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Abstract In dual-task performance, the backward compati-
bility effect (BCE; faster Task 1 reaction time when Task 1
and Task 2 responses are compatible) is thought to represent
automatic activation of Task 2 response information in parallel
with attended Task 1 performance. Work by Hommel and
Eglau (Psychological Research, 66, 260–273, 2002) has sug-
gested the BCE relies on stimulus-response learning in long-
term memory. Subsequent work by Ellenbogen and Meiran
(Memory and Cognition, 36, 968–978, 2008), however, pro-
posed that the BCE is mediated by Task 2 rules held in work-
ing memory (WM) during Task 1 performance. The present
study aimed to dissociate these two theoretical claims. In
Experiment 1, we assessed the effects of prior single-task
practice with Task 1 or Task 2 of a subsequent dual-task par-
adigm. Where the WM-mediated model predicts both BCE
and overall reaction time improvement relative to prior task
practice, an episodic learning model makes divergent predic-
tions for BCE based on the context specificity of prior Task 2
learning. Results showed a close fit with episodic predictions
and contradictedWMmodel predictions. Experiment 2 exam-
ined the finer grained timecourse of BCE over initial

development, subsequent interference of this initial learning
on BCE development with new conflicting Task 2 response
mappings, and finally reestablishment of BCE in the original
dual task. Data again showed close agreement with long-term
learning predictions. We argue in favor of an episodic account
of the BCE, and consider implications of WM and episodic
mechanisms of automatic response activation on other aspects
of dual-task performance.

Keywords Psychological refractory period . Dual-task
processing . Backward response compatibility . Divided
attention . Episodicmemory .Workingmemory . Practice
effects

It is well established that performance on a given task is im-
paired when it is performed concurrently with a second task
compared to when it is performed on its own (Pashler, 1994;
Telford, 1931; Welford, 1952). The psychological refractory
period (PRP) paradigm has become a popular method for
studying the fine-grained timecourse of dual-task perfor-
mance. Here, the stimuli for two tasks are presented, separated
in time by a variable stimulus onset asynchrony (SOA), and
response times for both tasks are evaluated. In a wide range of
studies, Task 1 is seen to be relatively unaffected by SOA, but
Task 2 reaction times (RT) increase as SOA decreases and
tasks overlap more in time. In cognitive psychology, this
dual-task interference has classically been thought to be the
result of a structural bottleneck in central information process-
ing, typically identified as response selection, that prevents
two tasks from being fluently processed at the same time
(Pashler, 1994; Pashler & Johnston, 1998).

Many studies support the general notion of a strict bottle-
neck in central response selection. For example, studies have
demonstrated that dual-task interference persists after
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substantial amounts of dual-task training (Ruthruff, Johnston,
& Van Selst, 2001; Tombu & Jolicoeur, 2004; Van Selst,
Ruthruff, & Johnston, 1999), when participants are instructed
to place equal emphasis on both tasks (Ruthruff, Pashler, &
Hazeltine, 2003; Ruthruff, Pashler, & Klaassen, 2001), and
even after strong incentives for parallel performance
(Ruthruff, Johnston, & Remington, 2009).

The backward compatibility effect

A number of studies have shown evidence that despite persis-
tent overall Task 2 RT costs, response information for Task 2
can be generated in parallel with focused Task 1 performance
in these dual-task situations (Ellenbogen & Meiran, 2008;
Hommel, 1998; Hommel & Eglau, 2002; Lien & Proctor,
2000; Logan, Miller, & Strayer, 2011; Miller, 2006; Miller
& Alderton, 2006; Thomson & Watter, 2013; Thomson,
Watter, & Finkelshtein, 2010; Watter & Logan, 2006). These
effects are observed as compatibility effects on Task 1 reaction
time when meaningful correspondences exist between the
Task 2 response and the Task 1 response or between the
Task 2 response and the Task 1 stimulus. These effects have
collectively become known as “backward compatibility ef-
fects” (BCEs) and have been suggested by a number of au-
thors to influence Task 1 central response selection processing
rather than later postbottleneck motor processing in Task 1
(e.g., Hommel, 1998; Thomson & Watter, 2013; Thomson
et al., 2010). BCEs are most reliably observed in dual-task
RT data at very short SOAs, where tasks overlap sufficiently
to allow Task 2 response information to be generated in time
to produce compatibility effects on Task 1 response selection.

The mechanism responsible for generating these backward
compatibility effects has been the topic of a number of studies
and is the focus of our present paper. In the first major
investigation of BCEs, Hommel (1998) suggested two alter-
native mechanisms for Task 2 response activation in parallel
with attended Task 1 performance. In the transient-linkmodel,
multiple S-R mapping rules are held online in working mem-
ory (WM), and these rules facilitate the automatic retrieval or
activation of responses relative to presented Task 2 stimuli. In
contrast, in the direct-link model, experience performing the
task produces learning of S-R associations in long-term mem-
ory that automatically retrieve or activate responses relative to
presented Task 2 stimuli. Hommel (1998) speculated that the
transient-link model may be more likely, given BCEs were
observed to develop relatively quickly with practice.

Hommel and Eglau (2002) subsequently performed a more
thorough comparison of these alternative mechanisms by test-
ing the effect of WM load on the BCE. Hommel and Eglau
(2002) manipulated WM load by varying the number of task
rules for a given task, and found consistent BCEs despite this
varying WM load. In addition to a lack of WM load effects,

they demonstrated that once BCEs had developed in dual-task
performance, they persisted when participants performed only
Task 1 of the dual-task pair. In this situation, Task 2 response
information was activated automatically in the presence of the
Task 2 stimulus, even though participants no longer performed
or intended to perform Task 2. Hommel and Eglau (2002) also
demonstrated that previously learned Task 2 S-R associations
could interfere with subsequent S-R mappings with a new
Task 2 when these relationships overlapped or competed.
From this set of findings, they made a strong case for a
direct-link long-term memory account of backward compati-
bility effects. Hommel and Eglau (2002) noted that either a
traditional S-R learning model account (strengthening of di-
rect, permanent S-R associations; e.g., Thorndike, 1927) or an
episodic memory account (accumulation of multiple traces of
S-R episodes over trials; e.g., Logan, 1988) were both poten-
tial alternative models for a direct-link account of BCEs.

More recently, however, Ellenbogen and Meiran (2008)
argued that backward compatibility effects are mediated via
a WM-dependent transient-link-style model after all.
Ellenbogen and Meiran concentrated on the WM capacity
findings of Hommel and Eglau (2002) and suggested that this
earlier work may have failed to detect an influence of WM
because participants’WMcapacity was not sufficiently taxed.
Ellenbogen and Meiran first closely replicated Hommel and
Eglau’s Experiment 2, with the same null effects on BCEs,
and then demonstrated that they could completely abolish
BCEs by placing more extreme demands on WM. Across
several experiments, Ellenbogen and Meiran demonstrated
that when a large number of category-to-response mapping
rules were required for Task 1, BCEs were not observed in
their dual-task data. They attributed this finding to participants
being unable to instantiate Task 2 mapping rules inWM along
with the Task 1 rules during Task 1 performance in this high-
demand condition, leading to a lack of transient-link-mediated
Task 2 response activation.

Working memory versus episodic mechanisms
of the BCE

Our goal in the present study was to critically examine direct-
link versus transient-link accounts of backward compatibility
effects. To achieve this, we need to carefully consider what
predictions these alternative models make for BCEs and for
related observable aspects of dual-task behavior. We consider
three distinct models here: a WM-mediated transient-link
model, as described by Ellenbogen and Meiran (2008); a sim-
ple S-R associative learning direct-link model; and an episodic
direct-link model.

Ellenbogen and Meiran (2008) have described a WM-
mediated transient-link model, and it is their particular version
of this model we consider here. The critical assumption of
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WM-mediated BCE is that Task 2 rules are instantiated in
WM along with Task 1 rules during attended Task 1 perfor-
mance, mediating automatic Task 2 response activation to
produce BCEs. This model claims that, in dual-task perfor-
mance, WM capacity is dedicated to rule representation; so
long as WM capacity is not overloaded by representing rules
for Task 1, participants will simultaneously represent Task 2
rules in WM during Task 1 performance in order to be better
prepared for eventual Task 2 performance (Ellenbogen &
Meiran, 2008). This model predicts potentially abrupt appear-
ance and disappearance of BCEs, depending on WM instan-
tiation of Task 2 rules. When participants stop performing one
set of tasks and begin performing a new dual task combination
(with different S-R mappings), the WM-mediated model pre-
dicts that BCEs should rapidly appear in the new task situa-
tion, to the extent that participants are able to adequately un-
derstand, represent, and perform the task. This model also
predicts that if participants are not actively representing rules
from a prior Task 2 inWM, then prior Task 2 S-R relationships
should not show interference effects via current task BCEs.

We can distinguish two general kinds of direct-link models
– a traditional learning account, where particular S-R associ-
ations are learned and strengthened over experience with mul-
tiple trials, and an episodic account, where multiple instances
or episodes of S-R bindings are accrued over multiple trials.
Both kinds of direct-link models predict increasing BCEs with
continued practice of Task 2. A traditional learning account
makes the simple prediction of increasing BCE dependent on
the amount of prior Task 2 practice, generally independent of
the context of prior Task 2 learning. The episodic version of a
direct-link model predicts similar effects of practice given a
consistent task context. In both models, BCEs are produced
when Task 2 response information is automatically activated
from a presented Task 2 stimulus, in parallel with attended
Task 1 performance. These direct-link models do not depend
on available WM capacity for Task 2 rule representation to
elicit automatic S-R activation for Task 2 to produce BCEs.
The acquisition of these S-R associations, however, does rely
on WM indirectly, via eventual attended Task 2 performance
within the dual-task setting. These direct-link models distin-
guish the acquisition of S-R associations for Task 2 (learned
during deliberate attended performance of Task 2) from the
automatic activation of Task 2 S-R associations when the Task
2 stimulus is present in parallel with deliberate Task 1 perfor-
mance, observed as BCEs.

The episodic direct-link model

An episodic direct-link model makes the same predictions as a
traditional direct-link learning model with practice within a
consistent task context, but it also predicts that the context of
prior Task 2 performance and learning will influence how

subsequent Task 2 automaticity, and hence BCEs, are
expressed. More detailed and nuanced views of this kind of
mechanism have been developed over the past decade, all of
which point increasingly to the important role of contextual
specificity in encoding and later retrieval for many aspects of
speeded choice performance and related attentional and cog-
nitive control components of this behavior (e.g., Crump &
Milliken, 2009; Crump, Vaquero, & Milliken, 2008;
Hommel, 2007, 2009; Jacoby, Lindsay, & Hessels, 2003;
Waszak, Hommel, & Allport, 2003; see Hommel, 2004, for
a brief overview). BCEs in the episodic model are assumed to
reflect activation of response information from prior contex-
tually sensitive Task 2 S-R episodes, in parallel with attended
Task 1 performance. Similar to the traditional learning direct-
link model described previously, the acquisition and learning
of these Task 2 S-R episodes most likely comes from attended
performance of Task 2 within the general dual-task or exper-
imental context and not in parallel with attended Task 1 per-
formance (see Jiménez & Méndez, 1999, for related work on
learning of implicit associations in attended versus unattended
situations). Learning of separate S-R episodes within a con-
textually sensitive long-term memory system should produce
BCEs that are themselves sensitive to the context in which
previous S-R episodes are acquired (with respect to how well
context of prior learning matches the context in which BCEs
may be expressed).

We can consider our predictions for an episodic direct-
link model based on Hommel’s (2007, 2009) general event
file framework and the relative disruption to performance
that occurs with a partial match of prior episodic content to
current performance, versus a complete match or a com-
plete mismatch. If a current dual-task context is consistent
with the earlier context in which prior Task 2 S-R learning
occurred (a complete match), automatic Task 2 S-R trans-
lation should be elicited and will drive BCEs. If there is no
prior Task 2 experience, then there is no episodic support
for a new Task 2 (a complete mismatch) – here we predict
no BCEs initially, with the development of Task 2 automa-
ticity and thus BCEs over subsequent dual-task practice. If
there has been prior Task 2 experience in a different con-
text than the current dual-task situation, it is possible that
the partial match (and partial mismatch) to the current dual-
task context will not elicit substantial Task 2 S-R automa-
ticity, leading to a relative lack of BCEs, despite prior Task
2 acquisition of these S-R episodes. In addition, the conflict
arising from these partial contextual matches may addition-
ally interfere with the development of Task 2 automaticity
driving BCEs in the new dual-task context. Observing a
relative lack or suppression of BCEs given prior Task 2
practice in a different task context, compared to BCEs from
prior context-matched Task 2 practice or even the absence
of prior Task 2 practice, is a unique prediction of an epi-
sodic direct-link model of the BCE.
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The present study

In order to distinguish these issues, we need to look for exper-
imental predictions that will dissociate transient-link and
direct-link accounts of backward compatibility effects and, if
possible, test the unique predictions of an episodic direct-link
model. We suggest two possible dissociations, and tested each
in separate experiments. In Experiment 1, we investigated the
effect that prior single-task practice with Task 1 and/or Task 2
had on subsequent BCEs and overall RTs in dual-task perfor-
mance. This experiment directly tests predictions of an epi-
sodic direct-link account by examining the effect of prior Task
2 practice context on subsequent dual-task performance. In
Experiment 2, we more closely examined direct-link model
predictions of how BCEs should develop over time. To antic-
ipate our findings, Experiment 1 demonstrated a pattern of
data that fits episodic predictions and is not well explained
by a WM-mediated transient-link model or a traditional S-R
learning direct-link model. Experiment 2 produced a detailed
pattern of interference effects on BCEs predicted by direct-
link models and reinforces the episodic account suggested by
Experiment 1. Finally, in the General Discussion, we consider
our findings along with experiments from Ellenbogen and
Meiran (2008) and Hommel and Eglau (2002), and other the-
oretical constraints on dual-task performance in the presence
of parallel response activation.

Experiment 1

In Experiment 1, we examined the influence of previous
single-task practice with Task 1 and/or Task 2 on subsequent
dual-task performance, with respect to the presence and
timecourse of development of backward compatibility effects
as well as overall RT performance. We defined four between-
participants experimental groups, all of which performed the
same dual task in the latter half of their experimental session.
Each group performed a different combination of single tasks
in alternating blocks prior to dual-task performance. In the
Practice-Both group, participants practiced Task 1 and Task
2 of the upcoming dual-task paradigm as single tasks; in the
Practice-T2 group, participants practiced Task 2 and a differ-
ent filler task as single tasks; in the Practice-T1 group, partic-
ipants practiced Task 1 and a different filler task as single
tasks; and in the Practice-None group, participants practiced
two different filler tasks prior to dual-task performance.

For a WM-mediated account, Ellenbogen and Meiran
(2008) argued that BCEs should be present in suitable dual-
task situations to the extent that participants have available
capacity to represent both Task 1 and Task 2 rules in WM
during attended performance for Task 1. We suggest that prior
to dual-task performance, single task practice on either Task 1
or Task 2 of the dual-task should generally improve a

participant’s ability to more quickly and/or more strongly in-
stantiate rules inWM for that task. With prior practice on Task
2, participants should be better prepared to instantiate Task 2
rules in WM along with Task 1 rules during Task 1 perfor-
mance in a dual-task setting, predicting more reliable or robust
BCEs versus no prior Task 2 practice. Prior practice on Task 1
might also produce a larger BCE in dual-task performance, as
practice representing Task 1 rules may allow more WM ca-
pacity to be allocated to represent Task 2 rules. These predic-
tions of prior practice on BCE effects are in the same direction
as more general predictions on overall Task 2 RT effects – we
predict that a previously practiced single task will show a
relative RT benefit under dual-task performance compared to
having not practiced that task.

A traditional learning direct-link model makes the simple
prediction that prior Task 2 single-task practice should help to
develop Task 2 S-R learning and automaticity, which should
produce BCEs in later dual-task performance. Prior single-
task practice of Task 1 may facilitate later general dual-task
performance, including, possibly, more rapid development of
Task 2 automaticity during dual-task performance, due to re-
duced costs of Task 1 performance allowing greater capacity
or focus on learning the new Task 2. These predictions are
similar to those from the WM-mediated transient-link model,
though they are made on the basis of prior learning and auto-
maticity of Task 2 S-R associations and do not require WM
instantiation of Task 2 rules in parallel with Task 1 perfor-
mance in order to produce BCEs.

In contrast, an episodic model predicts that the contextual
details of prior Task 2 practice will be important predictors of
BCEs in dual-task performance. If participants have had prior
Task 2 single-task practice, the degree to which dual-task per-
formance incorporates a similar general-task context com-
pared to prior Task 2 practice should be important. Here, we
predict that the Practice-Both condition should produce strong
BCEs, where dual-task performance incorporates both prior
interleaved single tasks; in turn, we might expect relatively
reduced or nonexistent BCEs in the Practice-T2 condition,
where dual-task performance incorporates this Task 2 with a
new task as Task 1, relative to prior interleaved single task
practice. With no prior Task 2 practice, the episodic direct-link
model predicts the development of BCEs over time with a
novel Task 2 in dual-task performance. This should be the
case, independent of whether or not Task 1 was practiced
– Task 2 automaticity should develop over the course of
dual-task performance, with no interference from prior
contextually mismatched Task 2 S-R learning. This pre-
dicted pattern of BCEs is distinct from the pattern of
general enhancement to overall Task 1 and Task 2 RT in
dual-task performance that we expect given prior single-
task practice, and it is distinct from the predicted pattern
of BCEs under both the WM-mediated transient-link mod-
el and a traditional learning direct-link model.
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Method

Participants

One hundred and three participants (87 females, mean age =
18.6 years) were recruited from the McMaster University un-
dergraduate population. They were all enrolled in psychology
courses and received partial course credit for their participa-
tion. This study was approved byMcMaster’s Research Ethics
Board, and all participants gave written informed consent pri-
or to beginning the experiment. All participants had normal or
corrected to normal visual acuity, and normal color vision.

Apparatus and stimuli

Stimuli were presented either on a 19-in. ViewSonic
Professional Series P95f+ CRT monitor controlled by a Dell
Dimension 4600 computer or a 21.5-in. Samsung SyncMaster
B2240 LCDmonitor controlled by an HP Pro 3130 computer,
using Presentation software (www.neurobs.com). The stimuli
were identical in physical size across the two monitors.
Participants were seated approximately 60 cm from the
computer monitor, and their responses were collected using
a standard keyboard, the mouse, or the thumb joystick of a
gamepad, depending on the task being completed.

Four basic tasks were used. For the shape task (dual-task
Task 1), the stimuli were line drawings of a star, a diamond, a
circle, and a pentagon, filled in white. The height and width of
each shape was approximately 1.25 degrees of visual angle.
For the color task (dual-task Task 2), the stimuli were filled
squares presented in orange, yellow, blue, or purple, with
height and width of 1.25 degrees of visual angle. The stimuli
for the case task (one of two filler tasks) were four letters from
the English alphabet (A, E, G, and R), presented either in
uppercase or lowercase Helvetica font, scaled to approximate-
ly 1.25 degrees of visual angle. Finally, in the size task (the
second filler task), the stimuli were eight five-letter nouns,
four of which referred to items that were larger than the com-
puter monitor (bench, stove, piano, canoe), and four that re-
ferred to items smaller than the computer monitor (cigar, pearl,
badge, spoon), scaled to an approximate height of 1.25 de-
grees of visual angle. All stimuli other than color patches were
presented in white on a black background; color patches were
solid color, not outlined in white, to emphasize the color value
and not the square shape of the color patch.

Design

An outline of the experimental design and procedure is shown
in Fig. 1. All participants completed a variable single-task
phase followed by a common dual-task phase. In the single-
task phase, participants practiced two different single tasks,

alternating between these two tasks twice in counterbalanced
order before commencing the dual-task phase.

The tasks used in the single-task phase consisted of some
combination of the component tasks used in the dual-task
phase (Task 1, Task 2) and/or two filler tasks that were not
encountered in the dual-task phase. For initial single-task
practice, participants in the Practice-Both group practiced
shape and color tasks (Task1 and Task 2 of the dual-task
paradigm, respectively). Participants in the Practice-T2 group
initially practiced color (Task 2) and case (filler) tasks.
Participants in the Practice-T1 group initially practiced shape
(Task 1) and case (filler) tasks. Participants in the Practice-
None group initially practiced case and size tasks (both filler).
The dual-task phase incorporated the shape and color tasks as
Task 1 and Task 2, respectively, of a typical PRP paradigm.

For shape (Task 1) and color (Task 2) in both the single-
and dual-task phases, responses were collected using the num-
ber pad of a standard computer keyboard. Responses to the
filler tasks were made using either gamepad joystick move-
ments (case task) or mouse movements (size task) in order to
minimize response mapping overlap with the tasks used in the
dual-task phase.

Procedure

Single task In the shape task, participants performed shape
discrimination, pressing one response key if the shape was
either a star or a diamond and a different response key if the
shape was a circle or a pentagon. Trials began with a fixation
display consisting of two white dashes in the center of the
screen against a black background, flanking the position
where the shape would appear. After 500 ms, the fixation
display was replaced with the shape stimulus for 1,000 ms,
followed by a blank screen for 1,500 ms, until the next trial
began. Participants responded by pressing the 1 or 2 key on
the number pad of a standard computer keyboard using the
index or middle finger of the right hand. Response mapping
was counterbalanced across participants. In the color task,
participants judged the color of a filled square stimulus by
pressing one response key if the color was yellow or orange
and another if the color was purple or blue. The trial sequence
and response keys were identical to those in the shape task.

In the case task, participants judged whether the presented
letter was in uppercase or lowercase. On every trial a letter was
displayed in white in the center of the screen, next to a red
square “cursor” (approximately 1 degree of visual angle) that
moved with the joystick of a gamepad. The display also in-
cluded a horizontal line presented 6.5 degrees of visual angle
above and below the letter stimulus. Participants were
instructed to move the joystick with their left thumb to push
the cursor above the top line if the letter was uppercase, and to
move it below the bottom line if it was lowercase. Participants
then pushed a button on the gamepad with their right thumb to

524 Atten Percept Psychophys (2016) 78:520–541

http://www.neurobs.com/


submit their response. The trial display remained on the screen
until participants initiated a button-press response with the
joystick at the top or bottom of the screen; button presses with
the joystick cursor in any other location did not end the trial.
At the end of each trial, participants were instructed to release
the joystick so that it was in a neutral (central) position for the
beginning of the following trial.

In the size task, participants judged whether a noun
word referred to an object that was larger or smaller than
the computer monitor. On every trial, a word was displayed
in white on the center of the screen against a black back-
ground, with a white “+” symbol cursor immediately below
it. Participants were instructed to use the mouse to move
the cursor as far left on the screen as possible if the word
referred to something smaller than the monitor, and to
move it to the right edge of the screen if the word referred
to something larger than the computer monitor. Once the
mouse moved to the edge of the monitor, the selection was
recorded and the trial ended.

Participants performed two blocks each of two single tasks
in alternating and counterbalanced order. Each of the four
blocks in the single-task phase consisted of 96 trials, with all
stimuli presented an equal number of times within a block.
Exclusively at the end of each block of 32 trials, participants’
average RT and accuracy were displayed, and they had the
opportunity to rest before initiating the beginning of the next
set of 32 trials. At the start of each block, participants were

informed and reminded of the task rules and response map-
pings for the task for that block.

Dual task All participants completed an identical dual-task
phase, where Task 1 was the shape task and Task 2 was the
color task, presented in a PRP dual-task paradigm. Every trial
began with a fixation display for 500 ms, consisting of two
rows of two dashes in the center of the screen, flanking the
locations where the shape and color stimuli would appear. The
Task 1 shape stimulus was presented vertically above the Task
2 color stimulus, separated by approximately 1.5 degrees of
visual angle. The onset of the Task 1 and Task 2 stimuli were
separated in time by an SOA of 0, 200, or 800 ms. Both
stimuli were then displayed together for 1,000 ms, followed
by a blank screen for 2,000 ms. Participants made separate
responses to each task by pressing the 1 or 2 key on the
number pad of a standard keyboard with their dominant hand.
Responses were compatible if both tasks required the same
manual response (the same key and thus finger for both tasks)
and incompatible if each task required a different manual re-
sponse. Response mapping was counterbalanced across tasks
and participants and was consistent with responsemappings in
the single-task phase for individual participants. Participants
were instructed to respond to both tasks as quickly and accu-
rately as possible, but to place special emphasis on Task 1 and
to make their response to it first before considering Task 2.
Participants were provided with a note attached to the bottom

Single Task Practice Dual Task PRP
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Both
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T2 T1+T2

T2: Color

T2: Color

Filler: Case
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Filler: Case
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Filler: Case

A

T1: Shape
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T1: Shape

Filler: Size
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T1: Shape
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–    –
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+ Stim2
1000ms

Blank
2000ms

time

Fig. 1 Method and design for Experiment 1. Four separate groups of
participants completed single-task practice with a range of tasks,
potentially including Task 1 (T1) and/or Task 2 (T2) of an eventual dual-
task psychological refractory period (PRP) paradigm common to all
participants. Dual task PRP performance and backward compatibility

effects with the shape (T1) and color (T2) tasks were assessed relative to
prior experience with these tasks as single tasks. Case judgements on letters
and semantic size judgements on words were used as unrelated filler tasks
in single-task practice. (SOA = stimulus onset asynchrony)
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of the monitor, reminding them of the response mapping for
both tasks.

The dual-task phase consisted of 16 initial practice trials
that were not included in the analysis, and 192 experimental
trials, made up of four iterations of the factorial combination
of the four Task 1 (shape) stimuli, four Task 2 (color) stimuli,
and three SOAs. These trials were divided into six blocks of
32 trials each. Participants received feedback about their over-
all accuracy and RT for Task 1 after every set of 32 trials and
had the opportunity to rest before initiating the start of the next
block. The entire experiment was completed in a single 1-hour
session.

Data analysis

Our analyses focused on data from the dual-task phase. Mean
reaction times for each condition were computed from trials
where both Task 1 and Task 2 responses were correct.
Participants’ data were excluded from analysis if Task 1 accu-
racy was less than 85 % across the experiment or if the overall
accuracy measure was less than 70 %, representing a per-task
error rate of approximately 85 %. This criterion resulted in the
elimination of seven participants’ data, leaving 24, 26, 25, and
21 participants in the Practice-Both, Practice-T2, Practice-T1,
and Practice-None groups, respectively. Trials with response
latencies of less than 200 ms on either Task 1 or Task 2, or
greater than 2,000 ms for Task 1 or 2,500 ms for Task 2, were
excluded from analysis.

Analysis of RT data focused on the effects of single-task
practice on (a) overall Task 1 and Task 2 reaction time perfor-
mance in the PRP task, and (b) the presence and timecourse of
development of backward compatibility effects, measured as
response compatibility effects on Task 1 RT at the 0 ms SOA.
We additionally examined the Task 1 response compatibility
effects on 0 ms SOA trials across interresponse interval (IRI)
quartiles to determine if compatibility effects were caused by
response grouping and assessed error data to rule out speed-
accuracy trade-off effects.

Initial inspection of RT data in all participant groups across
32-trial blocks revealed extremely variable RT performance in
the first dual-task experimental block immediately following
the single-task phase. Given our experimental and theoretical
focus on distinguishing situations where backward compati-
bility effects are present versus absent, wewere concerned that
such variability might unduly bias us away from finding these
effects when they may be present for some groups early in the
timecourse of our data. To guard against this potential issue,
and to improve our ability to discern between presence and
absence of BCEs, we excluded this first dual-task block of 32
trials from analysis. We suggest this is a somewhat conserva-
tive approach, given that we are critically looking for differ-
ences in BCEs between conditions rather than simply trying to
observe the effect in general.

Results and discussion

Effects of single-task practice on overall RT1 and RT2
performance

Mean reaction time data for Task 1 and Task 2 are presented in
Fig. 2 for each practice group, separated by experimental half
(first vs. second sets of 80 trials). To assess single-task practice
effects on overall RT performance, we performed separate
3 × 2 × 2 repeated measures ANOVAs on Task 1 and
Task 2 RT data, with a within-subjects factor of SOA (0,
200, 800 ms) and between-subjects factors of prior Task 1
practice (yes, no) and prior Task 2 practice (yes, no),
collapsing over response compatibility and experimental
half. Subject was a random factor in this and all other
ANOVAs reported in Experiments 1 and 2.

For Task 1 RT data, there was a strong main effect of
prior Task 1 practice, F(1, 92) = 8.613, p < .01, with
faster Task 1 RT in dual-task performance if Task 1 had
been previously practiced as a single task. There was no
observed influence of prior single task practice with Task
2, and no interaction of single task practice effects, Fs <
0.5. There was a marginal main effect of SOA, F(2, 184)
= 2.409, p = .093, and a nonsignificant interaction of
SOA with Task 1 and Task 2 single-task practice, F(2,
184) = 2.066, p = .130, possibly reflecting the influence
of prior task experience being more detectable in short
versus long SOA conditions with more or less task over-
lap and concurrent task demands. Other interactions were
not significant, Fs < 1.65.

For Task 2 RT data, there was a strong main effect of SOA,
F(2, 184) = 1458.73, p < .001, reflecting the PRP effect of
increasing Task 2 RT with decreasing SOA. There was a
strong interaction of SOAwith prior Task 2 single-task prac-
tice, F(2, 184) = 7.469, p < .001, modifying a marginal main
effect of prior Task 2 practice, F(1, 92) = 3.652, p = .059,
reflecting faster Task 2 RT in dual-task performance if Task
2 had previously been practiced as a single task. There was
also a main effect of prior Task 1 practice on Task 2 RT, F(1,
92) = 6.196, p < .05, with Task 2 RT faster in conditions with
prior Task 1 single-task practice; however, this effect may be
due to propagation of Task 1 RT effects onto Task 2 RT via
PRP effects, most notably at earlier SOAs.

As a less biased and more direct assessment of prior task
practice on Task 2 dual-task performance, we assessed single-
task Task 1 and Task 2 practice effects on RT2minus RT1 data
at 0 and 200 ms SOAs. This measure eliminates the influence
of duration differences in Task 1 that propagate onto RT2. At
0 ms SOA, adjusted RT2 was significantly faster with prior
Task 2 single task practice, F(1, 92) = 6.261, p < .05, with no
main effect or interaction of prior Task 1 practice, Fs < 0.7.
Similarly at 200 ms SOA, adjusted RT2 was significantly
faster with prior Task 2 single-task practice, F(1, 92) =
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7.794, p < .01, again with no influence of prior Task 1 single
task practice, Fs < 0.2.

These results present a clear picture – practicing Task 1 or
Task 2 as a single task improves subsequent dual-task perfor-
mance for that particular task. For Task 2 dual-task perfor-
mance, the influence of prior Task 1 practice is indirect, with
changes in overall Task 2 RT due to savings or costs in Task 1
RT propagated onto Task 2 via the PRP effect. This pattern of
practice effects is consistent with general expectations of RT

performance improvements with practice. We next assessed
BCEs for effects of prior single-task practice.

Effects of single-task practice on BCE

We assessed backward compatibility effects here as the influ-
ence of Task 2 to Task 1 response compatibility relationships
on Task 1 RT at the 0 ms SOA. In keeping with many prior
studies, we anticipated that these effects should be best
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Fig. 2 Mean reaction time data for Experiment 1. Data are split by first
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groups, indicated by an asterisk. No BCEwas observed in the Practice-T2
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observed at very short SOAs, where there is sufficient task
overlap to allow Task 2 response activation to influence
Task 1 response selection. A direct-link model predicts that
BCEs will develop over time as participants acquire automa-
ticity for Task 2. As such, we were interested to test for the
presence or absence of BCEs over halves of our dual-task data
(sets of 80 trials). An episodic direct-link model additionally
predicts that this development of BCEs over dual-task perfor-
mance should be sensitive to how Task 2 automaticity is
expressed relative to prior Task 2 learning context. To test
for these potential effects, we assessed the development of
BCEs over dual-task experiment halves conditional on partic-
ipants’ prior experience with single-task practice with Task 1
and/or Task 2.

Mean BCE data (mean response-incompatible minus
response-compatible Task 1 RT for 0 ms SOA trials) with
95 % confidence intervals are presented in Fig. 3, separated
by practice group and experimental half (first vs. second sets
of 80 trials). An initial omnibus 2 × 2 × 2 × 2 repeated mea-
sures ANOVA, with within-subject factors of response com-
patibility (compatible, incompatible) and experiment half
(first, second) and between-subjects factors of prior Task 1
practice (yes, no) and prior Task 2 practice (yes, no), sug-
gested a mixture of robust BCEs present in different condi-
tions across our four experimental groups. In addition to a
strong main effect of response compatibility, F(1, 92) =
18.159, p < .001, we observed a significant interaction of
response compatibility, prior Task 1 practice and prior Task
2 practice, F(1, 92) = 4.206, p < .05, and of response compat-
ibility, experiment half and prior Task 2 practice, F(1, 92) =
7.780, p < .01. Given these significant omnibus effects, we
conducted more fine-grained analyses to better establish the
pattern of BCEs present in this experiment.

Considering Fig. 3, the above omnibus interaction of re-
sponse compatibility, experiment half, and prior Task 2 prac-
tice reflects differences in the pattern of BCEs over experi-
ment halves, between conditions with prior Task 2 practice
(Practice-Both and Practice-T2 groups) and with no prior
Task 2 practice (Practice-T1 and Practice-None groups).
First, considering conditions with prior Task 2 practice, we

observed an interaction of response compatibility and experi-
ment group, F(1,48) = 5.449, p < .05, with no interaction of
response compatibility and experiment half, and no interaction
of these two factors with experiment group, Fs < 0.6. These
data suggest substantially larger BCEs the Practice-Both
group compared to the Practice-T2 group, with a consistent
degree of BCEs across both halves of the experiment for both
groups.

Considering the Practice-Both group alone, the promi-
nent BCEs observed in both halves of our experiment were
supported by a strong main effect of response compatibility,
F(1, 23) = 32.984, p < .001, with no main effect or inter-
action with experiment half, Fs < 0.7. Considering the
Practice-T2 group alone, we observed no evidence of a
BCE in either half of the experiment. There was no main
effect of response compatibility, F(1, 25) = 1.324, p = .261.
There was a marginal main effect of experiment half, F(1,
25) = 3.434, p = .076, but this was not observed to interact
with response compatibility, F < 0.2.

Next, considering conditions with no prior Task 2 practice
(Practice-T1 and Practice-None groups), we observed an in-
teraction of response compatibility and experiment half, F(1,
44) = 9.813, p < .01, with no interaction of experiment group
with any factors, Fs < 0.6. These data suggest the pattern of
increasing BCEs over halves of the experiment was similar for
both groups.

Considering the Practice-T1 group alone, we observed no
BCE initially, but a substantial BCE appeared to develop by
the second half of the experiment. This observation was sup-
ported by the interaction of response compatibility and exper-
iment half, F(1, 24) = 4.601, p < .05, with no main effects
observed, Fs < 0.8. Subsequent t tests to examine this interac-
tion showed no effect of response compatibility in the first half
of the experiment, t(24) = 0.468, p = .644, but a significant
BCE in the second half, t(24) = 2.174, p < .05. Considering the
Practice-None group alone, data appeared similar to the
Practice-T1 group, with no BCE in the first half of the exper-
iment, but a substantial BCE in the second half. These obser-
vations were supported by an interaction of response compat-
ibility and experiment half, F(1, 20) = 5.348, p < .05,
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Fig. 3 Mean backward compatibility effect (BCE) data for 0 ms SOA
trials for Experiment 1. Data are separated by first and second halves and
between-subjects practice group. Error bars show 95 % Confidence

Intervals. BCEs are observed in both halves of the Practice-Both group,
and in the second halves of Practice-T1 and Practice-None groups. No
BCE was observed in the Practice-T2 group
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modifying a significant main effect of response compatibility,
F(1, 20) = 4.917, p < .05, and no main effect of experiment
half, F < 0.1. Subsequent t tests to examine this interaction
showed no effect of response compatibility in the first half of
the experiment, t(20) = 0.865, p = .172, but a significant BCE
in the second half, t(20) = 3.466, p < .01.

Interpreting BCE prior-practice effects

The observed pattern of BCE effects across prior-practice con-
ditions is difficult to account for under the WM-mediated
transient-link model or a traditional S-R learning direct-link
model, but it is well-predicted by the episodic direct-link mod-
el. When participants had no prior experience with Task 2
prior to dual-task performance (Practice-T1 and Practice-
None groups), previous Task 1 experience did not seem to
matter for BCEs – we observed no BCE in the initial half of
dual-task performance, but a clear BCE had developed by the
second half in both of these groups. In the Practice-Both con-
dition, with prior single task practice with Task 1 and Task 2,
the BCE was well-developed within the first half of dual-task
performance and persisted over halves.

Against this background of demonstrated BCEs, the
Practice-T2 condition provides a critical dissociation of
episodic direct-link versus other models. Given the elicita-
tion of BCEs relative to practice as above, the WM-
mediated model would strongly predict a BCE to be pres-
ent, given prior Task 2 practice. If experience with Task 2
is primarily important, a BCE might be predicted in the
first half of dual-task performance for Practice-T2, given
the BCE observed in the Practice-Both condition; if not,
then at least by the second half, where BCEs had devel-
oped with much less experience with Task 2 in Practice-
T1 and Practice-None conditions. The simple S-R learning
direct-link model makes a similar prediction for any prior
Task 2 practice to produce BCEs, via prior strengthening
of S-R links in long-term memory. However, the BCE
was not observed in the Practice-T2 condition, even in
the latter half of dual-task performance.

This absence of BCEs in Practice-T2 dual-task perfor-
mance occurred despite prior Task 2 practice producing sub-
stantial overall improvement on Task 2 RT in these trials.
Considering the episodic model, we contrast this absence of
a BCE in Practice-T2 with the development of BCEs over
trials in Practice-T1 and Practice-None conditions. With no
prior contextually sensitive learning of Task 2 to compete or
interfere, Task 2 S-R automaticity could develop relatively
rapidly over trials to produce BCEs. In the Practice-T2 condi-
tion, prior Task 2 practice actually appears to prevent the de-
velopment of a BCE over the same timecourse, while still
showing expected improvements on overall Task 2 RT perfor-
mance. The difference between conditions with prior Task 2
practice (Practice-T2 vs. Practice-Both) would appear to be

the contextual similarity of the other prior single-task prac-
ticed in alternating blocks with Task 2.We suggest that having
blocks of Task 1 and Task 2 interleaved in single-task practice
may have provided a better match to eventual dual-task con-
text, compared to interleaving Task 2 with a different task.
This pattern of selective context-sensitive disruption of
BCEs in the presence of otherwise facilitative practice effects
on Task 2 RT, and clear development of BCEs in the same
dual-tasks in other conditions, provides specific evidence in
favor of the episodic model of BCEs and cannot be well
accounted for by the WM-mediated model.

Interresponse interval quartile analyses

Finally, we assessed our 0 ms SOA Task 1 RT data for evi-
dence that BCEs may have been generated only in trials with
very short interresponse intervals. Such a finding would sug-
gest compatibility effects could be caused by deliberate con-
sideration of both tasks prior to responding rather than any
requirement for parallel activation of Task 2 response infor-
mation during Task 1 performance. For datasets showing
BCEs (all groups except for Practice-T2 data), we determined
interresponse interval (IRI) quartiles for 0 ms SOA trials for
each participant and compatibility condition and then calcu-
lated mean Task 1 reaction times for each quartile. These data
are shown in Table 1. We assessed these data with 2 (response
compatibility) × 4 (IRI quartile) repeated measures ANOVAs
for each of the separate practice groups. We observed no in-
teractions of response compatibility effects with IRI quartile,
all Fs < 1, suggesting that any potential response grouping
was not the cause of our observed BCEs.

Error rate analyses

Given the strong theoretical and experimental focus on 0 ms
SOA data, for brevity we limit our reporting of error rate data
here to errors in 0 ms SOA trials for Task 1 and Task 2. Error
rates in 0 ms SOA data were overall slightly higher than at
longer SOAs, likely due to the high degree of task concurren-
cy, and represent the general profile of error performance
across SOA conditions. Mean Task 1 and Task 2 error rates
for 0 ms SOA trials are summarized in Table 2. Trials with an
error committed on Task 1, regardless of Task 2 accuracy, and
trials with an error committed on Task 2 following accurate
Task 1 performance were submitted to separate 2 × 2 × 2 × 2
repeated measures ANOVAs, with within-subject factors of
experiment half (first, second), response compatibility (com-
patible, incompatible), and between-subjects factors of prior
Task 1 practice (yes, no) and prior Task 2 practice (yes, no).
There were a very small number of trials with errors commit-
ted on both Task 1 and Task 2, which we excluded from
analysis here.
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For Task 1 error rate, we observed a main effect of response
compatibility, F(1, 92) = 32.78, p < .001, indicating that com-
patible trials were more accurate than incompatible trials. The
interaction of response compatibility and experiment half
approached significance, F(1, 92) = 3.38, p = .069, suggesting
a trend toward a larger compatibility effect in the second half
of the experiment. There were no significant effects involving
prior Task 1 or Task 2 practice, although the interaction of
response compatibility and Task 1 practice was marginally
significant, F(1, 92) = 3.32, p = .072, describing a trend to-
ward larger compatibility effect when Task 1 had been prac-
ticed previously. Most importantly for our interpretation of
backward compatibility effects in Task 1 RT data, error rate

data for Task 1 performance indicated no evidence of a speed-
accuracy trade-off with respect to response compatibility
effects.

For Task 2, we observed a marginal main effect of exper-
iment half, F(1, 92) = 3.09, p = .082, suggesting a trend to-
wardmore accurate performance in the second half of trials. In
addition, there was a strong reversed compatibility effect F(1,
92) = 25.45, p < .001, with more accurate performance on
incompatible trials compared with compatible trials. There
were no significant effects involving prior Task 1 or Task 2
practice, but the three-way interaction of experiment half, re-
sponse compatibility, and Task 1 practice approached signifi-
cance, F(1, 92) = 2.94, p = .090.

Table 1 Mean Task 1 reaction times (ms) and standard errors of the mean (SE) for backward compatibility effect data (compatible vs. incompatible
trials) at 0 ms stimulus onset asynchrony, separated by interresponse interval (IRI) quartiles

Task 1 Response Compatibility IRI Quartile

1 2 3 4

Mean SE Mean SE Mean SE Mean SE

Exp. 1, Practice-Both group

Compatible 713 30 701 34 682 23 668 23

Incompatible 787 29 767 23 749 34 702 29

Exp. 1, Practice-T1 group

Compatible 820 39 790 38 789 41 755 28

Incompatible 823 29 806 30 807 39 792 33

Exp. 1, Practice-Both group

Compatible 850 39 825 50 819 47 838 49

Incompatible 899 42 887 47 828 46 864 44

Exp. 2, Before phase, T2-Reversed group

Compatible 765 26 759 28 778 30 794 25

Incompatible 847 26 831 28 817 32 790 28

Exp. 2, Before phase, T2-Conflict group

Compatible 696 28 711 30 694 32 747 27

Incompatible 763 28 742 30 735 34 769 29

Exp. 2, Before phase, T2-Different group

Compatible 716 27 745 30 754 31 763 27

Incompatible 835 28 813 30 781 34 777 29

Exp. 2, Interference Phase, T2-Different Group

Compatible 694 29 710 30 697 44 740 35

Incompatible 725 24 810 41 741 33 792 33

Exp. 2, After phase, T2-Reversed group

Compatible 777 33 746 35 756 28 810 30

Incompatible 846 31 829 34 799 37 806 35

Exp. 2, After phase, T2-Conflict group

Compatible 723 36 714 38 703 30 760 32

Incompatible 805 33 748 36 790 39 779 37

Exp. 2, After phase, T2-Different group

Compatible 700 35 699 37 665 30 689 32

Incompatible 788 33 783 35 752 39 761 36
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We suggest that these reversed compatibility effects might
represent some kind of partial feature match interference ef-
fect, with respect to the greater dual-task context (e.g.,
Hommel, 2004, 2007, 2009) – following a correct response
to Task 1 with an index finger, a perfect match to this event file
would be to make the same response to the same task and
stimulus; making the same response for Task 2 in a
response-compatible dual-task trial is a partial mismatch to
this immediately prior performance, and elicits interference,
where making a subsequent different response to a different
task may elicit less conflict (Hommel, 2007, 2009). In con-
trast, Task 1 performance does not have an immediate prior
event that interferes to this extent, and so we see the influence
of compatibility of simultaneously activated response infor-
mation from Task 2 stimuli on Task 1 RT.

Experiment 2

In Experiment 1, we assessed the effect of prior single-task
practice with Task 1 and/or Task 2 of a dual-task paradigm on
the development of BECs in dual-task performance.
Experiment 1 demonstrated that BCEs are sensitive to the
context in which prior Task 2 learning has occurred and that
these effects are dissociable from practice effects on overall
dual-task RT performance. The presence and timecourse of
development of BCEs elicited over different practice condi-
tions in Experiment 1 is well predicted by an episodic direct-
link account of the BCE, but it is much less well accounted for
by the WM-mediated transient-link model.

Experiment 2 was designed to test direct-link model pre-
dictions of how BCEs should develop over trials. Experiment
2 does not make strong experimental dissociations between
traditional S-R learning versus episodic versions of a direct-
link account. Instead, we focus on a common set of detailed
predictions for long-term memory direct-link representations
of Task 2 S-R relationships and how these representations
should develop over time to produce BCEs and differentially
interfere with BCEs with subsequent different Task 2
performance.

Ellenbogen and Meiran (2008) assessed their own data
for potential direct-link effects and found considerable ev-
idence of increases in BCE over blocks of practice.
Ellenbogen and Meiran suggested that this kind of learn-
ing over blocks for BCEs was suggestive of long-term
memory S-R direct-link-mediated activation of Task 2 re-
sponse information, independent of WM-mediated rules.
They argued that this direct-link element developed over
experience and likely contributed to BCE production in
addition to the main WM-mediation mechanism they pri-
marily argued for.

To more closely evaluate direct-link predictions about the
timecourse of development of BCEs relative to influences of
prior Task 2 learning, Experiment 2 first trained all partici-
pants in the same dual-task paradigm to observe the develop-
ment of BCEs over practice, in an initial Before phase – par-
ticipants performed a shape discrimination task as Task 1 and
judged digits as higher or lower than 5 as Task 2. Here, a
direct-link model predicts BCEs to develop over practice
and establish strong Task 2 learning for the rest of the
experiment.

Next, in the Interference phase, participants performed
the dual-task paradigm with one of three different alterna-
tives for Task 2: In the Reversed-T2 group, participants
continued the original Task 2 (digit high/low task) but
with reversed response mapping requirements; in the
Conflict-T2 group, participants performed a new categori-
zation task but using the same stimuli as the original Task
2 (classifying digits as odd or even); and in the Different-
T2 group, participants performed an unrelated task with
different stimuli (a color-discrimination task). The
timecourse of BCE development in the Interference condi-
tion was assessed across groups. Here, the direct-link
model predicts that the development of BCEs in the
Reversed-T2 and the Conflict-T2 conditions should be ad-
versely affected due to conflicting prior learning on Task 2
in the Before phase. If BCEs in these conditions differ, we
predict that the Reversed-T2 group should be more ad-
versely affected because of greater interference from prior
Task 2 learning. In contrast, BCEs should develop rela-
tively quickly for the Different-T2 group, where prior Task
2 learning from the Before phase has little relationship
with the new Task 2.

Table 2 Mean error rates (%Err) and standard errors of the mean
(SE) for 0 ms stimulus onset asynchrony dual-task performance in
Experiment 1

Task 1 Task 2

Experiment
half

Compatible Incompatible Compatible Incompatible

%Err SE %Err SE %Err SE %Err SE

Practice-Both

First 3.50 0.01 8.11 0.02 12.23 0.03 7.24 0.02

Second 1.46 0.01 11.63 0.03 9.20 0.01 3.93 0.01

Practice-T2

First 4.04 0.01 6.47 0.02 11.94 0.02 6.03 0.02

Second 2.23 0.01 5.32 0.01 10.35 0.02 6.31 0.01

Practice-T1

First 2.99 0.01 4.76 0.01 9.19 0.02 8.89 0.02

Second 1.51 0.01 6.18 0.02 11.01 0.02 7.84 0.02

Practice-None

First 3.89 0.01 5.69 0.02 11.42 0.02 3.93 0.02

Second 2.37 0.01 6.02 0.02 6.62 0.02 3.94 0.02

Atten Percept Psychophys (2016) 78:520–541 531



Finally, in the After phase, all participants returned to the
original dual-task, and we assessed the timecourse of reestab-
lishment of BCEs with respect to Task 2 learning in the
Interference phase. The direct-link model predicts that BCE
development here should occur with a faster timecourse than
for the Interference phase, as there is substantial prior Task 2
learning from the Before phase to support this. The Different-
T2 group should show relatively faster reestablishment of
BCEs here, given the lack of overlap of prior Task 2 learning
from the Interference phase. Conversely, the Reversed-T2
group should show relatively slower reestablishment of
BCEs here due to Task 2 learning of opposite response map-
pings for the same task in the preceding Interference phase.
We predict that the Conflict-T2 group should show an inter-
mediate effect between these two.

The Before and Interference phases of the Reversed-T2
experimental group in the present Experiment 2 represent a
close replication of the design used in Hommel and Eglau’s
(2002) Experiment 4. They showed that backward compati-
bility effects observed in the first half of their experimental
trials disappeared in the second half of trials when the S-R
mapping in Task 2 was reversed. Each experiment half
consisted of 100 trials, which is equivalent to the length of
the Interference phase of the present experiment (96 trials).
Hommel and Eglau argued that once S-R associations are
acquired, this learning makes it difficult to associate the same
codes in different ways. Even though it is likely that backward
compatibility effects would emerge under the new reversed
response mapping with a sufficient amount of practice, the
results of Hommel and Eglau suggest that the amount of prac-
tice required is potentially greater than that needed to acquire
the original associations. Experiment 2 extends Hommel and
Eglau’s approach, to compare the timecourse of BCE devel-
opment over the Interference phase with the recovery of orig-
inal Task 2 learning in the After phase and assesses all of these
effects across multiple degrees of interference on Task 2 learn-
ing across experimental groups.We consider our results below
with respect to the detailed and specific pattern of predicted
BCEs via the general direct-link model.

Method

Participants

One hundred one participants (74 females, mean age =
18.8 years) were recruited from the McMaster University
undergraduate population. They were all enrolled in psy-
chology courses and received partial course credit for their
participation. This study was approved by McMaster’s
Research Ethics Board, and all participants gave written
informed consent prior to beginning the experiment. All
participants had normal or corrected to normal visual acu-
ity, and normal color vision.

Apparatus and stimuli

Apparatus was the same as that used for Experiment 1. Four
basic tasks were used to create a number of different PRP
paradigms. Two of these tasks were the same shape and color
tasks used in Experiment 1. The high/low task asked partici-
pants to classify the value of single digit stimuli as higher or
lower than 5, and the odd/even task asked participants to clas-
sify single digit stimuli as odd or even.High/low and odd/even
tasks used the same set of eight single-digit stimuli (1 to 9,
excluding 5), presented in white against a black background,
with a height of approximately 1.25 degrees of visual angle.

Design and procedure

An outline of the experimental design and procedure is shown
in Fig. 4. All participants completed three typical PRP dual-
task phases: an initial Before phase, a subsequent Interference
phase, and, finally, the After phase. In the Before and After
phases, all participants performed the same PRP task, with the
shape task as Task 1 and the high/low task as Task 2. For the
Interference phase, all participants still performed the shape
task as Task 1, but Task 2 was varied between three between-
subjects groups. In the Reversed-T2 group, participants con-
tinued to perform the high/low task as Task 2, but with the
response key mapping reversed. In the Conflict-T2 group,
participants performed the odd/even task as Task 2, making
different task judgements to the same set of digit stimuli pre-
viously seen in the high/low task. In the Different-T2 group,
participants performed the colour task as Task 2, with minimal
task or stimulus overlap with the previously performed high/
low task.

Trial elements and timing for all three phases were identical
to the dual-task phase of Experiment 1, except for the specific
Task 2 stimuli presented. The Before phase consisted of 16
practice trials that were not included for analysis and 288
experimental trials made up of three iterations of the factorial
combination of the four Task 1 shape stimuli, the eight Task 2
digit stimuli, and the three SOAs. The Interference and After
phases consisted of 16 practice plus 96 experimental trials
each, made up of factorial combinations of Task 1 and Task
2 stimuli and SOAs. In all phases, response mapping was
counterbalanced across tasks and participants. Participants
were given rest breaks every 32 trials throughout the experi-
ment, along with on-screen feedback about overall accuracy
and mean Task 1 RT, and self-initiated subsequent sets of 32
trials. The entire experiment was completed in a single 1-hour
session.

Data analysis

The experiment was initially performed and analyzed with an
original 55 participants; we subsequently doubled the size of
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the design (collected another 46 participants) in order to in-
crease power. To guard against possible inflation of Type I
error rate (potential Type I error in our initial dataset may lead
us to trust these outcomes and collect more data – hence the
p values of the whole dataset may be exaggerated), we treated
the first and second samples as separate replications of the
same study and assessed these two datasets for similar effects
of BCE over task and training manipulations and potential
influences of sample on these effects. For the two main om-
nibus ANOVAs reported at length below (overall BCE effects
across the design, and block-by-block analyses of BCE
timecourse over training), we performed additional analyses
with the added factor of dataset (first vs. second).We observed
extremely similar effects in both datasets and in all of these
analyses observed no interactions of dataset with any other
factor, all Fs < 1.2. Given the similarity of effects in both
datasets and the lack of any interactions between datasets,
we conclude that our second set of data closely replicates the
first. As such, we present the subsequent analyses collapsed
over both sets of data.

Mean reaction times for each condition were computed
from trials where both Task 1 and Task 2 responses were
correct. As in Experiment 1, participants’ data were excluded
from analysis if Task 1 accuracy was less than 85% across the
experiment or if the overall accuracy measure was less than

70 %, representing a per-task error rate of approximately
85 %. This resulted in the elimination of nine participants’
data, leaving 92 in total, with 33, 29, and 30 participants in
Reversed-T2, Conflict-T2, and Different-T2 groups, respec-
tively. Trials with response latencies of less than 200 ms on
either Task 1 or Task 2 or with greater than 2,000 ms for Task
1 or 2,500 ms for Task 2 were also excluded from analysis.

Data analysis in Experiment 2 focused even more directly
on the presence versus absence and development over experi-
ence of backward compatibility effects, assessed as response
compatibility effects on Task 1 RTat 0 ms SOA, within a dual-
task PRP paradigm. The design of our experiment was to (a)
induce BCEs with the same set of tasks in identical PRP par-
adigms in all three experimental groups in the initial Before
phase, (b) give different Task 2 requirements to our three
experimental groups and observe the effect of prior learning
on development of BCEs in the subsequent Interference
phase, and then (c) return all groups to the original PRP
dual-task and look at how previously established BCEs recov-
ered in the After phase. Initial analyses focused on response
compatibility effects in Task 1 RTat 0 ms SOA across groups,
separately for Before, Interference, and After phases.
Subsequent analyses divided these phases more finely into
48-trial segments and assessed the timecourse of development
and disruption of BCEs across these phases. We additionally
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experiment, classifying shapes as Task 1 (T1), and classifying digits as
higher or lower than 5 as Task 2 (T2). In the Interference phase, Task 2
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design as in the Before phase. Backward compatibility effects were
assessed with respect to potential conflict from overlapping Task 2 S-R
mapping rules in the Interference phase compared to Before and After
phases. (SOA = Stimulus Onset Asynchrony)
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examined BCEs across interresponse interval quartiles, to de-
termine if compatibility effects were caused by response
grouping, and assessed error data to rule out speed-accuracy
trade-off effects.

Results and discussion

Initial analyses of BCEs

Mean reaction-time data for Task 1 and Task 2 in
Experiment 2 are shown in Fig. 5, separated by experiment
phase (Before, Interference, and After) and experiment
group.1 BCEs are seen as the difference between response
compatible versus incompatible trials in Task 1 RT, critical-
ly at the 0 ms SOA. We initially performed an omnibus
ANOVA to assess BCEs across different phases of
Experiment 2 and across our three experimental groups.
We performed a 2 × 3 × 3 repeated measures ANOVA
on Task 1 RT data at 0 ms SOA, with within-subjects
factors of response compatibility (compatible, incompati-
ble), and experiment phase (Before, Interference, After),
and a between-subjects factor of experiment group
(Reversed-T2, Conflict-T2, Different-T2). We observed a
strong main effect of response compatibility, F(1, 89) =
69.029, p < .001, with interactions of response compatibil-
ity with experiment group, F(2, 89) = 5.270, p < .01, and
with experiment phase, F(2, 178) = 7.931, p < 0.001.
Considering Fig. 5, these findings are consistent with the
appearance of BCEs in all experiment groups in the Before
and After phases, and for the Different-T2 group in the
Interference phase but the absence of BCEs in the
Interference phase for Reversed-T2 and Conflict-T2 groups.
Additional effects of phase F(2, 178) = 9.382, p < .001,
and phase by experiment group, F(4, 178) = 6.215, p <
.001, support the observation of elevated Task 1 RT in the
Interference phase for Reversed-T2 and Conflict-T2 groups,
relative to other conditions.

Following up these omnibus tests, we conducted separate
response compatibility by experiment group ANOVAs on
0 ms SOA Task 1 RT data, separately for each experiment
phase, to better assess these effects and more directly test
our hypotheses. The Before phase represents 288 trials of a
dual-task PRP paradigm that was identical across all three
experimental groups, designed to induce a comparable BCE
in all three groups. ANOVA showed a strong effect of re-
sponse compatibility, F(1, 89) = 70.958, p < .001. While the
main effect of experiment group was also significant, F(2, 89)
= 3.504, p < .05, suggesting some differences in overall RT

between groups, there was no interaction of this group effect
with response compatibility, F< 1.

Having established comparable BCEs in each group, the
Interference phase presented each group with 96 dual-task
trials with a different Task 2, with varying relationships to
the original Task 2 high/low digit-judgement task. Our predic-
tion was that the high degree of interference involved from
previous Task 2 learning on new performance in the
Reversed-T2 and Conflict-T2 groups would interfere with de-
velopment of BCEs arising from the new Task 2; in compar-
ison, we predicted that the relatively low degree of interfer-
ence from previous high/low digit-task learning on new per-
formance in the Different-T2 group with the color-judgement
task would allow relatively quicker development of a BCE
arising from this new color Task 2. ANOVA showed an inter-
action of response compatibility and experiment group, F(2,
89) = 3.292, p < .05, modifying a main effect of group, F(2,
89) = 7.113, p < .001. There was no significant main effect of
response compatibility, F(1, 89) = 1.766, p = .187. Subsequent
t tests to assess the interaction revealed no response compati-
bility effects in Reversed-T2, t(32) = 0.422, p = .676, or
Conflict-T2 groups, t(28) = 0.113, p = .911, but did show a
significant BCE in the Different-T2 group, t(29) = 2.71, p <
.05. We note that while high/low and odd/even tasks did not
produce BCEs in our Interference phase, these tasks will pro-
duce typical BCEs of comparable sizes under more straight-
forward practice conditions, as seen in prior literature (e.g.,
Watter & Logan, 2006), and in the Before phase data in the
present experiment.

The After phase of the experiment returned all groups to
the same original Task 2 that all participants had initially per-
formed in the Before phase, for a final 96 trials. We had pre-
dicted that BCEs were likely to return to all groups, given
enough practice, but that participants in the Reversed-T2 and
Conflict-T2 conditions might be delayed in redeveloping
BCEs in the After phase relative to participants in the
Different-T2 condition. Given that backward compatibility
effects seem to develop over time, we might observe this as
a presence versus absence of BCEs, or as a relative size effect
on the BCE, depending on our sampling of this process.
ANOVA revealed a strong main effect of response compati-
bility, F(1, 89) = 46.967, p < .001, with BCEs apparent in all
three experiment groups. The interaction of response compat-
ibility with group was not significant, F(2, 89) = 1.29, p =
.280, nor was the effect of group, F(2, 89) = 2.321, p = .104.
These results suggest that relative to the 96-trial interference
phase, where BCEs did not develop for Reversed-T2 or
Conflict-T2 groups following initial related but interfering
Task 2 learning in the Before phase, the 96-trial After phase
demonstrated relatively rapid recovery of original Task 2
learning, helping to overcome interfering Task 2 learning from
the Interference phase and reestablish BCEs over this same
shorter timeframe.

1 For brevity, we focus only on Task 1 RT analyses of BCEs here in
Experiment 2, as they speak most directly to the research questions at
hand.We present the complete set of RTmeans for all conditions in Fig. 5
to show our early Task 1 backward compatibility effects in their complete
dual-task context.

534 Atten Percept Psychophys (2016) 78:520–541



Development of BCE over trials

As a further test of our hypotheses about the direct-link
nature of BCEs, we conducted a more fine-grained analysis
of the development of BCEs over trials within the task. We
did this by dividing our Experiment 2 data into bins of 48
consecutive dual-task trials, and then assessing the 0 ms
SOA Task 1 RT data within these bins for response com-
patibility effects. We chose to divide our data this way
(using all PRP trials), and not by exact numbers of 0
SOA trials per bin, as all trials likely contribute to the
development of expertise and automaticity on Task 2 per-
formance that in turn is reflected as BCEs on Task 1 when
tasks overlap sufficiently on short SOA trials. Divisions of
48 trails gave us six sequential bins of trials in the Before
phase and two bins each in the Interference and After
phases, with approximately eight compatible and eight in-
compatible 0 ms SOA trials per bin for each participant.
Figure 6 shows mean RTs for these 0 ms SOA Task 1 data

for each experimental group, separated by bin and response
compatibility.

In the Before phase, we assessed the development of
BCEs over time with a 2 × 6 × 3 repeated measures
ANOVA, with within-subjects factors of response compati-
bility (compatible, incompatible) and bin (1 to 6), and a
between-subjects factor of experiment group (Reversed-
T2, Conflict-T2, Different-T2). For our subsequent analyses
of BCE over time, we employed this same form of
ANOVA, varying the number of bins included. We ob-
served a significant interaction of response compatibility
with bin, F(5, 445) = 3.133, p < .01, modifying the strong
main effect of response compatibility, F(1, 89) = 63.668, p
< .001. Within-subjects contrasts of the response compati-
bility by bin interaction showed significant linear, F(1, 89)
= 10.293, p < .01, and quadratic trends, F(1, 89) = 4.313, p
< .05, indicating the progressive development of the BCE
over the Before phase in all three groups. The ANOVA
showed no evidence of differential effects on BCEs
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between groups, with no interactions between experiment
group and response compatibility, Fs < 0.9.

Group differences were apparent in overall RT, F(2, 89) =
3.814, p < .05, and in the interaction of experiment group with
bin, F(10, 445) = 2.360, p < .01, highlighting the different
rates of improvement in overall RT over bin between experi-
mental groups. The main effect of bin was also significant,
F(5, 445) = 15.902, p < .001, representing this general trend of
improvement in RT over time. Repeating this ANOVA with
only the second half of the Before phase (Bins 4 to 6) sug-
gested that the experiment groups had equivalent and stable

BCEs by this time, with a strong response compatibility effect,
F(1, 89) = 79.056, p < .001, and a remaining main effect of
group, F(1, 89) = 3.371, p < .05, with no other effects or
interactions, all Fs < 1.5.

The division of the Interference phase data into bins gives
us the opportunity to compare the timecourse of BCE devel-
opment in dual tasks with a new Task 2, in high- versus low-
conflict situations. Given the differences observed between
groups in the initial Interference BCE analyses, we assessed
the two bins (Bins 7 and 8) of Interference data here separate-
ly, to test for presence versus absence of BCEs differentially
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across groups at each time point. For Bin 7 data, there were no
apparent BCEs in any experiment group. ANOVA revealed no
effect of response compatibility, and no interaction with ex-
periment group, all Fs < 0.7. For Bin 8 (the second half of the
Interference phase), a BCE was observed only in the
Different-T2 group. ANOVA revealed a significant main ef-
fect of response compatibility, F(1, 89) = 5.906, p < .05, and a
significant interaction with experiment group, F(2, 89) =
4.710, p < .05. T tests confirmed that a significant BCE in
the Different-T2 group was driving this interaction, t(29) =
5.141, p < .001.

For the After data, our prior analyses have shown that
BCEs were sufficiently reestablished in all experimental
groups over the course of the After phase. Of particular inter-
est is whether we might observe some difference in
timecourse of the reestablishment of BCEs in the well-
practiced original dual-task paradigm relative to the different
degrees of interfering Task 2 experience acquired during the
prior Interference phase. Given our initial analyses of After
phase data, it is clear that BCEs were quickly reestablished
following the Interference phase in all conditions. To observe
a difference in timecourse, our most sensitive test is to compare
response compatibility effects in the first bin of After data (Bin
9) between our two most extreme groups. We would expect the
Different-T2 group to reestablish the original BCE with rela-
tively fewer trials, given predicted minimal interference from
prior T2 learning of the color task in the Interference phase; at
the other extreme, we would expect the Reversed-T2 group to
take relatively more trials in the After phase to develop a BCE,
given learning of opposite response associations to the same
high/low Task 2 in the Interference phase.

From Fig. 6, a BCE appeared well established in the
Different-T2 group in the initial After phase data (Bin 9) but
not yet well established in the Reversed-T2 group. A 2 × 2
ANOVA on Bin 9 data revealed a marginal interaction of
response compatibility and experiment group, F(1, 61) =
3.790, p = .056, modifying a strong main effect of response
compatibility, F(1, 61) = 13.515, p < .001. T tests revealed no
effect of response compatibility in the Reversed-T2 group,
t(32) = 0.860, p = .397, but a significant effect of response
compatibility in the Different-T2 group, t(29) = 4.159, p <
.001. While somewhat limited by the resolution with which
we can measure the development of BCEs over trials in this
study, the early After phase data is suggestive of a differential
rate of development of BCEs under differing degrees of inter-
ference from prior S-R learning in Task 2.

Separate assessment of the Conflict-T2 group also showed
a significant effect of response compatibility in Bin 9 data,
t(28) = 2.299, p < .05. Finally, as suggested by initial After
phase analyses, in the latter set of After trials (Bin 10), the
response compatibility effect was well established across ex-
periment groups, with a strong main effect of response

compatibility F(1, 89) = 33.223, p < .001, and no interaction
with experiment group, F < 0.1.

Interresponse interval quartile analyses

Finally, we again assessed our 0 ms SOA Task 1 RT data for
evidence of BCEs being generated only in trials with very short
interresponse intervals, in order to ensure that our BCEs were
not produced by response grouping. We determined IRI quar-
tiles for 0 ms SOA trials for each participant and compatibility
condition separately for Before, Interference, and After phases
in which BCEs were observed (excluding Interference data for
Reversed-T2 and Conflict-T2 groups). These data are shown in
Table 1. We assessed data from Before and After phases with
separate 2 (response compatibility) × 4 (IRI quartile) × 3 (T2
manipulation group) repeated measures ANOVAs, with a third
ANOVA without the group variable to assess Different-T2
group data from the Interference phase. In the Before phase,
there was a significant interaction of response compatibility and
IRI quartile, F(3, 267) = 12.21, p < .001. However, follow up t
tests showed that the BCE was present in all but the slowest
quartile of IRIs, first: t(91) = 8.32, p < .001; second: t(91) =
5.42, p < .001; third: t(91) = 3.50, p = .001; fourth: t(91) = 1.06,
p = .293. The three-way interaction was not significant,F < 1.4.
After phase data showed a similar pattern, with a marginal
interaction of response compatibility and IRI quartile, F(3,
267) = 2.10, p = .10. Follow-up t tests again showed significant
BCEs in all but the slowest quartile of IRIs, first: t(91) = 4.84, p
< .001; second: t(91) = 4.36, p < .001; third: t(91) = 4.63, p <
.001; fourth: t(91) = 1.60, p = .113). The three-way interaction
was not significant, F < 1. For Interference data from the
Different-T2 group, there was no interaction of response

Table 3 Mean error rates (%Err) and standard errors of the mean (SE)
for 0 ms stimulus onset asynchrony performance in Experiment 2

Task 1 Task 2

Phase Compatible Incompatible Compatible Incompatible

%Err SE %Err SE %Err SE %Err SE

Reversed-T2

Before 2.29 0.00 5.09 0.01 10.75 0.01 5.81 0.01

Interference 2.84 0.01 4.73 0.01 17.27 0.02 9.13 0.02

After 1.14 0.00 4.37 0.01 7.56 0.01 4.32 0.01

Conflict-T2

Before 2.37 0.01 8.24 0.02 7.66 0.01 7.86 0.02

Interference 2.82 0.01 3.72 0.01 13.04 0.03 10.03 0.02

After 0.86 0.00 5.91 0.01 6.41 0.02 4.75 0.01

Different-T2

Before 2.20 0.01 5.12 0.01 9.56 0.02 8.18 0.01

Interference 16.62 0.02 15.22 0.02 5.78 0.01 6.73 0.01

After 1.90 0.01 6.71 0.01 6.23 0.02 5.59 0.01
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compatibility with IRI quartile, F < 1. These analyses indicate
that any potential response grouping was not the cause of our
observed BCEs.

Error rate analyses

Given our focus on 0 ms SOA data for BCE effects, for brev-
ity we again limited our focus on error rate data to 0 ms SOA
trials for Task 1 and Task 2. Error rates in 0 ms SOA data were
again overall slightly higher than at longer SOAs, likely due to
the high degree of task concurrency, and represent the general
profile of error performance observed across SOA conditions.
Mean Task 1 and Task 2 error rates for 0 ms SOA trials are
summarized in Table 3. Trials with an error committed on
Task 1, regardless of Task 2 accuracy, and trials with an error
committed on Task 2 following accurate Task 1 performance,
were submitted to separate 2 × 3 repeated measures ANOVAs
for each phase, with response compatibility (compatible,
incompatible) as a within-subjects factor and experiment
group (Reversed-T2, Conflict-T2, Different-T2) as a
between-subjects factor.

For Task 1 error rate, in the Before phase we observed a
main effect of response compatibility, F(1, 89) = 47.63, p <
.001, indicating that compatible trials were more accurate than
incompatible trials. This effect was modified by an interaction
with experiment group, F(2, 89) = 3.15, p < .05. Subsequent t
tests revealed that the effect of response compatibility was
significant for each group: Reversed-T2, t(32) = 3.85, p <
.01; Conflict-T2, t(28) = 4.31, p < .001; Different-T2, t(29)
= 3.90, p < .01. In the Interference phase, there was a main
effect of group,F(2, 89) = 54.25, p < 0.001, where participants
in the Different-T2 group committed substantially more errors
(15.9 %) than those in the Reversed-T2 (3.8%) or Conflict-T2
groups (3.3 %). There were no significant effects involving
response compatibility, Fs < 1. In the After phase, we ob-
served only a main effect of response compatibility, F(1, 89)
= 32.93, p < .001, with compatible trials more accurate than
incompatible trials, as in the Before phase.

For Task 2 error rate, in the Before phase we observed a
reversed effect of response compatibility, F(1, 89) = 5.94, p
< .05, where compatible trials were less accurate than in-
compatible trials, as in Task 2 errors for Experiment 1. This
effect interacted with experiment group, F(2, 89) = 3.40, p
< .05. Subsequent paired samples t tests revealed that the
effect of compatibility was present only in the Reversed-T2
group, t(32) = 4.04, p < .001 (other ts < 1). This pattern of
errors was repeated in the Interference phase, with better
accuracy for incompatible trials, F(1, 89) = 8.26, p < .01,
and a significant interaction of response compatibility and
group, F(2, 89) = 5.11, p < .01. Subsequent t tests showed
that this effect of compatibility was again present only in
the Reversed-T2 group, t(32) = 3.39, p < .01, Conflict-T2,
t(28) = 1.54, p = .134; Different-T2, t < 1. In addition,

there was a main effect of group, F(2, 89) = 5.17, p <
.01, where participants in the Diferent-T2 group committed
fewer errors (6.3 %) than those in the Reversed-T2
(13.2 %) or Conflict-T2 (11.5 %) groups. Participants in
the Different-T2 group were therefore less accurate in
Task 1 and more accurate in Task 2 as compared with
participants in the other two groups. Finally, in the After
phase, we observed only a marginal main effect of compat-
ibility, F(1, 89) = 3.42, p = .068, again with incompatible
trials numerically more accurate than compatible trials.

There are two interesting patterns of error data here. The
first is a replication of the reversed compatibility effect for Task
2 error data seen in Experiment 1. We again suggest that these
reversed compatibility effects are consistent with previously
described partial match effects, well explained by Hommel’s
(2007, 2009) event-file theory of episodic control of behavior.
The second pattern of data relates to an apparent speed-
accuracy trade-off in Task 1 data in the Interference phase.
We suggest that the pattern of slowing observed across RT
for Task 1 and Task 2, and the consistent Task 2 error effects
with group interference manipulation, represents task-wide ef-
fects of enhanced cognitive control elicited by high-response
conflict in Task 2 in our Reversed-T2 and Conflict-T2 condi-
tions (e.g., Botvinick, Braver, Barch, Carter, & Cohen, 2001;
Yeung, Botvinick & Cohen, 2004). We discuss this possibility
and its implications for episodic versus WM-mediated BCE
effects further in the General Discussion, below.

General discussion

The present paper sought to test whether the backward
compatibility effect is due to episodically-mediated Task
2 response activation in parallel with attended Task 1 per-
formance, or whether Task 2 response activation is medi-
ated via Task 2 rules held in Working Memory during
attended Task 1 performance. Experiment 1 directly com-
pared predictions of WM-mediated transient-link, tradition-
al S-R learning direct-link, and episodic direct-link models,
under a range of task practice conditions. The WM-
mediated model proposed by Ellenbogen and Meiran
(2008) to account for BCEs predicted that prior practice
of Task 2 should enhance dual-task BCEs along with gen-
eral RT performance. In contrast, an episodic direct-link
model predicted a dissociation of these effects, with the
presence and timecourse of development of BCEs sensi-
tive to the extent and context of prior Task 2 learning.

Evidence for an episodic direct-link model of BCE

Prior Task 2 practice was observed to produce rapidly-
developing and sustained BCEs versus an absence of
BCEs in the same dual-task paradigm, depending on
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whether prior Task 2 single-task practice had been per-
formed along with Task 1 of the subsequent dual-task
(similar other-task context at practice, prominent BCEs)
or with a different task (dissimilar other-task context at
practice, no BCEs). Groups without any prior Task 2
practice produced substantial BCEs in the second half
of dual-task performance in Experiment 1, suggesting
that prior Task 2 practice in a dissimilar context was
actively disruptive to the development of BCEs in this
experiment. This pattern of data is at odds with strong
predictions and assumptions of the WM-mediated mod-
el, and also does not fit with the simple Task 2 practice
predictions of a traditional S-R learning direct-link mod-
el. We suggest that data from Experiment 1 make a
strong case in support of the episodic direct-link nature
of backward compatibility effects.

In Experiment 2, we more closely investigated the
timecourse of development of BCEs over trials, with a number
of Task 2 learning and interference manipulations with specif-
ic direct-link predictions. A detailed pattern of predicted
direct-link BCE effects – progressive development of BCEs
over initial practice (Before data), selective interference on
BCEs under new Task 2 rules from initial Task 2 learning
(Interference data), and differential recovery of initial BCEs
depending on overlap with the interference task (After data) –
were observed very faithfully in our data, and closely align
with the findings in Experiment 1 to support a general direct-
link account.

Taken together, our data argue that BCEs are the result of
episodic elicitation of Task 2 response activation from relat-
ed Task 2 stimuli, in parallel with attended Task 1 perfor-
mance, observable as a response compatibility effect on
Task 1 RT when the two tasks overlap sufficiently, typically
at very short SOAs in a PRP or similar dual-task paradigm.
Data supporting a direct-link account of BCEs is present in
Hommel and Eglau’s (2002) persistence of BCEs in the
absence of relevant Task 2 performance demands
(Experiments 3 and 4), in Ellenbogen and Meiran’s (2008)
finding of increasing BCEs over practice, and in our current
detailed pattern of BCE development and interference effects
in Experiment 2. Both a traditional S-R learning account and
an episodic learning account predict these data well, and do
so in preference to a WM-mediated transient-link account.
Data from our current Experiment 1 help us further dissoci-
ate these models, favouring an episodic direct-link account.
From this growing set of studies, we suggest that an episodic
direct-link model of BCEs best explains the wide range of
data observed.

Effects of working memory on BCE

The effect of WM load on BCEs is not directly addressed by
our study, and has been taken as strong evidence in favour of a

WM-mediated transient link account of BCEs. While
Ellenbogen and Meiran (2008) demonstrate a convincing
methodological effect of WM load on BCEs, we suggest an
alternative mechanism for this, considering the otherwise
strong evidence for a direct-link model of the BCE. We agree
that WM is important in the development of Task 2 automa-
ticity and BCEs, but argue that this is only an indirect rela-
tionship, and thatWM is not required to represent Task 2 rules
along with Task 1 performance to produce the BCE.

Instead, we suggest thatWM load influences attended Task
2 performance, where limited executive control and WM ca-
pacity under high task demand limits the extent and quality of
stimulus- and category-response learning during attended
Task 2 performance. This would be seen experimentally as
an effect of highWM load disrupting BCEs, though via a very
different mechanism than proposed by Ellenbogen and
Meiran (2008) – this represents a disruption of direct-link
acquisition of automaticity, rather than a disruption of a
BCE-producing WM-related mechanism in a transient link
model. This account comes very directly from basic predic-
tions of episodic learning and automaticity, and can account
for much of the data suggested in support of the WM-
mediated transient-link model (e.g., Ellenbogen & Meiran,
2008).

These alternative accounts of howWM load may influence
the BCE are directly testable. For example, dual-task training
under high WM load followed by a switch to a lower WM
load Task 1 should disrupt development of BCEs from Task 2
with a direct-link mechanism, but show a rapid presence of
BCEs in a WM-mediated model once participants have avail-
able WM capacity. Similarly, lower WM demand training to
develop BCEs in a direct-link model should show continued
BCEs even with a switch to a more complex Task 1, where a
WM-mediated model would predict a sudden absence of
BCEs with a switch to a higher WM load.

Cognitive control demands under high interference

In Experiment 2, we observed slower RT and improved accu-
racy in Task 1 for Reversed-T2 and Conflict-T2 groups, com-
pared to faster but more errorful performance in Different-T2
data. We agree that there are clear differential effects in per-
formance across groups in the Interference phase; however,
careful inspection of these data suggests a more interesting
and episodically-relevant picture. We suggest that Task 2 in
the Interference phase of Reversed-T2 and Conflilct-T2 dual-
tasks generates a high degree of response conflict in the
Interference phase, eliciting a strong task-general cognitive
control response (e.g., Botvinick, Braver, Barch, Carter &
Cohen, 2001; Yeung, Botvinick, & Cohen, 2004). We specu-
late that this enhanced task-wide control is the cause of gen-
eral slowing of the entire dual task, where both Task 1 and
Task 2 are subject to stronger inhibitory control and error
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monitoring, with a relatively reduced influence of automatic-
ity on overt behavior. In many PRP studies, we often worry
when we see the influence of Task 2 difficulty on overall Task
1 RT – we are concerned that participants may be delaying
Task 1 performance in order to covertly partially perform Task
2. Analysis of IRIs suggests this is not the case here.

Instead of a speed-accuracy trade-off generated within Task
1 performance in Interference data, our data suggest a general
task-wide RT cost due to high Task 2 response conflict across
trials in Reversed-T2 and Conflict-T2 groups. This cognitive
control delay and enhanced attentional focus then nicely pre-
dicts all the error data. For Task 2, higher error rates are seen
with higher conflict tasks versus the Different-T2 condition.
For Task 1, the increased focus and processing time in
Reversed-T2 and Conflict-T2 leads to very accurate perfor-
mance on the familiar Task 1. In comparison, Different-T2
dual-task performance is not constrained by Task 2-elicited
cognitive control influences, and Task 1 becomes more
errorful with faster RT. Despite this speeded performance,
Task 2 is still less errorful here, reinforcing the large amount
of response conflict present in other groups. It is possible that
this high degree of cognitive control may also play a role in
the absence of BCEs, given the suppression of automaticity
often observed in such conditions.

Theoretical issues for the WM-mediated model

Finally, we consider the theoretical implications of a WM-
mediated BCE. We agree with descriptions by Ellenbogen
and Meiran (2008), Hommel (2009), and others in describing
a modern version of the “prepared reflex” – that WM repre-
sents task rules or sets that allow the rapid and automatic
activation or retrieval of behavior in response to particular
stimuli. Ellenbogen and Meiran suggested that holding Task
2 rules in WM during Task 1 performance (along with Task 1
rules) will give a preparation benefit for eventual Task 2 per-
formance; the byproduct of this is the BCE, with automatic
Task 2 response activation driven by the Task 2 stimuli via the
Task 2 rules in WM. While this arrangement might lead to an
eventual Task 2 preparation benefit, we suggest that it would
lead to substantial performance costs on general dual-task
behavior.

Logan and Gordon’s (2001) ECTVA model provides ex-
tensive model demonstrations of exactly these issues in dual-
task performance with simultaneous versus sequential activa-
tion of task rules in WM, allowing strategically parallel or
serial performance, respectively. Simultaneous rule activation
for both tasks introduces a classic binding problem – informa-
tion generated from each task causes interference via crosstalk
onto the other, and responding becomes extremely slow and/
or errorful. While ECTVA concentrated on stimulus feature
overlap for categorization, the response code overlap in BCEs
presents a similar issue here. Logan and Gordon (2001)

showed that the ECTVA simulated realistic BCE-like RT ef-
fects along with realistic Task 1 and Task 2 dual-task RTs
when Task 2 rules were quite weakly represented – this was
essentially the model’s strategic serial performance solution to
the dual-task binding problem, with Task 1 and Task 2 rules
alternately activated, to minimize cross-task interference and
allow good speeded performance in each task.

We suggest that the WM-mediated model of BCEs cannot
account for all these issues at once. If Task 2 rules are repre-
sented in WM to a substantial degree along with Task 1 rules
(as suggested, to enhance Task 2 preparation), they should
drive the activation of response information in keeping with
our “prepared reflex” expectations. This would produce a sub-
stantial crosstalk/interference problem and would require an
additional powerful cognitive control mechanism to solve this
binding problem. In contrast, the data we and other authors
typically observe for BCEs suggest a relatively small response
compatibility effect, without overwhelming costs on reason-
ably fast and accurate performance. We suggest there is a
substantial mismatch between the proposed degree of repre-
sentation of Task 2 rules in WM during Task 1 performance,
and the observed effects on performance that task rule medi-
ated, prepared reflex-like behavior would predict given well-
represented task rules.

Conclusion

In summary, we suggest that the dual-task BCE is the product
of episodic automatic activation of Task 2 response informa-
tion, in parallel with attended Task 1 performance.We suggest
that our data present a convincing demonstration of a range of
well-predicted direct-link effects on the BCE and provide a
clear empirical dissociation of episodic versus WM-mediated
BCE models, in favor of the episodic account.
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