual-task
situations is ensuring that Task 2 will not be executed before
Task 1, in line with recent theorizing on dual-task perfor-
mance emphasizing the contribution of task order control
to performance (Logan & Gordon, 2001; Luria & Meiran,
2003, 2005, 2006; Meyer & Kieras, 1997a, 1997b).

Implications for Dual-Task Theories

The present results challenge some current theories of
dual-task performance. Basically, the existence of the BCE
challenges theories assuming that response activation is se-
rial (Byrne & Anderson, 2001) and theories assuming that
there is only serial response selection (e.g., Pashler, 1984;
Ruthruff, Pashler, & Hazeltine, 2003; Ruthruff, Pashler, &
Klaassen, 2001). This claim, however, is not new (cf. Miller
& Alderton, 2006; Watter & Logan, 2006) and not entirely
conclusive, because response activation, and not response
selection, may be carried out in parallel (e.g., Hommel,
1998). The novel aspect of our results is that the BCE re-
sults from rules that operate inside WM. This finding is not
predicted by theories that assume that task rules reside out-
side WM (Meyer & Kieras, 1997a, 1997b) or theories that
assume that the BCE originates in the task execution mod-
ules, which also reside outside WM (Logan, 2002; Logan
& Gordon, 2001). Although the result is not predicted by

these theories, it does not refute the theories. The reason is
that the extreme WM load manipulation may have signaled
increased control demands that, in turn, resulted in a shift
to a more serial processing (Logan & Gordon, 2001; Luria
& Meiran, 2005). Alternatively, Logan and Gordon’s model
could potentially explain our effects by the increased load
on the number of bias parameters that are simultaneously
held in WM, although this remains to be shown.

We suggest that the present results are most naturally
explained by capacity-sharing theories (Navon & Miller,
2002; Tombu & Jolicceur, 2003), in which a fixed, limited
capacity for response selection is shared between the tasks.
It is assumed that the capacity is devoted to the activation of
task rules within WM. From this point of view, when WM is
not overloaded, there is sufficient spare capacity to activate
Task 2 rules while Task 1 is performed. As a result, Task 2
responses are activated (but not selected and prepared yet),
giving rise to the BCE. When the WM load is overloaded,
there is no spare capacity, and the entire capacity is devoted
to the activation of Task 1 rules when this task is performed.
As a result, the BCE is eliminated in this condition.

Methodological Implications for Testing
‘WM Load Effects

As in previous studies (see, e.g., Baddeley & Hitch’s
[1974] classic study), we showed that the influence of
WM load on performance may not be monotonic and may
show up only with extreme loads. Therefore, in order to
observe performance decrements due to WM load, one
needs to push the system to its limits.
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NOTES

1. This cutoff is relatively aggressive and potentially influences factor
effects. To check for this possibility, we ran all the analyses without this
cutoff, meaning that the longest RT could be 2.5 sec (the response dead-
line that we used). The pattern of significant effects was not influenced
by this change in the analyses in any of the experiments.

2. For exploratory reasons, we took advantage of the fact that there
were S1 colors not having any compatibility relationship and used these
responses as a baseline against which the compatible and the incompat-
ible conditions were compared. These analyses were conducted sepa-
rately for each experiment. We are aware of the fact that this comparison
is problematic because condition is confounded with both color and
responding finger.

In Experiment 1, trials with blue or yellow stimuli served as the base-
line, whereas blue, yellow, white, and pink stimuli served as the baseline
in Experiment 2. In all the experiments, baseline RTs were shorter than
both incompatible and compatible RTs. Therefore, we adopted a stringent
criterion and compared the baseline RTs with the (quicker) compatible
RTs. The mean RTs were 987 msec (compatible) versus 929 msec (base-
line) in Experiment 1 and 1,066 msec versus 983 msec, respectively, in
Experiment 2 [F(1,12) = 3.99 and 8.78, MS, = 5,594.94 and 5,158.91,
respectively]. The results of this analysis are surprising in that the base-
line did not fall between the compatible and the incompatible conditions,
as one might expect. A potential explanation for this result is that there
was less code conflict in the neutral trials because the color codes were
different from the response codes of Task 2. Such code conflict should
affect performance, according to Logan and Gordon (2001).

3. The number of trials per block differed between the conditions
for the reasons specified in the Method section. In order to show that
this difference was not a contributing factor to our primary finding, we
conducted an analysis on the first 20 trials of the blocks, thus equating
the conditions in this respect. This analysis produced the same pattern
of significant results as did the core analysis. Specifically, the planned
comparisons with an alpha of .05 showed significant BCEs of 179, 98,
and 102 msec in the 2C28S, 4C4S, and 2C6S conditions, respectively
[F(1,29) = 14.15,3.82, and 3.58, respectively] and a nonsignificant BCE
of —58 msec in the 6C6S condition (F < 1; all MS,s = 45,626.9).
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