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Further simulations of human multiple-task performance have been conducted with computational
models that are based on the executive-process interactive control (EPIC) architecture introduced
by D. E. Meyer and D. E. Kieras (1997a). These models account well for patterns of reaction times
and psychological refractory-period phenomena (delays of overt responses after short stimulus onset
asynchronies ) observed in a variety of laboratory paradigms and realistic situations. This supports
the claim of the present theoretical framework that multiple-task performance relies on adaptive
executive control, which enables substantial amounts of temporal overlap among stimulus identifica-
tion, response selection, and movement-production processes for concurrent tasks. Such overlap is
achieved through optimized task scheduling by flexible executive processes that satisfy prevailing
instructions about task priorities and allocate limited-capacity perceptual—motor resources efficiently.

Throughout past research on human cognition and action,
multiple-task performance has been a major topic of investiga-
tion (Damos, 1991; Gopher & Donchin, 1986). This topic con-
cerns how people perform multiple tasks either simultaneously
or in rapid succession when each task involves its own distinct
goals and stimulus-response associations. For example, some
familiar cases include tending children while preparing meals
and operating cellular telephones while driving cars. Experimen-
tal psychologists and cognitive scientists have been especially
interested in multiple-task performance because it places heavy
demands on the human information-processing system and may,
therefore, provide deep insights into how the system’s compo-
nents are functionally organized and implemented (Atkinson,
Hernstein, Lindzey, & Luce, 1988; Meyer & Komblum, 1993;
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Posner, 1989). Moreover, human-factors engineers have been
interested in muitiple-task performance because it is required
during important real-world jobs such as air-traffic control and
power-plant operation, for which more user-friendly person—
machine interfaces are needed (Boff, Kaufmann, & Thomas,
1986; Wickens, 1991). Yet despite this broad interest, there is
still no general theory that aptly explains and accurately predicts
the characteristics of multiple-task performance across a variety
of contexts (Allport, 1993; Broadbent, 1993).

Background to Present Article

In light of the preceding considerations, we have begun devel-
oping a new theoretical framework with which precise veridical
computational models can be constructed for various types of
human multiple-task performance. The basis of our framework
is an executive-process interactive control (EPIC) architecture.
Using EPIC together with a production-system formalism, com-
putational models have been constructed to simulate perfor-
mance in both elementary laboratory contexts such as the psy-
chological refractory-period procedure (Meyer & Kieras, 1992,
1994, 1996, 1997a, 1997b; Meyer et al., 1995) and complex
real-world contexts such as aircraft cockpit operation (Kieras &
Meyer, 1995, in press; Meyer & Kieras, 1996, 1997b) and hu-
man-computer interaction (Kieras & Meyer, in press; Kieras,
Wood, & Meyer, 1995, in press; Meyer & Kieras, 1996, 1997b;
Wood, Kieras, & Meyer, 1994). Results from these diverse simu-
lations provide excellent fits to empirical reaction-time (RT)
data and, in some cases, response accuracy as well. Our theoreti-
cal framework and models also make new testable predictions
about other related aspects of multiple-task performance. Taken
overall, the products of this endeavor suggest that it may have
both theoretical validity and practical utility. '

The present article supplements a prior one (Meyer & Kieras,
1997a) in which the EPIC architecture and a strategic response-
deferment (SRD) model were applied to account quantitatively
for reaction-time data from a basic multiple-task situation, the
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psychological refractory-period (PRP) procedure. Here we start
by briefly reviewing our initial assumptions and results for this
application. Next we extend the SRD model to deal with addi-
tional data from the PRP procedure and other related multiple-
task situations. Then we discuss further implications that our
theoretical framework has for future research on human perfor-
mance in both laboratory and real-world contexts. For more
extensive background to the present article, readers should con-
sult Meyer and Kieras (1997a).

Review of EPIC Architecture

As outlined in Figure 1, EPIC consists of components that
emulate various functional parts of the human information-pro-
cessing system. The organization of the architecture builds on
previous work by a number of theorists (e.g., Anderson, 1976,
1983, 1990, 1993; Card, Moran, & Newell, 1983; Hunt & Lans-
man, 1986; Laird, Newell, & Rosenbloom, 1987; Newell, 1973,
1990). Among EPIC’s components are software modules devoted
to perceptual, cognitive, and motoric information processing. In-
puts'to the perceptual processors, which subserve vision, audition,
and touch, come from simulated sensors (eyes, ears, and hands)
‘that monitor external display devices (e.g., CRT screen and head-
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(EPIC) architecture.

phones) of a virtual task environment. After specified parametric
delays, the perceptual processors deposit symbolic stimulus codes
in the declarative working memory of EPIC’s cognitive processor.
The cognitive processor maintains the contents of working mem-
ory, executes procedures for performing particular tasks, and in-
structs the motor processors by transmitting symbolic response
codes to them. The motor processors, which subserve ocular,
manual, and articulatory action, prepare and produce movements
by simulated effectors (eyes, hands, and mouth) that operate
transduction devices (e.g., keyboard, joystick, and voice key) in
the task environment. Together, EPIC and its task environment
provide a basis for realistically simulating multiple-task perfor-
mance in a variety of contexts.

Core assumptions. Some of the core assumptions that un-
derlie EPIC concern the structure and function of its cognitive
processor, which consists of three major subcomponents whose
interactions together enable a high degree of parallel processing.
These subcomponents include an on-line declarative working
memory, procedural memory, and production-rule interpreter.
Like known properties of human multiple-task performance,
the processing capabilities provided by them are substantially
greater and more flexible than those in previously proposed
single-channel hypotheses (e.g., Welford, 1952, 1959, 1980),
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central ‘‘bottleneck’” models (e.g., De Jong, 1993; McCann &
Johnston, 1992; Pashler, 1984, 1994a; Welford, 1967), and uni-
tary-resource theories (e.g., Kahneman, 1973; Moray, 1967).

Within EPIC’s cognitive processor, declarative working mem-
ory has partitions that store several different types of symbolic
information: (a) identities of external stimuli sent through the
perceptual processors; (b) identities of selected responses wait-
ing for transmission to the motor processors; (c) task goals;
(d) sequential control flags or ‘‘step tags’’; and (e) notes about
the current status of other system components. Using this infor-
mation, which evolves systematically over time, performance of
one or more tasks may proceed efficiently from start to finish.

Such performance is achieved by applying production rules
having the form «IF X THEN Y.* where X" refers to the current
contents of working memory, and Y refers to actions that the
cognitive processor executes. For example, during a primary
auditory-manual choice-reaction task, the following rule might
be used to instruct EPIC’s manual motor processor that it should
prepare and produce a keypress by the left index finger in re-
sponse to an 800-Hz tone:

IF
((GOAL DO TASK 1)
(STRATEGY TASK 1 IS IMMEDIATE)
(AUDITORY TONE 800 ON)
(STEP DO CHECK FOR TONE 800))
THEN
({SEND-TO-MOTOR (MANUAL PERFORM LEFT INDEX))
(ADﬁ (TASK 1 RESPONSE UNDERWAY )}
(ADD (STEP WAIT FOR TASK 1 RESPONSE COMPLETION))
(DEL (STEP DO CHECK FOR TONE 800))
(DEL (AUDITORY TONE 800 ON))).

The actions of this rule, which not only instructs the manual
motor processor but also adds and deletes specified items in
working memory, would be executed whenever working mem-
ory contains all of the items in the rule’s conditions. For each
task that a person has learned to perform skillfully, there would
be a set of such rules stored in EPIC’s procedural memory.
Also, complementing these task-rule sets, production memory
may contain sets of executive-process rules that help manage
the contents of working memory and that coordinate perfor-
mance depending on task instructions and perceptual—-motor
constraints.

Task and executive rules are applied by the production-rule
interpreter of the cognitive processor, using a parsimonious pro-
duction system (PPS; Covrigaru & Kieras, 1987). Under PPS,
the interpreter operates through a series of processing cycles,
whose durations vary stochastically and typically have a mean
length of 50 ms. At the start of each cycle, the interpreter tests
the conditions of all rules currently in procedural memory, de-
termining which ones match the contents of declarative working
memory. At the end of each cycle, for every rule whose condi-
tions are completely matched by the contents of working mem-
ory, all of the rule’s actions are executed by the cognitive
Processor. :

At present, we assume that there is no limit on how many
production rules can have their conditions tested and actions
executed during any particular processing cycle. Also, the cycle
durations do not depend on the number of rules involved. It is
in this sense that EPIC’s cognitive processor has no decision or

response-selection bottleneck per se. Through appropriate sets
of task rules, the cognitive processor may simultaneously select
responses and do other operations for concurrent tasks, without
between-task interference at this central level. A principled ratio-
nale for making such assumptions instead of more traditional
ones appears in Meyer and Kieras (1997a).

At a peripheral level, however, EPIC does have bottlenecks
in the form of its motor processors, as anticipated by other
theorists (e.g., Kantowitz, 1974; Keele, 1973; Keele & Neill,
1978; Reynolds, 1964). Although the ocular, manual, and vocal
motor processors can all be operating simultaneously, each of
them individually constitutes a single-channel mechanism that
limits the rate of overt movements within a particular motor
modality. We assume that upon receiving the symbolic identity
of a selected response from the cognitive processor, a motor
processor converts it to elementary features that the desired
response movement should have. For example, a keypress by
the manual motor processor might have features that specify the
style, hand, and finger (e.g., PRESS, LEFT, INDEX) to be used.
Consistent with some empirical results (e.g., Abrams & Jonides,
1988; Meyer & Gordon, 1985; Rosenbaum, 1980; Yaniv, Meyer,
Gordon, Huff, & Sevald, 1990), the features for a response
movement are prepared serially, with each feature-preparation
step taking on the order of 50 ms to be completed. After all of
the features for a response movement have been prepared, the
movement is produced overtly through a final initiation step that
likewise takes on the order of 50 ms. Thus, although symbolic
response codes for concurrent tasks may be selected in parallel
by EPIC’s cognitive processor, the production of distinct move-
ments by the same motor processor would have to be temporally
staggered, leading to potential between-task or structural inter-
ference (cf. Kahneman, 1973).

An especially instructive case of this concerns manual move-
ments. On the basis of studies of manual movement production
(e.g., Ivry, Franz, Kingstone, & Johnston, 1994, 1996; McLeod,
1977), EPIC has only one motor processor devoted to preparing
and initiating movements by the two (i.e., right and left) hands.

- For multiple manual tasks, substantial between-task interference

is therefore possible at the peripheral motor level even when
the two tasks use different hands. Effective coping with such
interference requires judicious supervisory control.
Formulation of models. On the basis of EPIC, we formulate
computational models of human multiple-task performance in
terms of production-rule sets, which guide the operation of the
cognitive processor. First, for each task at hand, a distinct set
of production rules that perform the task with the architecture’s
various components must be specified. The task production rules
translate intermediate stimulus codes to intermediate response
codes and perform other record keeping unique to the individual
tasks. Second, a set of production rules for a supervisory execu-
tive process must be specified. The executive production rules
coordinate progress on various tasks adaptively so that instruc-
tions about the tasks’ relative priorities are obeyed and the tasks
do not disrupt each other at peripheral levels in which percep-
tual—-motor resources are limited. Such coordination is achieved
by monitoring the contents of working memory and inserting
or deleting task goals and other control items at appropriate
points along the way. For example, the following executive pro-
duction rule might be applied to start processing for primary
and secondary choice-reaction tasks while ensuring that pri-
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mary-task responses have higher priority than secondary-task
responses:

IF
((GOAL DO DUAL CHOICE RT TASKS)
(STRATEGY AUDITORY-MANUAL TASK 1)
(STRATEGY VISUAL-MANUAL TASK 2)
(VISUAL CENTER EVENT DETECTED ON)
(NOT (TRIAL UNDERWAY)))
THEN
((SEND-TO-MOTOR MANUAL RESET)
(ADDDB (TRIAL UNDERWAY))
(ADDDB (GOAL DO TASK 1))
(ADDDB (GOAL DO TASK 2))
(ADDDB (STRATEGY TASK 2 MODE IS DEFERRED))
(ADDDB (STRATEGY UNLOCK ON MOTOR-SIGNAL MANUAL STARTED
LEFT))
(DELDB (VISUAL CENTER EVENT DETECTED ON))
(ADDDB (STEP MOVE EYES TO RIGHT))
(ADDDB (STEP WATT-FOR TASK 1 DONE))).

Of course, the executive production rules for scheduling and
coordinating tasks may change, depending on the particular task
combinations, priorities, and subjective strategies that are in-
volved. Our computational models of multiple-task performance
therefore incorporate and extend some proposals by previous
theorists who have emphasized the importance of supervisory
control in cognition and action (e.g., Baddeley, 1986; Duncan,
1986; Logan, 1985; Neisser, 1967; Norman & Shallice, 1986;
Shallice, 1972).

Evaluation of models. We evaluate our models by simulat-
ing multiple-task performance computationally under test condi-
tions that mimic those in which empirical data from human
participants have been or will be collected. During these evalua-
tions, an environment-simulation program and human-simula-
tion program are executed conjointly on a computer worksta-
tion. The environment-simulation program provides a sequence
of virtual stimulus inputs to the human-simulation program and
receives a resultant sequence of virtual response outputs from
it, just as an experimenter would test a human participant by
presenting real stimuli and observing his or her overt behavior.
The human-simulation program consists of the EPIC architec-
ture and production-rule sets in its cognitive processor, which
transform stimulus inputs to response outputs through system-
atic operations like those outlined previously (Figure 1). Both
the environment-simulation programs and EPIC’s software
modules are written in the LISP (list processing ) language. The
sets of executive and task production rules used for the human-
simulation program conform to the syntax required by the PPS
interpreter (Covrigaru & Kieras, 1987). Also, as detailed else-
where (Meyer & Kieras, 1997a), execution of the simulation
program entails setting the numerical values of certain context-
dependent and context-independent parameters in the task envi-
ronment and EPIC architecture.

After the completion of each simulation run, its outputs may
be compared with results from human participants. Insofar as
features of the simulated data (e.g., virtual RTs and error rates)
do or do not match those of the empirical data, this suggests
that our models should or should not be taken as potentially
veridical descriptions of how human multiple-task performance
is actually achieved. We have found that with at least some
models, a good fit between simulated and empirical data may

be obtained through adjustments in relatively few parameter
values. ’

Psychological Refractory-Period Procedure

To illustrate how the present theoretical framework may be
applied in understanding, explaining, and predicting multiple-
task performance successfully, one such situation on which we
have focused is the psychological refractory-period (PRP) pro-
cedure. This procedure is very basic but closely related to real-
world contexts such as aircraft cockpit operation (Ballas, Heit-
meyer, & Perez, 1992), and it has already yielded a large body of
quantitative empirical data (Bertelson, 1966; Kantowitz, 1974;
Pashler, 1994a; Smith, 1967). Moreover, these data have in-
spired a substantial number of problematic hypotheses, models,
and theories, thus posing EPIC with an initial strong challenge
(Meyer & Kieras, 1997a).

As part of the PRP procedure, there are discrete test trials
(Figure 2). On each trial, a warning signal is followed by a
stimulus (e.g., visual letter or auditory tone) for the first of two
tasks. In response to it, a participant must react quickly and
accurately (e.g., by pressing a finger key or saying a word).
Soon after the Task 1 stimulus, there is another stimulus for the
second task. The perceptual modality and semantic category of
the Task 2 stimulus may (or may not) differ from those of the
Task 1 stimulus. The time between the two stimuli is the stimulus
onset asynchrony (SOA), which typically ranges between 0 and
1 s or so. In response to the Task 2 stimulus, the participant
must again react quickly and accurately. The effector used to
make the Task 2 response may (or may not) differ from that
for the Task 1 response. In any case, instructions for the PRP
procedure state that Task 1 should have higher priority than
Task 2; they may also urge participants to make the Task 1
response first. RIS are then measured to determine how much
Task 1 actually interferes with the performance of Task 2.

A major objective here is to model the Task 1 and Task 2 RTs
as a function of the SOA and other factor effects. Specifically,
mean Task 2 RIs may be plotted versus the SOA, yielding PRP
curves that typically decline as the SOA increases. Depending
on certain procedural details, the SOA effect—also called the
PRP effect—can either add or interact with effects of other
factors (e.g., stimulus discriminability, response-selection dif-
ficulty, movement complexity, and so forth). Viable models of
multiple-task performance have to account for the RT magni-
tudes and these additive or interactive effects on them.

Task 1 Task 1
Stimulus 1 Response 1
. ! 1
.
Waming | Tagk 1 Reaction Time
Signal | .
1
1 : : Time
T Y
e | I
SOA 1 Task 2 Reaction Time i
Stimulus Onset 1
Asynchrony 1
Task 2 Task 2
Stimulus 2 Response 2

Figure 2. A typical trial in the psychological refractory period proce-
dure. SOA = stimulus onset asynchrony.
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Adaptive Executive-Control Models

Toward the present objective, a class of adaptive executive-
control (AEC) models for multiple-task performance in the PRP
procedure can be formulated, using the EPIC architecture
(Meyer & Kieras, 1996, 1997b; Meyer et al., 1995). These
models incorporate executive processes that flexibly control the
extent to which secondary-task processes overlap temporally
with primary-task processes. Figure 3 outlines how such control
is achieved.

According to this view, performance of each task progresses
through a sequence of stages, including stimulus identification,
response selection, and movement production, consistent with
discrete stage models (Sanders, 1980; Sternberg, 1969). An
executive process coordinates progress on the primary and sec-
ondary tasks by optionally postponing one or more stages of
processing for Task 2 until Task 1 has finished. The supervisory
functions of the executive process include (a) enabling the pri-
mary-task and secondary-task processes to begin at the start of
each trial; (b) specifying a temporary Task 2 lockout point; (¢)
specifying a temporary Task 1 unlocking event; (d) waiting for
the Task 1 unlocking event to occur; and (e) unlocking Task 2
processes so that their responses may be completed. Together,

EXECUTIVE
TASK 1 PROCESSES
STIMULUS

TASK 2
STIMULUS

ENABLE

START TASK
TASK 1 PROCESSES
PROCESSES

SPECIFY TASK 2

LOCKOUT POINT

SPECIFY TASK 1
UNLOCKING EVENT
v
WAIT FOR

UNLOCKING
EVENT

UNLOCK
TASK 2

IDENTIFY
TASK 1

RESPONSE

TASK 2
RESPONSE

Figure 3. Component processes for adaptive executive-control (AEC)
models whereby the tasks of the psychological refractory period (PRP)
procedure may be flexibly scheduled. Diagonal lines with arrows that
extend rightward from executive processes to secondary-task processes
illustrate alternative Task 2 lockout points, which may occur immediately
before the beginning of either stimulus identification, response selection,
or movement production for Task 2. Diagonal lines with arrows that
extend leftward from executive processes to primary-task processes il-
lustrate alternative Task 1 unlocking events, which may occur immedi-
ately after the end of either stimulus identification, response selection,
or movement production for Task 1.

these functions ensure that instructions associated with the PRP
procedure are satisfied (i.e., Task 1 responses receive higher
priority and occur before Task 2 responses) even though there
is enough central-processing capacity to perform concurrent
tasks with little or no between-task interference. Through the
particular combination of Task 2 lockout point and Task 1 un-
locking event that it imposes, the executive process can adjust
exactly how much temporal priority is given to Task 1 over
Task 2.

Task 2 lockout points. By definition, the Task 2 lockout
point is a point during the course of Task 2 such that when it
has been reached, further processing for Task 2 stops temporar-
ily until Task 1 enters a ‘‘done’’ state. Under the AEC models,
there are at least three alternative Task 2 lockout points (Figure
3, right-side ovals), located respectively before the onsets of
stimulus identification, response selection, and movement pro-
duction for Task 2. Depending on whether the executive process
sets a premovement, preselection, or preidentification lockout
point, the Task 2 processes would overlap more or less with
Task 1 processes after short SOAs.

Task 1 unlocking events. The amount of temporal overlap
between Task 1 and Task 2 processes also depends on the choice
of a Task 1 unlocking event. By definition, this is an event during
the course of Task 1 such that when it occurs, Task 1 is deemed
to be done, and the executive process permits processing for
Task 2 to progress beyond the Task 2 lockout point. Under the
AEC models, there are several alternative Task 1 unlocking
events (Figure 3, left-side ovals); Task 1 may be deemed done
immediately after either its stimulus-identification, response-se-
lection, or movement-production stage finishes. Again, de-
pending on whether the executive process uses a postidentifica-
tion, postselection, or postmovement unlocking event, Task 2
processes would overlap more or less with Task 1 processes
after short SOAs.

Particular cases. Overall, the class of AEC models includes
many particular cases. For each possible combination of Task
2 lockout point and Task 1 unlocking event, there is a specific
set of executive production rules that can implement this combi-
nation, achieving a currently preferred amount of temporal over-
lap between the two tasks. Which executive rule set is used
under what circumstances may vary with task instructions, stra-
tegic goals, perceptual—~motor requirements, and prior practice.
From this perspective, the choice of a lockout-point and un-
locking-event combination is analogous to the choice of a deci-
sion-criterion (beta) value in signal-detection theory (Tanner &
Swets, 1954), which would vary with the relative payoffs and
costs assigned to one type of response outcome versus another.

For example, some models within the AEC class can mimic
a response-selection bottleneck (RSB; Meyer & Kieras, 1996,
1997b). Their executive processes do so by specifying a prese-
lection lockout point for Task 2 and a postselection unlocking
event for Task 1, thereby precluding response selection during
Task 2 until Task 1 response selection has finished. Given
EPIC’s framework, however, such a lockout-point and un-
locking-event combination is neither obligatory nor immutable,
contrary to the traditional RSB hypothesis (cf. Pashler, 1994a;
Welford, 1967, 1980). An optional response-selection bottle-
neck may, but need not, be imposed when the situation strongly
encourages making sure that Task 2 responses never precede
Task 1 responses.




754 MEYER AND KIERAS

Other models within the AEC class can mimic additional
types of bottleneck. For example, Keele (1973) has hypothe-
sized that a movement-initiation bottleneck rather than a re-
sponse-selection bottleneck exists in the human information-
processing system. Consistent with this hypothesis, an executive
process may defer Task 2 movement initiation by setting a post-
selection—premovement lockout point for Task 2 and a post
motor-initiation unlocking event for Task 1. Again, however,
such combinations are neither obligatory nor immutable in
EPIC. An optional movement-initiation bottleneck may, but need
not, be imposed when the situation strongly encourages produc-
ing Task 2 responses as quickly as possible after Task 1 finishes.

Strategic Response-Deferment Model

Among models in the AEC class, one with which we have
worked extensively is the strategic response-deferment (SRD)
model. This model is interesting and apt because as each trial
evolves during the PRP procedure, its executive process first uses
a postresponse-selection lockout point for Task 2 but later briefly
imposes a preresponse-selection lockout point, depending on how
far the Task 2 processes have progressed by when the prespecified
Task 1 unlocking event occurs. As a result of such adaptive execu-
tive control, mean Task 2 RTs generated by the SRD model closely
match various patterns of empirical PRP curves from previous
experiments with the PRP procedure. These patterns and the mod-
el’s goodness of fit take into account not only the effects of SOA
but also the relative difficulties of primary and secondary tasks
(Meyer & Kieras, 1997a; Meyer et al., 1995).

Detuails of executive process. Figure 4 outlines the executive
process of the SRD model in more detail. At the start of each
trial during the PRP procedure, the executive process puts Task
1 in an immediate response-transmission mode and Task 2 in a
deferred response-transmission mode. When Task 2 is in deferred
mode, the symbolic identities of Task 2 responses may be selected
and sent to declarative working memory, but Task 2 response
movements are not produced by EPIC’s motor processors. This
constraint is imposed by adding an appropriate control note to
working memory, which specifies a postselection—premovement
lockout point for Task 2 (e.g., see production rule on p. 752).
Putting Task 1 in immediate mode lets its responses be selected
and sent to their motor processor as quickly as possible for move-
ment production. This freedom is enabled by adding another
control note to working memory (e.g., see production rule on p.
752). When the Task 1 unlocking event occurs subsequently (e.g.,
the overt Task 1 response movement is initiated), the executive
process temporarily suspends Task 2 (i.e., withdraws “GOAL DO
TASK 2~ from working memory) and shifts it to immediate mode,
after which Task 2 is resumed (i.e., “GOAL DOTASK 2" is reinserted
in working memory). Following this transition, the identities of
previously selected Task 2 responses may be transferred from
working memory to their motor processor for movement produc-
tion. If response selection has not yet finished for Task 2 before
it is shifted to immediate mode, then subsequently the Task 2
production rules both select and send the identities of Task 2
responses directly to their motor processor.

In some respects, the SRD model resembles the hybrid struc-
tural-bottleneck mode! of De Jong (1993). He proposed that
both response-selection and movement-initiation bottlenecks
mediate multiple-task performance, integrating the hypotheses
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Figure 4. Steps taken by the executive process of the strategic re-
sponse-deferment (SRD) model to unlock Task 2 processes for the
psychological refractory period (PRP) procedure after Task 1 has been
declared “‘done.”” Depending on whether or not the identity of the Task
2 response (R) has been selected already, the executive process unlocks
Task 2 in one of two ways: (2) permitting the preselected Task 2 response
to be sent to its motor processor; or (b) suspending Task 2 temporarily,
shifting it from the deferred to immediate response-transmission mode,
and then resuming Task 2 in immediate mode. Breaks in the vertical
time lines shown by diagonal hash marks represent variable time inter-
vals whose durations depend on the stimulus onset asynchrony (SOA)
and terporal properties of prior processes. S = stimulus.

advocated by Keele (1973), Pashler (1984, 1994a), Welford
(1967, 1980), and others. Similarly, to coordinate progress on
Tasks 1 and 2 of the PRP procedure, the executive process of the
SRD model uses both postresponse-selection and preresponse-
selection lockout points for Task 2. However, these lockout
points are optional, flexible, and adaptively controlled, whereas
the bottlenecks of De Jong’s hybrid model are assumed to be
structural, immutable, and insensitive to changing task require-
ments. There is considerable evidence that multiple-task perfor-
mance cannot, in general, be characterized by such immutability
and insensitivity (Gopher, 1993; Meyer & Kieras, 1997b; Meyer
et al., 1995; Wickens, 1984), so the assumptions of the SRD
model seem preferable for now.

Alternative paths of information processing and RT equations
for Task 2. Because of how its executive process works, five
alternative paths of information processing (different sequences
of operations) may lead from Task 2 stimuli to Task 2 response
movements in the SRD model (Meyer & Kieras, 1997a, Figures
10 through 13). Which path is taken during a particular trial of
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the PRP procedure depends on the SOA and the relative difficulty
of Task 1 versus Task 2. Associated with each path is a distinct
equation that defines the Task 2 RT in terms of the model’s param-
eters and the SOA (Meyer & Kieras, 1997a, Table 3). Under some
experimental conditions, all five paths and equations contribute to
the Task 2 RIs over the interval of positive SOAs. Under other
experimental conditions, the Task 2 RTs stem from only a subset
of these paths and equations. Consequently, the SRD model im-~
plies that the SOA and other factors (e.g., response-selection dif-
ficulty for Task 2) can affect mean Task 2 RT either interactively
or additively, depending on exactly what the experimental condi-
tions are (Meyer & Kieras, 1997a, Figure 15).

Application to PRP Study by Hawkins et al. (1979)

Initially, we (Meyer & Kieras, 1992, 1994, 1997a; Meyer et
al., 1995) have tested the SRD model by applying it to account

1200 !
(A) Auditory-Vocal Task 1
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for empirical RTs from a PRP study by Hawkins, Rodriguez, and
Reicher (1979). As part of this study, there were four different
primary tasks, which involved either auditory stimuli (tones)
or visual stimuli (printed letters) and either manual responses
(keypresses by left-hand fingers) or vocal responses (spoken
words). Each primary task was performed together with two
different secondary tasks, which involved either two or eight
visual stimuli (digits) and two manual responses (keypresses
by right-hand fingers). For the various combinations of primary
and secondary tasks, the SOAs ranged from 0 to 1,200 ms.
These manipulations let Task 1 and Task 2 RTs be measured
jointly as a function of SOA, Task 1 perceptual modality, Task
1 motor modality, and Task 2 response-selection difficulty.
Hawkins et al.’s study therefore provides a broad range of exper-
imental conditions under which to demonstrate the viability of
the SRD model.

A summary of the obtained results appears in Figure 5. Here
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Figure 5. Results from simulations with the strategic response-deferment (SRD) model for the psychologi-
cal refractory period study by Hawkins et al. (1979). Large symbols on solid curves represent empirical
mean reaction times (RT5); small symbols on dashed curves represent simulated mean RTs. Filled circles
and triangles represent mean Task 2 RTs when response selection in Task 2 was respectively easy or hard;
unfilled circles and triangles represent corresponding mean Task 1 RTs. A: Simulated versus empirical mean
RTs for a combination of auditory-vocal Task 1 and visual-manual Task 2. B: Simulated versus empirical
mean RT5 for a combination of visual-vocal Task 1 and visual-manual Task 2. C: Simulated versus empirical
mean RTs for a combination of auditory-manual Task 1 and visual-manual Task 2. D: Simulated versus
empirical mean RTs for a combination of visual-manual Task 1 and visual-manual Task 2. SOA = stimulus

onset asynchrony.
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we have shown simulated and empirical mean RT5 as a function
of SOA for the various combinations of primary and secondary
tasks. With respect to both Task 1 and Task 2, the simulated
mean RTs (dashed curves) fit the empirical mean RIs (solid
curves) reasonably well regardless of which perceptual and mo-
tor modalities were involved during Task 1. In the case of Task
2, the simulated mean RT% accurately approximate the interactive
and additive effects of SOA and response-selection difficulty on
the empirical mean RTs. This success stems from the SRD mod-
el’s ability to characterize cases in which response-selection
processes for Task 2 do or do not overlap temporally with those
for Task 1. It is also noteworthy that the model required rela-
tively few context-dependent parameters to achieve the reported
goodness of fit; the number of such parameter values used here
was markedly less than the number of reliable one-degree-of-
freedom contrasts in the empirical mean RT data of Hawkins
et al. (1979). For more details, readers may consult Meyer and
Kieras (1997a).

Given the initial success of the SRD model and the EPIC
architecture on which it is based, the remainder of the present
article describes some further related applications of our theoret-
ical framework.

Simulation of Performance in Other PRP Studies

To test the SRD model further and to demonstrate its general-
ity more fully, we have simulated participants’ performance in
other representative studies with the PRP procedure, following
the same general protocol outlined in Meyer and Kieras (1997a)
and used for Hawkins et al. (1979). These new simulations
reveal that the SRD model provides good parsimonious quantita-
tive fits between theory and data under additional conditions
in which there are various combinations of perceptual-motor
modalities and stimulus~response (S—R) mappings. For exam-
ple, the next section deals with PRP studies by Karlin and
Kestenbaurn (1968) and by McCann and Johnston (1992),
whose RT data come from different families of PRP curves that
depend on crucial details of task conditions.

PRP Study by Karlin and Kestenbaum ( 1968)

The study by Karlin and Kestenbaum (1968) is especially
interesting because it varied the difficulty of response selection
for both Tasks 1 and 2 of the PRP procedure. In Task 1, there
were either two or five S—R pairs, which required manual re-
sponses (left-hand keypresses) to visual stimuli (digits). In Task
2, there were either one or two S—R pairs, which required
manual responses (right-hand keypresses) to auditory stimuli
(low- and high-pitch tones). SOAs that ranged from 0 to 1,150
ms, with numerous intermediate values, separated the two tasks.

Together, these design features nicely supplement those of
Hawkins et al. (1979). With respect to Karlin and Kestenbaum’s
(1968) RT data, we may test whether the SRD model applies
when a visual task precedes an auditory task and Task 1 is
harder (i.e., involves more S—R pairs ), whereas Task 2 is easier
(i.e., involves fewer S—R pairs) than under the conditions of
other PRP studies. Although the present context is new, the
model should still yield a good account for mean RIs and PRP
curves, if its assumptions about concurrent response selection
and executive control of task scheduling are valid.

Details of simulation.  For the current simulation, we applied
the SRD model in the same way as before. The mean values of
its context-dependent parameters are set here to be commensu-
rate with procedural details of Karlin and Kestenbaum’s (1968)
PRP study. Table 1 summarizes the values that these parameters
have for present purposes as a function of response-selection
difficulty in Tasks 1 and 2. More discussion about how to inter-
pret the values of these parameters may be found in Meyer and
Kieras (1997a).

Some relevant differences in the present parameter values
compared to those used for Hawkins et al. (1979) should be
noted (cf. Meyer & Kieras, 1997a, Table 4). Because Karlin
and Kestenbaum (1968) gave participants an auditory-manual
Task 2, the ocular orientation time of the SRD model is now
set to zero. Thus, eye movements never contribute to the simu-
lated Task 2 RT5 here. Instead, a different parameter—the audi-
tory detection time—nplays a key role with respect to Karlin
and Kestenbaum’s (1968 ) study. When Task 2 involves just one
S-R pair (i.., it is a simple-reaction task), detection of the
auditory stimulus triggers the SRD model’s Task 2 production
rules to send the Task 2 response identity (a right-index finger
keypress) either to working memory or to EPIC’s manual motor
processor, depending on whether Task 2 is currently progressing
in deferred or immediate response-transmission mode.'

Also, in order to maximize the goodness of fit between simu-
lated and empirical Task 2 RIs for Karlin and Kestenbaum
(1968), the unlocking-onset latency of the SRD model’s execu-
tive process needs to be shorter than it typically was during our
simulations of RTs from the study by Hawkins et al. (1979).
Interestingly, this requirement suggests that Karlin and Kesten-
baum’s (1968) participants were. especially efficient at coordi-
nating the completion of Tasks 1 and 2. Such efficiency may
have stemmed from extensive practice that these participants
received with the PRP procedure.”

Simulated and empirical mean RTs. Inlight of the preceding
considerations, Figure 6A shows simulated versus empirical
mean RT5 for the PRP study by Karlin and Kestenbaum (1968)
when Task 1 had two S—R pairs and Task 2 response selection
was easy (i.e., involved one S—R pair) or hard (i.e., involved
two S—R pairs). Like empirical mean Task 1 RTs (solid curves),
the simulated mean Task 1 RTs (dashed curves) are relatively
long and do not depend much on either the SOA or Task 2
response-selection difficulty. The goodness of fit (root mean
squared error [RMSE] = 17 ms) achieved here with respect to

! The simple-reaction case of Task 2 requires these operations because
of two reasons. First, during each trial, the manual motor processor must
prepare and produce a left-hand response for Task 1 before preparing
and producing a right-hand response for Task 2. Second, the same manual
motor processor is assumed to control both hands, so it cannot remain
in a constant state of preparation for Task 2 responses under these
conditions.

? Before producing the empirical RTs that are considered here, Karlin
and Kestenbaum’s (1968) participants practiced for at least 50 prior
sessions in other related studies. This gave them much more experience
than most participants have with the PRP procedure. In contrast,
Hawkins et al.’s (1979) participants only practiced for two sessions.
Perhaps more extensive practice helps people to evolve a fully optimized
executive process in which the unlocking-onset latency and suspension
waiting time for Task 2 are as short as possible while still satisfying the
PRP procedure’s task instructions.




Table 1

Context-Dependent Parameters in Simulations With the SRD Model for the PRP Study
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by Karlin and Kestenbaum (1968)

Task 1 Task 2 Mean
System component Parameter name difficulty difficulty value
Perceptual processors Auditory detection time Easy and hard Easy and hard 60
Auditory identification time Easy and hard Easy and hard 85
Visual identification time Easy and hard Easy and hard 175
Task 1 process Number of selection cycles Easy Easy and hard 1.25
) Hard Easy and hard 4.00
Preparation benefit Easy and hard Easy and hard 50
Task 2 process Number of selection cycles Easy and hard Easy 1.00
) Easy and hard Hard 1.25
Preparation benefit Easy and hard Easy 100
Easy and hard Hard 50
Executive process Ocular orientation time Easy and hard Easy and hard 0
Unlocking onset latency Easy Easy 125
Easy Hard 75
Hard Easy and hard 50
Suspension waiting time Easy and hard Easy and hard 0
Preparation waiting time Easy and hard Easy and hard 285
Apparatus Manual transduction time Easy and hard Easy and hard 10

Note.

Time parameters are given in milliseconds. Easy and hard are the difficulty of response selection

in Tasks 1 and 2. The easy and hard cases of Task 1 involve two and five alternative stimulus—response
(S—R) pairs, respectively; the easy and hard cases of Task 2 involve one and two SR pairs, respectively.
SRD = strategic response deferment; PRP = psychological refractory period. .

mean Task 1 R rivals the SRD model’s previous success (cf.
Figure 5) for the PRP study by Hawkins et al. (1979).
Similarly, in this case (i.e., Figure 6A), there is a good fit
(R* = .985; RMSE = 11 ms) between simulated and empirical
mean Task 2 RIs for Karlin and Kestenbaum’s (1968) PRP
study. As before (cf. Figure 5C), the Task 2 RTs again embody
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a marked interaction between the effects of SOA and Task 2
response-selection difficuity, replicating and extending what was
found previously with the auditory-manual and visual-manual
task combination of Hawkins et al. (1979). At the shortest
SOA, the mean Task 2 RTs associated respectively with the easy
(simple-reaction) and hard (choice-reaction) versions of Task

(B) Effects of Task 1 Difficulty
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Figure 6. Results from simulations with the strategic response-deferment (SRD) model for the psychologi-
cal refractory period (PRP) study by Karlin and Kestenbaum (1968). Large symbols on solid curves
represent empirical mean reaction times (RTs); small symbols on dashed curves represent simulated mean
RTs. Unfilled and filled symbols represent mean Task 1 and Task 2 RTs, respectively. A: Simulated versus
empirical mean RTs when Task 1 involved two stimulus~response (S—R) pairs and Task 2 was easy (i.e.,
involved one S~R pair) or hard (i.e., involved two S—R pairs). B: Simulated versus empirical mean RTs
when ‘fask 1 was easy (i.e., involved two S—R pairs) or hard (i.e., involved five S—R pairs) and Task 2
involved two S—R pairs. SOA = stimulus onset asynchrony.
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2 are about equally long. As the SOA increases, however, the
mean Task 2 RTs decrease more precipitously when Task 2
response selection is easy. This pattern presumably stems from
a commonality in how the SRD model’s and people’s executive
processes schedule response selection and movement production
during Task 2.

Complementing these results, Figure 6B also shows mean
RTs for Karlin and Kestenbaum’s (1968 ) PRP study when Task
1 response selection was easy (i.e., involved two S—R pairs)
or hard (i.e., involved five S—R pairs) and Task 2 involved two
SR pairs. Here Task 1 response-selection difficulty affects both
the simulated and empirical mean Task 1 RTs, but SOA does not.
This pattern is mimicked faithfully by the SRD model (RMSE =
16 ms). The model conforms well (R*> = .991; RMSE = 9 ms)
to a new form of interaction not encountered previously as part
of our simulations. At short SOAs, both simulated and empirical
mean Task 2 RTs are markedly affected by the difficulty of
Task 1 response selection, whereas this effect disappears at long
SOAs.

Several related aspects of task scheduling presumably contrib-
ute to why the Task 1 difficulty effect on mean Task 2 RIs
changes as the SOA increases. At short SOAs, both people’s
and the SRD model’s executive processes have to postpone the
production of selected Task 2 responses until after Task 1 re-
sponse selection has been completed. This postponement must
last longer when response selection for Task 1 is difficult,

thereby differentially lengthening concomitant Task 2 Rls. In -

contrast, at Jong SOAs, both easy and difficult Task 1 response
selection may finish before Task 2 even starts, so the production

of selected Task 2 responses does not have to be postponed,

and there is no effect of Task 1 response-selection difficulty on
mean Task 2 RTs.

Theoretical implications. The success of the SRD model in
accounting for the results of Karlin and Kestenbaum (1968)
further documents the model’s parsimony and generality. Under
conditions that replicate and extend those of Hawkins et al.
(1979), simulated RTs from the model again fit empirical RTs
with relatively few context-dependent parameters, assuming op-
timized task scheduling through concurrent response-selection
processes and deferred Task 2 movement production. Given that
Karlin and Kestenbaum’s (1968 ) participants were highly expe-
rienced, apparently what practice did for them was to help refine
operations by their executive processes, maximizing the effi-
ciency of coordination between tasks.

PRP Study by McCann and Johnston (1992)

Another instructive application of the SRD model focuses on
a PRP study by McCann and Johnston (1992, Experiment 1).
This study interests us for three reasons. First, Task 1 was
relatively easy compared to Task 2. Second, at short SOAs, eye
movements to the Task 2 stimulus may not have been completed
until well after its onset. Third, the difficulty of response selec-
tion in Task 2 was varied through 2 manipulation of S-R com-
patibility rather than S—R numerosity. Together, these design
features provide an instructive new context in which to illustrate
how parallel PRP curves can emerge from the SRD model even
though Task 1 and Task 2 response-selection processes are po-
tentially concurrent.’ The present illustration is especially perti-
nent because it casts strong doubt on some of the conclusions

reached by McCann and Johnston, who inferred that an immuta-
ble response-selection bottleneck accounts best for their results.

Like one condition of Hawkins et al. (1979), the PRP study
by McCann and Johnston (1992) used a combination of audi-
tory-vocal and visual-manual tasks. Task 1 required vocal re-
sponses (the spoken words ‘‘high’’ and ‘‘low’’) to auditory
stimuli (high- and low-pitch tones). Task 2 required manual
responses (finger keypresses) to visual stimuli (geometric ob-
jects). RTs were measured as a function of Task 2 S—R compati-

" bility and SOA.

S—R compatibility was manipulated by presenting Task 2
stimuli whose shapes and sizes both varied across trials. On
some trials, for example, either a small, medium, or large trian-
gle that involved a compatible Task 2 S—R mapping was pre-
sented. In response to it, participants pressed a key with either
the index, middle, ‘or ring finger of one (e.g., right) hand. A
simple correspondence existed between stimulus size and spatial
finger position (e.g., small = index, medium — middle, and large
- ring) for this case. On other trials, either a small, medium, or
large rectangle that involved an incompatible Task 2 S—~R map-
ping was presented. In response to it, participants pressed a key
with either the ring, middle, or index finger of their other (e.g.,
left) hand, but the relation between stimulus size and spatial
finger position was more complex (e.g., small — middie, me-
dium - ring, and large — index). Presumably this complexity
made it more difficult to select the correct Task 2 response than
when the mapping was compatible.

Empirical mean RTs. Figure 7 shows the empirical mean
RTs (solid curves) that McCann and Johnston (1992, Experi-
ment 1) obtained with their PRP procedure.” The mean Task 1
KI5 are rather short and not affected much by either the SOA
or Task 2 response-selection difficulty. In contrast, the mean
Task 2 RTs are always on the order of 200 ms or more longer,
and the SOA, together with Task 2 response-selection difficulty,
has approximately additive effects on them, yielding nearly
“‘parallel’” (vertically equidistant) empirical PRP curves.

Details of simulation. To account for these results, we have
applied the SRD model, using the parameter values in Table 2
(next-to-right column). These values are mostly similar to those
used during our previous simulations.’ Nevertheless, two im-
portant points should be noted here. First, for our simulations
of performance by McCann and Johnston’s (1992, Experiment
1) participants, the Task 1 auditory identification and response-

® As discussed more fully by Meyer and Kieras (1997a, Figure 15),
the SRD model can yield four distinct families of PRP curves, whose
forms depend on the SOA and relative difficulty of Task 1 versus Task
2. Within some of these families, the mean Task 2 RTs embody additive
rather than interactive effects of SOA and Task 2 response-selection
difficulty, thereby forming PRP curves that are ‘‘parallel” (i.e., verti-
cally equidistant over the domain of nonnegative SOAs) instead of di-
verging like those in Figure 5 (left panels) and Figure 6 (top panel).

* We thank Robb McCann for providing previously unpublished de-
tails about these and other related data from the studies by McCann and
Johnston (1992, Experiments 1 arid 2).

® For the compatible Task 2 S—R mapping, the SRD model’s produc-
tion rules always take a single cognitive-processor cycle to choose the
Task 2 response on the basis of the Task 2 stimulus size. More cycles
are taken on average when the mapping is incompatible because for it,
the Task 2 stimulus size does not have a direct ordered relation with
the required finger keypress.
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Figure 7. Results from simulations with the strategic response-defer-
ment (SRD) model for the first psychological refractory period (PRP)
study by McCann and Johnston (1992, Experiment 1). Large symbols
on solid curves represent empirical mean reaction times (RIs); small
symbols on dashed curves represent simulated mean RIs. Filled circles
and triangles represent mean Task 2 RTs when Task 2 involved either a
compatible or incompatible stimulus—response mapping, respectively;
unfilled circles and triangles represent corresponding mean Task 1 RTs.
SOA = stimulus onset asynchrony. ’

selection times are relatively short, consistent with the short
empirical mean Task 1 RI5. Second, the ocular orientation time
for fixating the Task 2 stimulus location is relatively long (195
ms) compared to the shortest SOA (50 ms) that separated the
onsets of the Task 1 and Task 2 stimuli.®

Our assumption of a relatively long ocular orientation time
may be justified on the basis of McCann and Johnston’s (1992,
Experiment 1) experimental procedure. To help their partici-
pants perform well, McCann and Johnston gave them a diagram
that outlined the required S—R mappings for Task 2. The dia-
gram remained available throughout the experiment and was
placed below the computer screen on which the Task 2 stimuli
appeared. It seems likely that even after some practice, partici-
pants may have regularly taken their eyes off the screen between
trials, looking instead at the diagram for a reminder about the
details of the incompatible Task 2 S—R mappings. Such inspec-
tion was encouraged because different mappings were intermin-
gled across trials; participants could not concentrate on just
one mapping, either compatible or incompatible, throughout an
entire trial block. Thus, they may have tended to be somewhat
slow at refixating the Task 2 stimulus location after the start of
each new trial. Also, a long ocular orientation time is consistent
with the “‘parallel’’ empirical PRP curves reported by McCann
and Johnston. As discussed by Meyer and Kieras (1997a), slow
refixation on the Task 2 stimulus location can preclude postse-
lection slack in Task 2 R1k at short SOAs, especially when Task
1 is completed quickly.

Simulated mean RTs. Substantiating these possibilities, Fig-
ure 7 shows simulated mean RIS (dashed curves) that the SRD
model produces with respect to McCann and Johnston’s (1992,
Experiment 1) PRP study. For their Task 1, the fit between the

simulated and empirical mean RTs is excellent (RMSE = 6 ms).
There is also a reasonably good fit between the simulated and
empirical mean Task 2 RTs (R? = .956; RMSE = 19 ms). Just
like the empirical PRP curves, the simulated PRP curves are
nearly ‘‘parallel,’”’ exhibiting essentially additive effects of SOA
and Task 2 response-selection difficulty. The SRD model’s pres-
ent success requires no more context-dependent parameter val-
ues than in previous simulations where excellent fits to RT data
have been obtained.’

Theoretical implications. Qur simulation of results from the
PRP study by McCann and Johnston (1992, Experiment 1)
therefore has a clear message, which echoes earlier theoretical
points (Meyer & Kieras, 1997a). Parallel PRP curves do not
necessarily prove the existence of an immutable structural re-
sponse-selection bottleneck. Rather, they may stem from short
Task 1 durations and relatively long ocular orientation times
that preclude temporal overlap between potentially concurrent
response-selection processes. Apparently the SRD model has
the sensitivity and generality to differentiate among various con-
texts in which such overlap does or does not occur. Unfortu-
nately, such sensitivity and generality are lacking in past bottle-
neck models, whose assumptions fail to accommodate crucial
details of executive processes, central cognitive-processor ca-
pacity, and peripheral perceptual—motor limitations.

Extensions of the SRD Model

Of course, we do not claim that the SRD model as described
thus far accounts fully for human multiple-task performance
under all circumstances. Rather, depending on circumstances at

¢ During McCann and Johnston’s (1992, Experiment 1) study, com-
pound Task 1 stimuli were presented. Following a visual warning stimu-
lus at the start of each trial, a 500-ms standard tone occurred as the first
part of the Task 1 stimulus. Next there was a 300-ms intertone interval.
Then a 500-ms comparison tone occurred as the second part of the Task
1 stimulus. Participants judged whether the comparison tone was higher
or lower in pitch than the standard tone. Task 1 Ris and SOAs for Task
2 stimuli were measured relative to the onset of the Task 1 comparison
tone. Similarly, the present ocular orientation time is measured relative
to this onset. Our simulation assumes that the ocular motor processor
begins preparing an eye movement to the Task 2 stimulus location at
about the same time as the Task 1 comparison tone starts. The ocular
orientation time determines when EPIC’s eyes arrive at the Task 2 stimu-
lus location after the onset of the Task 1 comparison tone.

" The present account of RTs for McCann and Johnston’s (1992, Ex-
periment 1) PRP study is supported further by results from a PRP study
that Schumacher et al. (1996, Experiment 3) have conducted. During the
latter study, S—R compatibility in Task 2 was manipulated systematically
across trial blocks, and eye movements immediately before the Task 2
stimuli were strongly discouraged. Under these conditions, SOA and
Task 2 S—R compatibility affected mean Task 2 RTs interactively; the
compatibility effect was less at short SOAs than at long SOAs, yielding
divergent rather than ‘‘paralle]”” PRP curves. This outcome has several
implications. It shows that not only S—R numerosity but also other
factors whose influences occur in response selection can have interactive
effects with SOA, indicative of temporally overlapping response-selec-
tion processes for Tasks 1 and 2. In addition, it shows that as predicted
by the SRD model (Meyer & Kieras, 1997a, Figure 15), various patterns
of mean Task 2 RTs may stem from manipulations of S—R compatibility
just as they do from manipulations of S—R numerosity (cf. Figure 5),
depending on certain contextual details.
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Table 2

KIERAS

Context-Dependent Parameters in Simulations With the SRD Model for the PRP Studies

by McCann and Johnston (1992)

Mean parameter value

Task 2
System component Parameter name difficulty Exp. 1 Exp. 2
Perceptual processors Auditory identification time Easy and hard 150 190
Visual identification time Easy and hard 385 225
Task 1 process Number of selection cycles Easy and hard 1.00 1.00
Task 2 process Number of selection cycles Easy 1.00 1.00
Hard 2.33 2.13
Preparation benefit Easy and hard 50 50
Executive process Ocular orientation time Easy and hard 195 0
Unlocking onset latency Easy and hard 175 0
Suspension waiting time Easy and hard 200 100
Preparation waiting time Easy and hard . 1,100 1,100
Apparatus Manual transduction time Easy and hard 10 10
Vocal transduction time Easy and hard 70 70

Note. Time parameters are given in milliseconds. Easy and hard are the difficulty of response selection
in Task 2, which depends on the stimulus—response compatibility (high vs. low). SRD = strategic response
deferment; PRP = psychological refractory period; Exp. = experiment.

hand, the model may have to be modified and extended. For
example, the next subsections outline several specific extensions
that are still within the domain of the PRP procedure but that
foreshadow some future directions where theorizing could go.

Conservative Use of Deferred Response-Transmission
Mode for Task 2

One initial feature of the SRD model has concerned the evolv-
ing status of Task 2 processing as Task 1 processing progresses
during the PRP procedure. We have assumed that at short SOAs,
response selection for Task 2 takes place in deferred response-
transmission mode until Task 1 is done and the model’s execu-
tive process starts unlocking Task 2 (Figure 4). When the de-
ferred mode prevails, the symbolic identities of selected Task 2
responses are put in working memory temporarily, and they are
later sent to their motor processor for overt execution after
unlocking is finished. By contrast, we have assumed that at
long SOAs, Task 2 response selection proceeds in immediate
response-transmission mode. The deferred-to-immediate mode
shift is made by the SRD model’s executive process as it unlocks
Task 2, if a Task 2 response has not been selected already.
Following the mode shift, subsequently selected Task 2 re-
sponses are sent to their motor processor directly, rather than
passing through working memory along the way. This more
direct route helps shorten the overall Task 2 RTs, and it contri-
butes beneficially to good fits produced by some of our
simulations.

Elevated empirical PRP curve. However, some data suggest
that performance of Task 2 is occasionally less optimized than
the SRD model implies. For example, consider the mean Task
2 RTs that Hawkins et al. (1979) obtained when they combined
an auditory-vocal Task 1 with an easy visual-manual Task 2
(Figure SA). There the empirical (solid) PRP curve at moder-
ately 1ong and very long SOAs (viz., 600 and 1,200 ms) was
significantly (i.e., about 50 ms) higher than the SRD model’s
simulated (dashed) PRP curve. This may have occurred because

the easy Task 2 was being performed in the context of a Task
1 that took a relatively long time to complete (i.e., the auditory-
vocal Task 1 reactions were rather slow). Perhaps participants
adopted a conservative strategy for using the deferred response-
transmission mode to avoid producing Task 2 responses before
Task 1 responses, thereby delaying the Task 2 responses more
than necessary after Task 1 was done.

Continuation of Task 2 in deferred—permitted mode. Con-
cerning such conservatism, a simple extension of the SRD model
may characterize how it arises. Suppose that when Task 1 is
done and unlocking of Task 2 begins, the model’s executive
process continues Task 2 in the deferred response-transmission
mode, rather than shifting it to immediate mode. Also, suppose
that to unlock Task 2 without the mode shift, the executive
process puts a permission note in working memory, indicating
that the identities of future selected Task 2 responses may be
transmitted to their motor processor as soon as they have entered
working memory through the deferred mode. Then at long
SOAs, this deferred—permitted mode strategy would take one
more cognitive-processor cycle than the immediate-mode strat-
egy does for Task 2 responses to reach their motor processor®
Consequently, the overt onsets of these responses would be de-
layed by an average increment of 50 ms compared to what the
original SRD model implies, just as Hawkins et al. (1979)
observed.

Progressive Unlocking

Some aspects of participants’ performance are not so conser-
vative, however. For example, let us again consider what
Hawkins et al. (1979) found when they combined an auditory-

8 Immediate-mode production rules send the symbolic identities of
selected Task 2 responses directly to their motor processor, using one
cognitive-processor cycle, whereas deferred-mode production rules use
one cycle for sending them to working memory and a second cycle for
transmitting them from working memory to their motor processor.
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vocal Task 1 with an easy visual-manual Task 2 (Figure 5A).
In that case, the empirical mean Task 2 RTs at short SOAs (viz.,
0 = SOA = 200 ms) fell on a PRP curve whose slope was
significantly steeper than the slope of the curve on which the

simulated mean Task 2 RTs fell (viz., —1.3 vs. —1.0). Neither

the original SRD model nor an unadorned response-selection
bottleneck model can explain this discrepancy, because they
imply that PRP curves should always have slopes of —1 or
shallower.

Rationale for PRP curves with slopes steeper than —1. The
original SRD model implies PRP curves no steeper than —1
because its executive process does static unlocking of Task 2.
At the start of each trial, the executive process specifies a Task
1 unlocking event such that when it happens during the perfor-
mance of Task 1, this qualifies Task 1 to be declared *‘done’’
and Task 2 to be unlocked. The specified Task 1 unlocking event
remains set throughout the rest of the trial (hence the term static
unlocking). The amount of time that transpires between the
selection of a Task 1 response and the occurrence of the Task
1 unlocking event is, by definition, the executive process’s un-
locking-onset latency. Unlocking of Task 2 begins as soon as
the specified Task 1 unlocking event occurs subsequently. For
example, Task 1 might be declared ‘‘done’” and unlocking of
Task 2 might begin after the onset of an overt Task 1 response.
With static unlocking, Task 2 is always unlocked at about the
same moment in time relative to the onset of the Task 1 stimulus,
regardiess of the SOA. As a result, the most extreme effect that
an increase of the SOA can have on the mean Task 2 RT is to
decrease it by the same amount as the SOA increases, yielding
a PRP curve with a slope of ~1.

Augmentation with progressive unlocking. To account for
PRP curves whose slopes are steeper than —1, the SRD model
may be augmented with a new optimization feature called pro-
gressive unlocking. It involves making successive contingent
choices about what the Task 1 unlocking event will be during
a trial. Among the possible choices for this event are the follow-
ing: (a) the identity of a selected Task 1 response is sent to its
motor processor for movement-feature preparation and execu-
tion; (b) preparation of the movement features for the Task 1
response is completed; or (c) the overt Task 1 response has
begun.

With progressive unlocking, the specification of the Task 1
unlocking event is contingently updated during the course of
each trial. In particular, if the Task 1 stimulus gets identified
before the Task 2 stimulus has been detected, then the executive
process revises its specification of the Task 1 unlocking event
to be an earlier one than was specified initially (hence the term
progressive unlocking ). Consequently, at short SOAs (e.g., SOA
< 100 ms), Task 1 might be declared ‘‘done’’ when an overt
Task 1 response movement has started, whereas at longer SOAs,
Task 1 might be declared ‘‘done’’ as soon as the identity of a
selected Task 1 response has been sent to its motor processor
for movement production. This dynamic adaptation is justified
because long SOAs give Task 1 responses a headstart toward
being completed before Task 2 responses, so it becomes feasible
to unlock Task 2 at an earlier moment than short SOAs would
allow. Also, because progressive unlocking differentially short-
ens the unlocking-onset latency of the executive process as the
SOA increases, it decreases the mean Task 2 R at long SOAs

more than static unlocking does, thereby yielding PRP curves
whose slopes are steeper than —1.

Simulated mean Task 2 RTs based on progressive unlocking.
Some explicit benefits of progressive unlocking appear in Figure
8. Here we have replotted empirical mean Task 2 RIs (solid
curve) from the combination of an auditory-vocal Task 1 and
easy visual-manual Task 2 in the PRP study by Hawkins et al.
(1979). Also shown for this case are simulated mean Task 2
RTs (dashed curve) that the SRD model produced when we
augmented its executive process with progressive unlocking.
Unlike before (cf. Figure 5A), the PRP curve formed by the
simulated mean Task 2 RTs at short SOAs is now steeper than
—1 and more closely matches the PRP curve of empirical mean
Task 2 RIs. The obtained goodness of fit suggests that this
extension of the SRD model may. aptly characterize how partici-
pants try to optimize their multiple-task performance under these
particular conditions.

Likewise noteworthy in Figure 8 are the simulated mean Task
2 RTs at the moderately long and very long SOAs (i.e., 600 =
SOA = 1,200 ms). Consistent with the immediately preceding
section (Conservative Use of Deferred Response-Transmission
Mode for Task 2), our present simulation produced these RTs
by performing Task 2 in the deferred—permitted response-trans-
mission mode after progressive unlocking took place. As a result
of this executive strategy, the PRP curve of simulated RT closely
matches the PRP curve of empirical RTs over the entire SOA
range. Taken together, the extensions made thus far to the SRD
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Figure 8. Improved goodness of fit between simulated mean reaction
times (RTs) (small circles on dashed curve) and empirical mean RT§
(large circles on solid curve) for Hawkins et al.’s (1979) psychological
refractory period (PRP) study with an auditory-vocal Task 1 and easy
visual-manual Task 2. The simulated RTs come from an extension of the
strategic response-deferment (SRD) model in which its executive pro-
cess used a new optimization feature, ‘‘progressive unlocking,” com-
bined with resumption of Task 2 in permitted—deferred mode after un-
locking was completed. Together, these features significantly improve
the previous goodness of fit achieved by the model, accounting both for
the especially steep slope in the PRP curve at short stimulus onset
asynchronies (SOAs) and for the somewhat elevated Task 2 RT% at the

longest SOA.
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model have significantly improved its goodness of fit for
Hawkins et al.’s (1979) combination of auditory-vocal and easy
visual-manual tasks (revised R? = 996, and RMSE = 11 ms;
original R? = .967, and RMSE = 45 ms).’

Strategic Reflexive Control of Saccadic Eye Movements

Another related extension of the SRD model, which again
bears on the optimization of task scheduling, involves the con-
trol of eye movements by the model’s executive process. Our
proposals here stem from results of some additional PRP studies
whose participants did not know exactly where visual stimuli
for Tasks 1, 2, or both would occur in space. These studies and
their results are interesting because they supplement previous
data (e.g., Hawkins et al., 1979; Karlin & Kestenbaum, 1968;
McCann & Johnston, 1992, Experiment 1) obtained when parti-
cipants had complete foreknowledge about the spatial locations
of impending visual stimuli.

Specifically, it appears that when people lack complete fore-
knowledge about where an impending Task 2 stimulus will be
located, they do not simply keep their eyes centrally fixated
until the Task 2 stimulus occurs. Instead, they preposition their
eyes at one possible Task 2 stimulus location and then make
rapid eye movements to other locations if the Task 2 stimulus
occurs there instead. This anticipatory strategy helps minimize
mean Task 2 RTs because it reduces the frequency with which
eye movements that have relatively long ocular orientation times
must be made to Task 2 stimulus locations after the onsets of
Task 2 stimuli. To characterize such benefits, we have augmented
the SRD model and ocular motor processor of the EPIC architec-
ture with capabilities for strategic control of reflexive saccades.
The present section illustrates these extensions through simula-
tions of mean RTs from a second PRP study by McCann and
Johnston (1992, Experiment 2).

McCann and Johnston’s second PRP study. This study com-
bined an auditory-vocal Task 1 (viz., responding ‘‘high>’ and
“‘low’’ respectively to high- and low-pitch tones) with a visual-
manual Task 2. The Task 2 stimuli consisted of two letters (M
and T') and two horizontal arrows (< and —) mixed randomly
within blocks of trials. The Task 2 responses consisted of key-
presses with the left and right index fingers. A compatible S—
R mapping was used to associate arrows with keypresses (i.e.,
press left index finger for a left-pointing arrow, and press right
index finger for a right-pointing arrow). In contrast, an incom-
patible mapping was used to associate letters with keypresses
(e.g., press left index finger in response to M, and press right
index finger in response to 7'). The spatial locations of the Task
2 stimuli also varied randomly from trial to trial; they fell on
either the left or right side of a central visual-fixation location.
Participants were instructed to focus their attention initially on
the central location at the start of each trial. Horizontal visual
angles of 6.1° separated the central fixation location from the
alternative left and right Task 2 stimulus locations. Participants
did not know for sure where the next Task 2 stimulus would be
located (i.e., left or right of central fixation) until it actually
appeared. Also, the Task 2 stimuli were relatively small, subtend-
ing visual angles of less than 1° on average. It therefore seems
likely that after the onset of the Task 2 stimulus, participants
sometimes had to move their eyes rapidly to the Task 2 stimulus
in order to identify it accurately. Because of spatial stimulus

uncertainty, these eye movements presumably occurred at both
short and long SOAs. Unlike in other previous studies (e.g.,
Hawkins et al., 1979; McCann & Johnston, 1992, Experiment
1), lengthening the SOA did not always let participants preposi-
tion their eyes at the appropriate Task 2 stimulus location.

Initial simulation.  Although McCann and Johnston’s (1992,
Experiment 2) second study introduces additional complexities
to the PRP procedure, we have first tried to account for their
results by applying the original SRD model (Figure 4) without
any further embellishments. Our initial assumption here is that
the model’s executive process should focus EPIC’s eyes on the
central fixation location at the start of each trial and should keep
them there until the Task 2 stimulus has been detected. Also, it
is assumed initially that upon detection of the Task 2 stimulus,
the Task 2 production rules should instruct EPIC’s ocular motor
processor to make a saccadic eye movement to the current Task
2 stimulus location so that the Task 2 stimulus can be identified.
Given these assumptions, the perceptual identification process
does not start until the latter eye movement has been completed.
This seems plausible because the location of the impending Task
2 stimulus cannot be predicted with certainty at the start of each
trial and relatively large visual angles separate the alternative
Task 2 stimulus locations from the central fixation location. Yet
despite this uncertainty, the SRD model’s executive process uses
the same task-scheduling strategy as in prior simulations, with
minimal unlocking-onset latencies and suspension waiting
times. :

Figure 9A shows results from an initial simulation based on
the aforementioned assumptions for McCann and Johnston’s
(1992, Experiment 2) second PRP study. Here mean RT5 are
plotted versus SOA and symbolic S—R compatibility.'” The fit
between the simulated and empirical mean Task 1 RT5 (dashed
vs. solid curves) is rather good (RMSE = 5 ms). Also, some
features of the simulated mean Task 2 RIs appear similar to
what the SRD model has produced previously. At the shortest
SOA, for example, these RTs are long and S-R compatibility
affects them substantially, just as happened for the first PRP
study by McCann and Johnston (1992, Experiment 1).

Nevertheless, there is a striking difference between Figure
9A and what the SRD model produced previously. The present
simulated mean Task 2 RTs (dashed curves) do not decrease as
the SOA increases; instead, they are virtually constant over the
entire SOA range. This constancy stems from our initial assump-
tions about eye movements in McCann and Johnston’s (1992,
Experiment 2) second PRP study. According to these assump-
tions, a relatively long delay always occurs between the onset
of a Task 2 stimulus and the start of response selection for Task
2, regardless of the SOA. During the intervening delay, EPIC’s
eyes move from the central fixation location to the Task 2 stimu-
lus, and subsequently stimulus identification takes place for Task
2. Before these prerequisite stages are completed, the SRD mod-
el’s executive process has already unlocked Task 2 and shifted

? In evaluating this improvement, it should be recalled that the standard
errors of the empirical mean Task 2 RIs reported by Hawkins et al.
(1979) are approximately 10 ms.

' Qur algorithm for modeling the symbolic S—R compatibility effect
in this case is analogous to what we used previously in the simulation
of results from McCann and Johnston’s (1992, Experiment 1) first PRP
study.
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Figure 9. Results from simulations with the strategic response-deferment (SRD) model for the second
psychological refractory period (PRP) study by McCann and Johnston (1992, Experiment 2). Large symbols
on solid curves represent empirical mean reaction times (RT%); small symbols on dashed curves represent
simulated mean RT5. Filled circles and triangles represent mean Task 2 RTs when Task 2 involved a stimulus—
response (S~R) mapping that was either symbolically compatible or incompatible, respectively; unfilled
circles and triangles represent corresponding mean Task 1 RT5. The RTs have been averaged across conditions
in which the stimuli and responses were spatially congruent or incongruent. A: Poor fit for Task 2 RTs
produced by the original SRD model. B: Improved fit for Task 2 RTs produced by an extension of the SRD
model that incorporated strategic executive control of refiexive saccadic eye movements. SOA = stimulus

onset asynchrony.

it to the immediate response-transmission mode even if the SOA
is short. Thus, as the SOA increases, the same concatenated
stage durations always contribute to the simulated mean Task 2
RTs, precluding any SOA effects on them.

In contrast, the empirical mean Task 2 RTs (Figure 9A, solid
curves) from McCann and Johnston’s (1992, Experiment 2)
second PRP study are not constant across the range of SOAs
used there. Instead, these data look qualitatively similar to previ-
ous results (cf. Figure 7, solid curves); actual participants’ Task
2 responses are still affected additively by the symbolic S—R
compatibility and SOA. As the SOA increases, it yields empiri-
cal PRP curves with negative slopes, contrary to the flat theoreti-
cal PRP curves that our. initial simulation produces.'!

On the basis of this marked discrepancy, there is an obvious
theoretical implication. Apparently McCann and Johnston’s
(1992, Experiment 2) participants did not simply look at the
central fixation location throughout the entire Task 2 foreperiod
and wait to make eye movements to the Task 2 stimuli only after
detecting their onsets. Perhaps they tried instead to guess where
the Task 2 stimuli would occur and moved their eyes there
anticipatorily, thus achieving typical PRP performance at least
on those trials during which the anticipatory eye movements
succeeded.

Augmented simulation. To account more veridically for the
preceding data, we have extended the SRD model and EPIC
architecture in new directions during a subsequent augmented
simulation. As part of this extension, the model’s executive
process instructed EPIC’s ocular motor processor to make antic-
ipatory eye movements at the start of each simulated trial under
conditions like those of McCann and Johnston’s (1992, Experi-
ment 2) second PRP study. These eye movements involved ran-
domly guessing where the next Task 2 stimulus would be dis-

played (either left or right of central fixation) and then preposi-
tioning EPIC’s eyes there. If the next Task 2 stimulus was
displayed subsequently at its anticipated location, then perfor-
mance of Task 2 took place according to the original SRD
model. However, if the next Task 2 stimulus was displayed else-
where, then soon after its onset was detected, EPIC’s ocular
motor processor initiated an extra corrective saccadic eye move-
ment. This involved executing another saccade to the actual
Task 2 stimulus location, after which stimulus identification and
other stages of processing (e.g., response selection) proceeded
for Task 2.

Furthermore, while implementing this extension of the SRD
model, we made an important supplementary discovery. In order
for the simulated Task 2 RT5s to have appropriately short values
after long SOAs, the latencies of the corrective saccadic eye
movements had to be very brief (<150 ms). The required brev-
ity could not be achieved with a full series of steps during which
(a) the Task 2 stimulus is detected at an unanticipated location,
(b) a note about the detection event is placed in working mem-
ory, (¢) the cognitive processor fires a production rule that
instructs EPIC’s ocular motor processor to produce a saccadic

' It should be recalled, however, that such additivity does not always
occur when the compatibility of the S—R pairs in Task 2 is manipulated.
For example, as mentioned before, Schumacher et al. (1996, Experiment
3) found that when eye movements immediately before Task 2 were
discouraged, the SOA and S-R compatibility affected mean Task 2
RTs interactively, yielding divergent PRP curves with a reliably smaller
compatibility effect at short SOAs than at long SOAs. Again this outcome
highlights the key role that eye-movement control and other contextual
details play in determining the forms of PRP curves that emerge during
dual-task performance.
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eye movement to the Task 2 stimulus location, (d) the ocular
motor processor prepares a complete set of eye-movement fea-
tures, and then (e) the saccade is physically initiated. Rather,
for corrective saccades that are sufficiently fast, a different short-
circuited pathway must be taken from detecting the Task 2 stimn-
lus onsets to starting the corrective saccades toward them. That
there might be such a pathway is, of course, consistent with
prior evidence of ‘‘express’’ saccades (Fischer & Ramsberger,
1984, 1986; Reuter-Lorenz, Hughes, & Fendrich, 1991).

We have accordingly elaborated EPIC’s ocular motor proces-
sor with a new ‘‘reflex’” mode through which rapid saccadic
eye movements are produced automatically. The reflex mode
complements the ‘‘voluntary’’ (i.e., cognitive-processor con-
trolled) mode through which eye movements were initiated dur-
ing our previous simulations with the SRD model. When set to
reflex mode, the ocular motor processor waits for a signal that
the onset of a new visual stimulus has occurred. This signal,
which bypasses working memory, comes directly from EPIC’s
visual perceptual processor. The visual perceptual processor also
provides the ocular motor processor with directly accessible
information about the stimulus onset’s spatial location. Upon
accessing this information in response to the stimulus-onset sig-
nal, the ocular motor processor immediately prepares and initi-
ates a saccade toward the stimulus without further ado. Given
how the ocular motor processor’s reflex mode works, the latency
of a saccade produced through it may be as short as 125 ms,
approximating previously reported express-saccade latencies
(Fischer & Ramsberger, 1984, 1986; ReuterLorenz et al.,
1991).'% This value is substantially less than the one associated
with cognitively controlled saccades, whose latency can be as
much as 300 ms."?

‘Both the reflex and voluntary control modes of EPIC’s ocular
motor processor contributed significantly to our augmented sim-
ulation for McCann and Johnston’s (1992, Experiment 2) sec-
ond PRP study. When the executive process of the SRD model
requested that EPIC’s eyes be prepositioned on an anticipated
Task 2 stimulus location (e.g., left of central fixation) at the
start of each trial, the response to this request involved using the
voluntary control mode. After the eyes reached the anticipated
location, the executive process shifted the ocular motor proces-
sor to its reflex mode and prepared for a prospective express
saccade to the other possible Task 2 stimulus location (e.g., right
of central fixation). This minimized the latencies of corrective
saccadic eye movements whenever they were needed. The as-
sumed distinction between reflex and voluntary ocular-motor
control modes is supported by both past neurophysiological
data (e.g., Guitton, Buchtel, & Douglas, 1985; Henik, Rafal, &
Rhodes, 1994; Leichnetz, 1981; Rafal, Henik, & Smith, 1991;
Schiller, Sandell, & Maunsell, 1987) and present simulation
results.'

Figure 9B (dashed curves) shows mean RTs that we produced
with our augmented simulation for the second PRP study of
McCann and Johnston (1992, Experiment 2 ). Compared to their
empirical mean RTs (solid curves), the fit of these simulated
mean RT5 is reasonably good. For example, the effects of both
the SOA and symbolic S—R compatibility on mean Task 2 RTs
are mimicked rather well (R? = .986; RMSE = 11 ms). The
present simulated PRP curves appear approximately ‘‘parallel’’
(i.e., vertically equidistant) because the adaptive eye-movement
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Figure 10. More results from simulations with the extended strategic
response-deferment (SRD) model for the second psychological refrac-
tory period (PRP) study by McCann and Johnston (1992, Experiment
2). Large symbols on solid curves represent empirical mean Task 2
reaction times (RTs); small symbols on dashed curves represent simu-
lated mean Task 2 RTs. Circles and triangles represent mean RTs when
Task 2 involved either a spatially congruent or incongruent stimulus—
response (S—-R) mapping, respectively. The RIs have been averaged
across conditions in which the stimuli and responses were symbolically
compatible or incompatible. SOA = stimulus onset asynchrony.

strategy used to deal with inherent spatial stimulus uncertainty
precludes postselection slack during Task 2.

Effect of spatial S-R congruence. Another interesting result
from McCann and Johnston’s (1992, Experiment 2) second
PRP study concerns the effect of spatial congruence between
Task 2 stimuli and responses (i.e., the degree to which the Task
2 stimulus locations matched the locations of the correct Task
2 responses ). This factor gave no relevant information to partici-
pants; only the Task 2 stimulus identities indicated what the
correct Task 2 responses were. Nevertheless, consistent with
previous research (e.g., Hasbroucq & Guiard, 1991; Hedge &
Marsh, 1975; Simon, Acosta, Mewaldt, & Spiedel, 1976),
McCann and Johnston found a reliable effect of spatial S—R
congruence on empirical mean Task 2 RTs (Figure 10). As the

2 To be precise, the 125 ms includes 50 ms for stimulus-onset detec-
tion by EPIC’s visual perceptual processor, 25 ms for transmission of
this onset-detection event to the ocular motor processor, and 50 ms for
initiation of a subsequent overt express saccade.

"> To be precise, the 300 ms includes 100 ms for detecting a stimulus
onset and putting a note about it in working memory, 50 ms for firing
a cognitive-processor production rule to request an eye movement by
the ocular motor processor, 100 ms for preparing the features of the eye
movement, and 50 ms for initiating physical action after the ocular motor
processor has prepared these features.

14 Some neurophysiological studies of brain-lesion effects on ocular-
motor control suggest that the superior colliculus of the human brain
might directly mediate a reflex mode of saccade production, whereas
the brain’s frontal eye fields might play a greater part in the voluntary
mode (Guitton et al., 1985; Henik et al., 1994; Leichnetz, 1981; Rafal
et al.,, 1991; Schiller et al., 1987). The frontal eye fields might also
contribute significantly to shifts between these two modes.
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SOA increased, Task 2 responses became differentially faster
when they were spatially congruent than when they were incon-
gruent, forming divergent PRP curves with an interaction be-
tween SOA and spatial S-R congruence.

To account for the latter pattern, we have elaborated the pro-
duction rules used by the SRD model’s executive process in
anticipatory preparation of Task 2 responses. This elaboration
includes three additional steps: (a) the executive process waits
for the onset of the visual Task 2 stimulus to be detected; (b)
after the detection event, a decision is made about whether the
auditory Task 1 stimulus has already ended; (¢) if so, then the
executive process instructs EPIC’s manual motor processor to
prepare for making a keypress with the hand on the same side
(i.e., left or right) as the current Task 2 stimulus.

The rationale for these steps is straightforward. In many situa-
tions where an object appears at some peripheral location, it
ultimately has to be reached and grasped manually. Anticipatory
preparation of a movement by the arm and hand on the same
side of space as the object may speed the reaching and grasping
action. Thus, out of habit, perhaps participants also use such
preparation as part of their executive processes under the PRP
procedure when they must respond manually to Task 2 stimuli
on either side of a central fixation point.

This preparatory strategy has some interesting consequences.
Its likelihood of being completed soon enough to facilitate a
Task 2 response increases with the SOA. If preparation is com-
pleted beforehand, then on average, it reduces the ultimate
movement production time that the manual motor processor
contributes to the simulated mean Task 2 RTs. Illustrating the
expected outcome, Figure 10 shows simulated mean RTs (dashed
curves) for spatially congruent and incongruent Task 2 re-
sponses in McCann and Johnston’s (1992, Experiment 2) sec-

ond PRP study. The fit with corresponding empirical mean Task -

2 RTs (solid curves) seems adequate as a first approximation
(R* = .984; RMSE = 12 ms). Table 2 (right column) lists the
mean values of the parameters used in producing the present fit.
On most counts, they are similar to those used during our previ-
ous successful simulations."

Theoretical implications. From the success of our simula-
tions for McCann and Johnston’s (1992, Experiment 2) second
PRP study, we infer that the SRD model and its underlying
EPIC architecture are precise and powerful enough to help un-
derstand how people cope with various environmental uncertain-
ties during elementary multiple-task performance. Specifically,
the present extension of the model provides a detailed account
of what happens when there is subjective uncertainty about the
prospective spatial locations of visual secondary-task stimuli.
As part of this account, different modes of ocular motor control
may be distinguished, through which corrective saccadic eye
movements take place if visual stimuli arrive at locations other
than those where the eyes are currently focused. Together with
such control, the principles of task scheduling used by the exec-
utive process of the original SRD model still seem applicable
for characterizing empirical data from the PRP procedure.'®

Symmetric Deferred-Mode Scheduling of Temporally
‘Uncertain Vocal and Manual Tasks

~ Further substantiating the previous conclusions, we have ex-
tended the SRD model to theorize about how people cope with

other types of uncertainty during multiple-task performance.
Our next simulations concern what happens when two tasks
must be performed rapidly in proper serial order but the order
of required responses remains uncertain until the onsets of the
stimuli for them are detected. This latter situation differs from
the standard PRP procedure in which the primary and secondary
tasks are completely specified beforehand and their stimuli al-
ways occur in the same order (i.e., the SOA is nonnegative).

 Because of such differences, one might expect that alternative

strategies of task scheduling would be needed to cope with the
various degrees of temporal uncertainty that are involved here.
This section discusses how these strategies can be implemented
on the basis of mechanisms already assumed under the original
SRD model. In particular, we show that the model’s deferred
response-transmission mode may again make important contri-
butions, enabling efficient performance of multiple tasks despite
an absence of foreknowledge about their serial order.

Pashler’s study with variable task order. For our current
objectives, an innovative study by Pashler (1990, Experiment
2) provides a first helpful benchmark. During this study, partici-
pants performed two successive choice-reaction tasks. One task
required manual (right index, middle, or ring-finger keypress)
responses to visual stimuli (A, B, or C); the other task required
vocal (“‘high’” or ‘‘low’’) responses to auditory stimuli (300-
or 900-Hz tones). SOAs ranging from 100 to 700 ms separated
the onsets of the stimuli for these tasks.

Two conditions with different levels of temporal uncertainty
about the serial order of the tasks were included in Pashler’s
(1990, Experiment 2) study. We will call these the constant-
order and variable-order conditions, respectively. Separate
blocks of discrete test trials were conducted under each condi-
tion. Participants were always told what the current condition
was. For the constant-order condition, the serial order of the
visual and auditory stimuli was the same (e.g., auditory first,
and visual second) on each trial during a block, so participants
knew exactly which task would come first, as in the standard
PRP procedure. For the variable-order condition, however, there
was more temporal uncertainty; the serial order of the stimuli
varied randomly from trial to trial (i.e., auditory-visual on one
trial, and visual-auditory on another) during a block. No task
precues were provided under the variable-order condition, so

!> Nevertheless, there is one interesting parametric difference here.
Our simulation of McCann and Johnston’s (1992, Experiment 2) second
PRP study involves a shorter unlocking-onset latency than was used for
their first study. This difference is presumably due to participants un-
locking Task 2 sooner after the onset of the Task 1 stimulus in the second
study. Such early unlocking may have occurred because during the sec-
ond study, prevailing uncertainties about impending stimulus locations
delayed participants’ eye movements to the Task 2 stimulus, thereby
letting Task 1 always be finished before Task 2 without long unlocking-
onset latencies. :

17t should be noted, however, that McCann and Johnston (1992,
Experiment 2) also reported a small but reliable triple interaction be-
tween the effects of SOA, symbolic S—R compatibility, and spatial S—
R congruence on mean Task 2 RI5s. This interaction suggests that these
three factors jointly influenced at least one stage of processing (Stern-
berg, 1969). Neither the present extension of the SRD model nor any
extant bottleneck model accounts fully for such a finding. More theoreti-
cal work is therefore needed to deal completely with results from
McCann and Johnston’s (1992, Experiment 2) PRP study.
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participants did not know which task would come first until the
stimulus onsets had been detected. Nevertheless, for both the
variable-order and constant-order conditions, participants were
instructed to ‘‘respond as promptly as possible to the first stimu-
lus that appears, and then respond as promptly as possible to
the second stimulus’’ (Pashler, 1990, p. 831). Given this latter
constraint together with distinct degrees of uncertainty about
the serial order of the stimuli, the SRD model’s principles for
task scheduling predict that empirical RT data from the variable-
order and constant-order conditions should embody both sys-
tematic similarities and differences.

Empirical mean RTs. Figure 11A confirms the veracity of
this prediction. Here we have plotted empirical mean RT5 (solid
curves) respectively for the variable-order and constant-order
conditions ‘as a function of SOA when the auditory-vocal task
came first and the visual-manual task came second during
Pashler’s (1990, Experiment 2) study. The mean Task 1 RT5 in
this case are substantially (about 100 ms) longer for the vari-
able-order condition. However, the mean Task 2 RTs are quite
similar across conditions; uncertainty about the serial order of
the stimuli slowed Task 2 responses much less than Task 1
responses. Indeed, at the shortest (100 ms) SOA, Task 2 re-
sponses were slightly faster when such uncertainty prevailed.
Also, as the SOA increased, the mean Task 2 RIs decreased at
about the same rate for the variable-order and constant-order
conditions, forming nearly superimposed PRP curves that never
differed by more than about 30 ms from each other.

Neither a simple response-selection bottleneck model

(Pashler, 1984, 1990, 1993; Smith, 1967; Welford, 1967) nor a
movement-initiation bottleneck model (Keele, 1973) can easily
explain this pattern of RTs. Without embellishment, these models
predict that when Task 1 responses are slowed by cognitive
factors such as uncertainty about the serial order of stimuli, then
the slowing should propagate onward to delay Task 2 responses
commensurately. Yet such additional delays did not occur during
Pashler’s (1990, Experiment 2) study when more temporal un-
certainty was introduced, even though this uncertainty substan-
tially slowed Task 1 responses. What happened instead may be
interpreted as evidence of a processing system that gracefully
adapts to complex task contingencies without undue debilitation.
This adaptation is consistent with the general principles on
which our SRD model and its EPIC architecture have been
predicated.

Likewise consistent with these principles are other data from
Pashler’s (1990, Experiment 2) study, as shown in Figure 11B.
Here we have depicted empirical mean RTs (solid curves) for the
variable-order and constant-order conditions when the visual-
manual task came first and the auditory-vocal task came second.
The mean Task 1 RT5 in this case are again more than 100 ms
longer for the variable-order condition. Yet the mean Task 2 RTs
are fairly similar across conditions, especially at the shorter
(=200 ms) SOAs. For example, when the SOA was 100 ms,
Task 2 responses took about the same amount of time on average
for each condition. Thus, in at least some respects, it appears
that participants perhaps use similar types of strategy for task
scheduling under both temporal certainty and uncertainty. Ap-
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Figure 11. Results from simulations with the extended strategic response-deferment (SRD) model for
Pashler’s (1990, Experiment 2) dual-task study that combined an auditory-vocal task and a visual-manual
task. Large symbols on solid curves represent empirical mean reaction times (RTs); small symbols on
dashed curves represent simulated mean RI%. Unfilled and filled circles represent mean Task 1 and Task 2
RTs, respectively, when the serial order of the auditory-vocal and visual-manual tasks was the same on each
trial of a block (i.e., constant-order condition). Unfilled and filled triangles represent mean Task 1 and Task
2 R, respectively, when the serial order of the auditory-vocal and visual-manual tasks varied randomly
across the trials of a block (i.e., variable-order condition). A: Mean RTs from trials on which the auditory-
vocal task was primary and the visual-manual task was secondary. B: Mean RTs from trials on which
the visual-manual task was primary and the auditory-vocal task was secondary. SOA = stimulus onset

asynchrony.
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Figure 12. Symmetric deferred-mode task scheduling for the variable-order condition of Pashler’s (1990,
Experiment 2) dual-task study with auditory-vocal and visual-manual tasks. In the diagram, the auditory-
vocal task comes first. However, the visual-manual task could come first instead, and if so, its role would
be interchanged with that of the auditory-vocal task. For further details, see text. S = stimulus; R = response.

parently these strategies are flexible enough that they yield com-
parable Task 2 RTs when given either of two equally likely
stimulus sequences and when given either complete or incom-
plete foreknowledge about the serial order of impending stimuli.
As suggested already, this flexibility and generality are benefi-
cial capabilities that the deferred response-transmission mode
of the SRD model’s executive process can provide.

Details of simulation.
periment 2) results, we have augmented the SRD model with
additional executive production rules that use the deferred re-
sponse-transmission mode in scheduling dual tasks when the
serial order of their stimuli is uncertain. For present purposes,
these rules are assumed to apply whenever, despite prevailing
temporal uncertainty, one task must be primary and the other
secondary, as in Pashler’s variable-order condition. A diagram
of the assumed scheduling strategy appears in Figure 12. Here
the flow of control is similar to what was proposed in the origi-
nal SRD model, except that response selection for both tasks
proceeds initially in the deferred transmission mode, and a Task
1 response gets released from working memory after an interme-
diate decision has been made about which task is primary. Given
how the model’s executive process works under this circum-
stance, we refer to it as involving symmetric deferred-mode task
scheduling."’

Specifically, according to Figure 12, the executive process

To account for Pashler’s (1990, Ex- .

starts each trial of the variable-order condition by enabling re-
sponse selection to proceed in the deferred response-transmis-
sion mode for both (i.e., auditory-vocal and visual-manual)
tasks. After the trial has started, one of EPIC’s perceptual proc-

~ essors next sends a note to working memory, indicating which

type of test stimulus—either auditory or visual—has been de-
tected first. Upon receipt of this note, the executive process
designates the task associated with the initially detected stimulus
to be primary and puts another note about its designation in
working memory. Following the initial stimulus-detection event,
stimulus identification and response selection for the designated
primary task proceed until its response has been selected and
put in working memory through the deferred mode. Meanwhile,
if the SOA is short, stimulus identification and response selec-
tion for the secondary task may likewise proceed. When the
selected primary-task response enters working memory, its pres-
ence there together with the stored note about which task is

17 Consistent with the above terminology, the strategy used by the
executive process of the original SRD model (Figure 4) involves asym-
metric immediate—deferred mode task scheduling. This strategy initially
assigns the immediate and deferred response-transmission modes to the
primary and secondary tasks, respectively, whereas with symmetric de-
ferred-mode scheduling, both primary and secondary tasks are assigned
the deferred mode initially.
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primary triggers a production rule. The action of the triggered
rule passes the primary-task response to its motor processor for
movement production. Also, after a subsequent optional un-
locking-onset latency, the executive process begins unlocking
the current secondary task. The latter unlocking process involves
the same steps as for Task 2 of the standard PRP procedure
(e.g., suspension of incomplete Task 2 response selection, shift
of Task 2 from deferred to immediate mode, and resumption of
Task 2; cf. Figure 4).

Symmetric deferred-mode scheduling of the tasks in Pashler’s
(1990, Experiment 2 ) variable-order condition has a straightfor-
ward rationale. With this executive control strategy, progress on
both tasks may proceed as best possibie despite initial uncer-
tainty about the tasks’ serial order and relative priority. Unlike’
for Task 1 of the standard PRP procedure, it would not be
appropriate here to use the immediate response-transmission
mode initially for either task. This is because doing so without
knowing which task will eventually be primary could result in
the secondary task having the immediate mode assigned improp-
erly to it, thereby leading its response to be produced prema-
turely (i.e., before the primary-task response).

Our proposal of symmetric deferred-mode task scheduling
leads to two major quantitative predictions. First, RTs for the
primary task should be longer under Pashler’s (1990, Experi-
ment 2) variable-order condition than under the constant-order
condition. This follows because the identities of selected Task
1 responses take more time to reach their motor processor when
transmitted through the deferred mode rather than through the
immediate mode. Second, although completion of the primary
task is delayed under the variable-order condition, RTs for the
secondary task there can still have about the same magnitudes
as those under the constant-order condition. This follows be-
cause under both conditions, response selection for the second-
ary task may be completed through the deferred mode while

Table 3

early and intermediate stages of the primary task are underway.
Depending on the concomitant unlocking-onset latency, prese-
lected secondary-task responses can then emerge at about the
same time after short SOAs regardless of prior uncertainty about
which task will be primary and which will be secondary. )

Simulated mean RTs. Illustrating these predictions, Figure
11A shows simulated mean RTs (dashed curves) for Pashler’s
(1990, Experiment 2) variable-order and constant-order condi-
tions when the auditory-vocal task was primary and the visual-
manual task was secondary. The simulated mean RIs for the
variable-order condition come from symmetric deferred-mode
task scheduling. The simulated mean RTs for the constant-order
condition come from asymmetric immediate—deferred mode
task scheduling. As anticipated, there is a reasonably good fit
(R? = .970; RMSE = 10 ms) between the simulated and empiri-
cal mean Task 1 RTI5. Most important, the simulated mean Task
1 RTs aptly embody the effect of introducing a priori uncertainty
about the serial order of the tasks. Similarly, there is a good fit
(R* = .977; RMSE = 12 ms) between the simulated and empiri-
cal mean Task 2 R1I5, which are not influenced much by such
uncertainty.

An encouraging picture appears likewise in Figure 11B, which
shows simulated mean RTs (dashed curves) for the variable-order
and constant-order conditions when the visual-manual task was
primary and the auditory-vocal task was secondary. Again the fit
between the simulated and empirical mean Task 1 RIs is good
(R? = 986; RMSE = 21 ms). There is also at least a moderately
good fit between the simulated and empirical mean Task 2 RIs
(R? = .945; RMSE = 19 ms). That the fit continues to be good
regardless of temporal uncertainty and ambiguous task priorities
is consistent with our assumptions about the respective roles of
immediate-mode and deferred-mode task scheduling.

Parameter values used as part of the present simulations ap-
pear in Table 3. By and large, these values were similar to

Context-Dependent Parameters in Simulations for Pashler’s (1990, Experiment 2)
Dual-Task Study With Auditory-Vocal and Visual-Manual Tasks

Primary
System component Parameter name task Serial order M
Perceptual processors Auditory identification time Aud and vis Con and var 285
Visual identification time Aud and vis Con and var 260
Task processes Number of selection cycles Auditory Con and var 1.25
Visual Con and var 1.67
Preparation benefit - Aud and vis Con and var 50
Executive process. - Ocular orientation time Aud and vis Con and var 0
Unlocking onset latency Auditory Constant 125
. Variable 0
Visual Constant 175
Variable - 50
Suspension waiting time Auditory Constant 50
" Variable 200
Visual Constant 100
Variable 350
Preparation waiting time Aud and vis Con and var 700
Apparatus Manual transduction time Aud and vis Con and var 40
Vocal transduction time Aud and vis Con and var 50

Note. Time parameters are given in milliseconds. ‘‘Aud’’ and ‘‘vis’ are the stimulus modality in each
task (i.e., auditory and visual, respectively). ‘‘Con’’ and ‘‘var’’ are the serial order of the stimuli during a

trial block (i.e., constant or variable).
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selection or movement-initiation bottlenecks—have capabilities
that would let them achieve such efficiency and generality.

Symmetric Deferred-Mode Scheduling of Temporally
Uncertain Dual Manual Tasks

Yet a related question remains. Does the extended SRD model .

apply as well to other sit&ations in which the serial order of
two tasks is uncertain and additional stimulus or response com-
binations are involved? The answer is not obvious, because
thus far we have considered just one relevant case involving a
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combination of vocal and manual responses (i.e., Pashler, 1990,
Experiment 2).

For example, suppose instead that two tasks both require
manual responses and that the serial order of their stimuli varies
randomly across trials, so the primary task is indeterminate
beforehand. Then the extended SRD model might not be applica-
ble, if people actually lack the flexible response-transmission
modes of the model’s executive process. The lack of such flexi-
bility could become especially evident when two manual re-
sponses must be produced rapidly in various orders, because
the same limited-capacity manual motor processor presumably
has to prepare and initiate each response. Nevertheless, given
what we have assumed previously, people should still perform
reasonably well in this case; through further efficient use of
the deferred and immediate response-transmission modes, good
accounts of empirical RT data ought to be possible even for
studies with dual manual tasks.

Pashler’s other study with variable task order. A test of our
optimistic expectations is provided by another dual-task study
that Pashler (1990, Experiment 1) conducted under constant-
order and variable-order conditions. During this study, partici-
pants performed two manual tasks. The procedure was the same
as before (cf. Pashier, 1990, Experiment 2), except that now
one task required left-hand manual keypresses in response to
auditory stimuli and the other task required right-hand key-
presses in response to visual stimuli.

Some RT data from participants’ performance of these tasks
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Figure 13, Results from simulations with the extended strategic response-deferment (SRD) model for
Pashler’s (1990, Experiment 1) dual-task study that combined an auditory-manual task and a visual-manual
task. Large symbols on solid curves represent empirical mean reaction times (RTs); small symbols on
dashed cuxj'ves represent simulated mean RIs. Unfilled and filled circles represent mean Task 1 and Task 2
RTs, respectively, when the serial order of the auditory-manual and visual-manual tasks was the same on
each trial jof 2 block (i.e., constant-order condition). Unfilled and filled triangles represent mean Task 1
and Task ﬁ R, respectively, when the serial order of the auditory-manual and visual-manual tasks varied
randomly across the trials of a block (i.e., variable-order condition). A: Mean RTs from trials on which the
auditory-manual task was primary and the visual-manual task was secondary. B: Mean RTs from trials on
which the%visual-manual task was primary and the auditory-manual task was secondary. SOA = stimulus

onset asyrichrony.
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appear in Figure 13A, which shows empirical mean RTs (solid
curves) for the variable-order and constant-order conditions
when the auditory-manual task came first and the visual-manual
task came second. The effect of variable task order on mean
Task 1 RTs was even greater (240 vs. 100 ms) than when vocal
primary and manual secondary responses were involved (cf.
Figure 11A). Another interesting result here is that SOA affected
mean Task 1 Rk significantly for the variable-order condition;
‘as the SOA increased, these. RTs decreased. Such a trend did
not happen previously. Also unlike before, the present mean
Task 2 RTs are much (viz., 170 ms on average) longer for the
variable-order condition than for the constant-order condition.

Pashler (1990, Experiment 1) obtained a similar pattern of
empirical mean RTs when the visual-manual task was primary
and the auditory-manual task was secondary (Figure 13B, solid
curves). Again the mean Task 1 and Task 2 RIs were much
longer on average for the variable-order condition than for the
constant-order condition. Variable task order affected mean Task
1 RIs especially at the shortest SOA, as if processes for the
primary and secondary tasks interacted most when their stimuli
arrived -together within a brief span of time.

From such results, further theoretical inferences may be
reached. Given that the variable task order slowed bimanual as
well as combined vocal and manual responses, we infer that
some aspects of task scheduling are similar regardless of the
motor processors involved. Nevertheless, bimanual responses
apparently entail extra complexities, which are manifested by
several facets of Pashler’s (1990, Experiment 1) data: (a) large
effects of variable task order on both mean Task 1 and Task 2
RTs; (b) equality of these RTs at the shortest SOA in the variable-
order condition; and (¢) moderate effects of SOA on mean Task
1 RTs when the task order varies.

Viewed overall, this particular pattern suggests that under
the variable-order condition, participants temporally group their
manual primary and secondary responses at short SOAs rather
than producing each response independently. Such a strategy
has been observed during some previous dual-task studies (e.g.,
Pashler & Johnston, 1989; Sanders, 1964). Indeed, response
grouping may provide an especially efficient motor-control strat-
egy when the same limited-capacity (i.e., manual) motor proces-
sor must be used repeatedly and the required order of successive
responses is unpredictable beforehand. To account for mean
RTs from Pashler’s (1990, Experiment 1) study of bimanual
responses and variable task order, we have therefore supple-
mented the manual motor processor of the EPIC architecture
with a response-grouping mechanism, which is exploited by the
executive process of the extended SRD model.

Details of simulation. Using this additional mechanism, two
more simulations are reported here for the bimanual constant-
order and variable-order conditions, respectively. Our simulation
of performance under the constant-order condition relies on the
same sorts of processes and parameter values as for the standard
PRP procedure. Our simulation of performance under the vari-
able-order condition relies on symmetric deferred-mode task
scheduling - as outlined earlier for variably ordered auditory-
vocal and visual-manual tasks (Figure 12). For present pur-
poses, this strategy also incorporates some more production
rules whereby selected manual responses are temporally
grouped during movement production at short SOAs.

On the basis of these rules, response grouping is accom-

plished through a sequence of related steps. At the start of each
trial, the executive process of the SRD model enables response
selection to proceed in deferred response-transmission mode for
both the auditory-manual and visual-manual tasks. Subsequently,
as soon as a response to the first-detected test stimulus has
been selected and put in working memory, it is designated the
primary-task response. Upon completing this designation, the
executive process next waits for a brief period, during which
the secondary-task response may be selected and put in working
memory as well. This waiting period is the response-integration
time, whose duration constitutes a context-dependent parameter.
At its end, a decision is made by the executive process about
whether the identities of the responses for both the primary and
secondary tasks have been selected already. If the decision is
positive, then the executive process instructs the manual motor
processor to prepare and execute a bimanual response, com-
posed of two successive keypresses with designated fingers on
the left and right hands, including ones for the primary and
secondary tasks, respectively. Otherwise, if the decision is nega-
tive (i.e., the secondary-task response has not been selected
yet), then the executive process instructs the manual motor proc-
essor to make just a unimanual primary-task response, produc-
ing the one (e.g., left hand) keypress selected thus far. In the
latter case, performance of the secondary task is completed
along the same path as it would be under the constant-order
condition; that is, the executive process suspends the Task 2
response-selection process temporarily, shifts it from deferred
to immediate mode, and then resumes remaining operations for
Task 2. i _

At the short SOAs where bimanual responses are presumably
grouped together, EPIC’s manual motor processor produces
them through a new style of compound operation. It involves
preparing either four or five movement features before the finger
keypress for the primary task is initiated. Four features are
prepared when the primary and secondary tasks require key-
presses by homologous (e.g., left-index and right-index ) fingers
on the two hands; these features specify (a) the hand to be used
for the primary-task keypress, (b) the finger to be used for the
primary-task keypress, (c¢) the hand to be used for the second-
ary-task keypress, and (d) the duration of a brief temporal lag
to be inserted between the initiation of the primary-task and

- secondary-task keypresses. If instead the primary and secondary

tasks require keypresses by nonhomologous fingers on the two
hands (e.g., left-index and right-middle fingers), then five fea-
tures are prepared, including the four mentioned previously plus
a fifth feature that specifies the finger to be used for the second-
ary-task keypress. This fifth feature is not needed in the case
of bimanual responses that involve homologous fingers because
the finger feature (e.g., ‘‘index’’) prepared for the primary-task
keypress can be used as well for the secondary-task keypress.

After the movement features for grouped bimanual responses
have been prepared, the manual motor processor enters a final
execution phase. As part of it, first the primary-task keypress
is initiated, next the interinitiation lag is inserted, and finally
the secondary-task keypress is initiated. The interinitiation lag
must be inserted so that the respective identities of the primary-
task and secondary-task responses are fully apparent from their
serial order. This yields two movement production times, one
for the primary task, and one for the secondary task. By defini-
tion, the primary-task movement production time is the total
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Table 4

Context-Dependent Parameters in Simulations for Pashler’s (1990, Experiment 2)

Dual-Task Study With Auditory-Manual and Visual-Manual Tasks

Primary
System component Parameter name task Serial order M
Perceptual processors Auditory identification time Aud and vis Con and var 285
Visual identification time Aud and vis Con and var 260
Manual motor processor Movement production time
Homol Task 1 responses Aud and vis Variable 250
Homol Task 2 responses Aud and vis Variable 0
Nonhomol Task 1 responses Aud and vis Variable 300
Nonhomol Task 2 responses Aud and vis Variable 50
Interinitiation lag Auditory Variable 100
Visual Variable 50
Task processes Number of selection cycles Auditory Con and var 1.25
Visual Con and var 1.67
Preparation benefit Aud and vis Con and var 50
Executive process Ocular orientation time Aud and vis Con and var 0
Response-integration time Auditory Variable 100
Visual Variable 150
Unlocking onset latency Aud and vis Constant 125
Aud and vis Variable 225
Suspension waiting time Aud and vis Con and var 0
Preparation waiting time Aud and vis Con and var 700
Apparatus Manual transduction time Aud and vis Con and var 40
Vocal transduction time Aud and vis Con and var 50

Note. Time parameters are given in milliseconds. ‘‘And’’ and ‘‘vis™’ are the stimulus modality in each task (i.e., auditory and visual, respectively).
“Con’’ and *‘var’’ are the serial order of the stimuli during a trial block (i.e., constant or variable). ‘‘Homol’’ and ‘‘nonhomol’” are the relationship
between finger keypresses in the primary and secondary tasks (i.e., homologous and nonhomologous, respectively).

time that the manual motor processor takes in preparing the four
or five specified movement features and initiating the primary-
task keypress; the secondary-task movement production time is
the total time taken in initiating the secondary-task keypress
after the end of the interinitiation lag. To set the values of these
times, we again assume that on average, preparation of each
feature consumes 50 ms and so does movement initiation, as
during our previous simulations of performance under the stan-
dard PRP procedure.'

Table 4 lists the mean values of the parameters whereby we
implemented the manual motor processor’s mechanisms for pro-
ducing bimanual responses. Also shown here are the mean val-
ues of other parameters used during our simulations of perfor-
mance in Pashler’s (1990, Experiment 1) study of variable task
order with combined auditory-manual and visual-manual tasks.
Many of these values are identical to those used before (cf.
Table 3). However, some relevant differences should be noted
too. For example, the present values of the unlocking onset
latency and suspension waiting time are shorter than those in our
simulations under the variable-order condition with combined
auditory-vocal and visual-manual tasks (Pashler, 1990, Experi-
ment 2). A plausible rationale for this reduction is that these
particular parameters did not need especially large values here
to ensure that responses occurred in the correct serial order.
Rather, with its response-grouping mechanisms and interinitia-
tion lag, the manual motor processor took responsibility for
ensuring that the serial order of the responses was correct,
thereby freeing other parameters of the SRD model’s executive
process to have minimal values.

Simulated mean RIs. Some results from these extensions
of the SRD model and EPIC architecture appear in Figure 13A.

Here we show simulated mean RTs (dashed curves) versus em-
pirical mean RTs (solid curves) for the auditory-manual and
visual-manual tasks of Pashler’s (1990, Experiment 1) study
when they were primary and secondary, respectively. Like results
from our previous simulations, the fit is fairly good here (for
mean Task 1 RTs, R? = .962; RMSE = 25 ms; for mean Task
2 RTs, R? = .999; RMSE = 19 ms). The simulated mean RTs
account well for the interactive effects of SOA and variable
task order on empirical mean RIs, whose magnitudes increased
sharply and became more sensitive to the SOA under the vari-
able-order condition. This success may be attributed to the apt-
ness of our assumptions about symmetric deferred-mode task
scheduling and bimanual response grouping.

Reinforcing such attributions, Figure 13B summarizes more
results obtained through these processing mechanisms. Here
simulated mean RTs (dashed curves) are plotted versus empirical
mean RTIs (solid curves) for the visual-manual and auditory-
manual tasks when they were primary and secondary, respec-
tively. Again the overall fit is fairly good (for mean Task 1 RTs,
R? = 995, RMSE = 12 ms; for mean Task 2 RTs, R? = .995,
RMSE = 15 ms). The extended SRD model still accounts well
for the interactive effects of SOA and variable task order, using
the same basic assumptions as when the auditory-manual task
was primary and the visual-manual task was secondary (cf.
Figure 13A).

Theoretical implications. Our extensions of the SRD model
to variably ordered bimanual tasks illustrate how task scheduling

'8 For secondary-task keypresses that involve homologous fingers, the
final initiation step is assumed to take no extra time.
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may be adapted in accord with two contextual factors: degree
of foreknowledge about the serial order of impending stimuli,
and degree of dependence between the mechanisms that produce
successive responses. If the serial order of impending stimuli is
uncertain and task priorities are ambiguous but concurrent tasks
require different motor processors (e.g., vocal and manual ), then
efficient adaptation to these circumstances is possible through
executive processes that have flexible control over alternative
modes (i.e., immediate and deferred) for response selection and
transmission. However, when concurrent tasks require the same
(e.g., manual) motor processor, other types of control enter
the picture, including production of grouped responses whose
movement features are prepared and executed conjointly.

Theoretical Interpretation of Other PRP Phenomena

Although no further simulations are reported here, we should
stress that the SRD model readily accounts for numerous other
phenomena that have been discovered through the PRP proce-
dure. Among these phenomena and the present theoretical inter-
pretations of them are several instructive cases.

Effects of stimulus preview on serial choice reactions. Us-
ing a method similar to the standard PRP procedure, Pashler
(1994c) had participants perform a serial choice-reaction task
(cf. Telford, 1931). He displayed individual alphamimeric char-
acters, and for each one, participants had to make a manual
keypress response. During some trial blocks, the required S—R
mapping was relatively compatible, whereas during other blocks,
it was less so. Also, the amount of preview that participants had
for successive stimuli varied systematically. During some trial
blocks, each stimulus appeared while the participants were still
engaged in identifying and responding to the preceding stimulus;
during other blocks, each stimulus appeared only after a re-
sponse to the preceding stimulus had occurred.

Under these conditions, the mean interresponse interval (IRI;
i.e., average time between temporally adjacent responses) de-
creased as the amount of stimulus preview increased. Given
sufficient preview, participants apparently identified the next
stimulus at the same time as they selected and executed a re-
sponse to the preceding stimulus. Also, the IRIs decreased as
the compatibility of the required S—R mapping increased, sug-
gesting that response selection had been facilitated. However,
the compatibility effect stayed the same regardless of how much
stimulus preview was provided. Pashler (1994c) therefore con-
cluded that response-selection processes for the next stimulus
did not overlap temporally with response-selection processes
for the preceding stimulus. According to him, such overlap is
precluded by an immutable response-selection bottleneck of the
same sort as he had previously advocated on the basis of results
from the standard PRP procedure (e.g., Pashler, 1984, 1990).

We agree that even with ample stimulus preview, response
selection in Pashler’s (1994c) study occurred for only one stim-
ulus at a time. This is entirely consistent with our SRD model.
The consistency stems from two logical constraints imposed
jointly by Pashler’s experimental design and task instructions:
(a) during a serial choice-reaction task like the one given to his
participants, the same S—R mapping must be applied repeatedly
to successive stimuli; and (b) the selected responses must have
the same serial order as the stimuli for which they are appro-
priate. Regardless of whether response-selection processes can

take place concurrently for two or more successive stimuli on
other occasions, these constraints essentially preclude the use
of such temporal overlap (McLeod & Hume, 1994). Under
Pashler’s (1994c) conditions, concurrent response-selection
processes could create confusions about which selected re-
sponses go with which displayed stimuli. To avoid the potential
confusions, the executive process of the SRD model would—
through judicious management of task goals and status notes in
working memory-—let response selection proceed for only one
stimulus at a time, just as Pashler (1994c) observed. As before,
an important lesson to be learned here is that conclusions about
multiple-task performance must take into account the logical
restrictions imposed by contextual and instructional factors on
executive task-scheduling strategies.

PRP effects during equal-priority tasks. The preceding les-
son bears strongly on how results from a study by Ruthruff,
Pashler, and Klaasen (1995, 1996) should be interpreted. This
study attempted to test EPIC’s assumption that response-selec-
tion processes for each of two .concurrent tasks can proceed
simultaneously at the same rate as during single-task perfor-
mance. In order to do so, Ruthruff et al. (1995, 1996) had
participants perform two tasks under a novel dual-task condition
with zero SOA. One task required making vocal responses to
auditory stimuli; on each trial, participants counted how many
consecutive brief tones were presented, and they reported the
number (‘‘one’’ or ‘‘two’’) verbally. The other task required
making manual responses to visual stimuli; on each trial, partici-
pants discriminated whether a printed letter was presented in
normal or mirror-inverted orientation, and they pressed a corre-
sponding finger key to indicate their decision. The participants
were instructed that during blocks of dual-task trials, the two
tasks should receive equal priority and their responses should
be produced simultaneously with a near-zero IRI. Also included
were blocks of single-task trials during which only one task
(either auditory-vocal or visual-manual ) was performed on each
trial.

The rationale of this study was based on several argumentative
steps. Ruthruff et al. (1995, 1996) reasoned that because of
their equal-priority instructions, on each dual-task trial there
should have been a race between processes for the auditory-
vocal task and processes for the visual-manual task, with the
concomitant RT equaling the duration of whichever processes
took longer to finish. Also, they reasoned that if EPIC were
correct, the times taken to finish the processes for the auditory-
vocal task on dual-task trials should have had the same distribu-
tion as they did on single-task trials, because the visual-manual
task would not have interfered with the auditory-vocal task. An
analogous implication was claimed about the times taken to
finish the processes for the visual-manual task on dual-task
trials.

This reasoning led Ruthruff et al. (1995, 1996) to argue
that if EPIC’s assumptions were correct, then the cumulative
distribution function (F;) of a participant’s individual RTs on
the dual-task trials should have been closely approximated by
another derived cumulative distribution function (Fp.). By
definition, F,,, was derived through applying a ‘‘max opera-
tion’’ to pairs of empirical RTs sampled randomly from the
single-task trial blocks, where one RT of each pair occurred
during the auditory-vocal task and the other RT of each pair
occurred during the visual-manual task. The max operation
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yielded the larger RT of each pair, consistent with there being
a supposed race on each dual-task trial between two sets of
processes whose slower contributors gave the time at which the
race ultimately ended. Nevertheless, Ruthruff et al. (1995, 1996)
found that F,, () substantially exceeded F\,(¢) over a wide
range of time values 7, so they concluded that EPIC’s assump-
tions are wrong.

However, the rationale on which Ruthruff et al. (1995, 1996)
based their conclusions is seriously flawed. It completely ig-
nores essential time contributions by extra processes that would
be needed on dual-task trials to make participants’ responses
have suitable short IRIs, as prevailing task instructions required.
Given such instructions, our extended SRD model implies that
on dual-task trials, response-selection processes for each of the
two tasks would have to operate in the deferred response-trans-
mission mode, ensuring that the overt response for one task
does not occur prematurely before the overt response for the
other task. Yet on single-task trials, the response-selection pro-
cesses for each task could operate in the immediate response-
transmission mode, letting overt responses occur substantially
sooner there than on dual-task trials. The latter difference in
needed executive control for the two trial types may easily
explain Ruthruff et al’s (1995, 1996) results. As anticipated,
this constitutes another object lesson that valid conclusions
about multiple-task performance must take into account the con-

straints imposed by instructional factors on viable strategies of

task scheduling.

The SRD model applies likewise to results from a study by
Pashler (1994b) in which there were two tasks with equal prior-
ity. Here an auditory-manual choice-reaction task (pressing left-
hand finger keys for low and high tones) had to be performed
simultaneously with a visual-manual choice-reaction task
(pressing right-hand finger keys for printed letters ). Participants
were instructed to ‘‘place about equal emphasis on each task.
. . . (Do not) put more effort into responding quickly to one
task or the other. They are equally important, whichever stimulus
comes first’” (Pashler, 1994b, p. 335). Nor did the participants
have to produce the responses for the two tasks in grouped
fashion (i.e., with near-zero IRI). Pashler (1994b) therefore
surmised that if an immutable central response-selection bottle-
neck does not exist, then these relaxed instructions should have
eliminated RT increments associated with performing the two
tasks at short SOAs. Nevertheless, on trials with short SOAs,
the secondary responses (i.e., responses for the second of two
temporally proximate stimuli) produced by Pashler’s (1994b)
participants had relatively long latencies, exhibiting RT incre-
ments similar to those found previously with the standard PRP
procedure.

Be this as it may, the latter results fail to prove there is
an immutable central response-selection bottleneck. Although
Pashler (1994b) used instructions that were less restrictive than
those of the standard PRP procedure, his participants still pre-
sumably had to defer the production. of selected secondary re-
sponses at short SOAs, because two manual tasks were involved.
We assume that only one manual motor processor is available
to program and initiate each individual response. Thus, ac-
cording to our SRD model, when two manual tasks are per-
formed concurrently and the SOA is short, movement production
for one of them must wait on the other, or else the responses must
be temporally grouped as a compound action. This limitation at
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the motor level is unavoidable no matter how much the proce-
dural instructions are relaxed and response-selection processes
are temporally overlapped. Furthermore, the availability of just
one manual motor processor accounts for why some of Pashler’s
(1994b) participants had a strong bias to group their responses
on trials that involved short SOAs.

PRP effects on lateralized readiness potentials. Our inter-
pretation of Pashler’s (1994b) results is reinforced by Osman
and Moore (1993). They measured lateralized readiness poten-
tials (LRPs) of participants who performed an auditory-manual
Task 1 and a visual-manual Task 2 during a standard PRP proce-
dure. The LRPs manifested event-related brain potentials over
areas of motor cortex associated with producing the individual
responses in each task. Interestingly, a PRP effect on the laten-
cies of LRPs for Task 2 responses occurred at short SOAs. This
outcome dovetails neatly with the SRD model’s assumption that
movement-feature programming and overt initiation of these
responses are deferred until EPIC’s manual motor processor
has made sufficient progress toward completing prior Task 1
responses. Because of such deferment, the latencies of both
covert Task 2 LRPs and overt Task 2 responses should be length-
ened, just as Osman and Moore found. Indeed, the neural sub-
strates of EPIC’s manual motor processor presumably reside at
least partly in cortical areas from which the LRP emanates
(Coles, 1989).

PRP effects without Task 1 responses. It has been reported
previously, however, that PRP effects on Task 2 responses some-
times occur even if Task 1 does not entail selecting or producing
overt responses (Davis, 1959; Fraisse, 1957; Nickerson, 1965;
Van Selst & Johnston, 1996). How might this intriguing result
bear on the SRD model? The answer is simple. When no overt
Task 1 responses are needed, the instructions of the standard
PRP procedure still require that overt Task 2 responses wait
until after Task 1 stimuli have been detected and cognitively
processed to some extent. Compliance with these instructions
would therefore lead again to the temporary deferment of se-
lected Task 2 responses at short SOAs, yielding a PRP effect
somewhat as if Task 1 processes had actually led to a motor
processor being preoccupied.

According to the SRD model, what might also happen under
such circumstances (i.e., ones with no overt Task 1 responses)
is a reduction of how much time Task 2 remains in deferred
mode. If so, then the magnitude of the PRP effect on Task 2
RTs at short SOAs should decrease relative to cases in which
overt Task 1 responses are required. Indeed, some past experi-
menters have reported decreases of this sort, supporting the
model’s assumption of efficient adaptive executive processes
(Davis, 1959; Fraisse, 1957; Kay & Weiss, 1961; Nickerson,
1965; Van Selst & Johnston, 1996)."

PRP effects and SOA variability. Other evidence of adaptive
executive processes comes from past PRP studies that manipu-
lated the assignment of SOAs to blocks of dual-task trials. In
particular, some investigators have examined participants’ per-
formance when a constant SOA was assigned to all trials of a
block, and the SOA assignment changed systematically across

' The SRD model also accounts well for various patterns of factor
effects on mean Task 2 RTs that Van Selst and Johnston (1996) observed
under conditions in which there were no overt responses to Task 1 stimuli
(i.e., ‘‘no-go”’ trials).
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blocks. Under such conditions, PRP effects have been less than
when each block of trialg contained randomly variable SOAs
(e.g., Borger, 1963).

This result has a natural interpretation in terms of the SRD
model. If the length of an impending SOA can be predicted
before the start of a trial,| then executive processes may make
extra preparations that speed the ultimate output of overt Task
2 responses. For example, suppose that the impending SOA is
predictable and not especially short. Then rather than using the
deferred response-transmission mode for performing Task 2, the
executive process might instead start Task 2 in immediate mode,
exploiting the fact that the SOA is long enough to let Task 1
finish first no matter how| quickly progress on Task 2 occurs

after its stimulus onset. Such opportunistic use of the immediate -

mode for Task 2 could reduce Task 2 RTs after intermediate
SOAs, because the identitigs of selected Task 2 responses would
not have to wait in working memory nor would Task 2 have to
be suspended and shifted from deferred to immediate mode. In
contrast, if the impending| SOA is unpredictable and could be
either very short or long, unbridled use of the immediate mode
for Task 2 would create potential serious problems; overt Task
2 responses might occur before overt Task 1 responses, violat-
ing instructions about task priorities for the standard PRP
procedure. '

PRP effects and cerebral hemispheric localization. Partici-
pants’ adherence to instructions about task priorities may ex-
plain observed relationships between PRP effects and cerebral
hemispheric localization. For example, Pashler and O’Brien
(1993) had participants perform an auditory-vocal Task 1 and
a visual-manual Task 2 under the standard PRP procedure. The
Task 1 stimuli were high and low tones to which the responses
were the spoken words ‘‘high’” and ‘‘low,” respectively. The
Task 2 stimuli were individual circular disks, each displayed in
one of the four quadrants |around a central fixation point. For
each Task 2 stimulus, participants responded by pressing either
an upper or lower finger key with the middle or index finger on
their left or right hand, indicating in which quadrant the disk
appeared. RTs were measured as a function of the SOA and Task
2 stimulus location. This experimental design purportedly tested
whether the human brain has distinct immutable response-selec-
tion bottlenecks localized respectively in the left and right cere-
bral hemispheres.

The rationale of these tests was based on several a priori
hypotheses. From previous evidence about hemispheric localiza-
tion (e.g., Friedman & |Polson, 1981; Friedman, Polson,
Gaskill, & Dafoe, 1982; Hellige, Cox, & Litvac, 1979; Kins-
bourne & Hicks, 1978; Liederman, 1986), Pashler and O’Brien
(1993) initially hypothesized that during their auditory-vocal

Task 1, response selection
neural mechanisms located

and production might occur through
in the left cerebral hemisphere (viz.,

Broca’s area). They also hypothesized that during their visual-
manual Task 2, the neural mechanisms uised for right-side stimuli
and responses might be located in the left hemisphere, whereas
those used for left-side stimuli and responses might be located

in the right hemisphere. If s

0, then for the left-side Task 2 stimuli

and responses, perhaps there would be little or no PRP effect

at short SOAs, because thg
spherically localized respo

y need not involve the same hemi-
nse-selection bottleneck as Task 1

stimuli and responses do. [Nevertheless, obtained PRP effects
had roughly equal magnitudes regardless of whether Task 2
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stimuli and responses occurred on the left or right side. Pashler
and O’Brien therefore concluded that contrary to their a priori
hypotheses, the brain’s left and right hemispheres do not con-
stitute entirely separate channels, but instead process informa-
tion through one shared and immutable response-selection
bottieneck.

According to our SRD model, however, there is another plau-
sible interpretation. As Pashler and O’Brien (1993) assumed
originally, perhaps their participants selected vocal responses
through left-hemisphere mechanisms and, concurrently, left
manual responses through right-hemisphere mechanisms. Still,
regardess of which hemispheres were involved, these partici-
pants needed to defer the selected Task 2 responses at short
SOAs, in order to satisfy instructions about task priorities asso-
ciated with the PRP procedure. By necessity, this deferment
would yield approximately equal PRP effects for the brain’s
two hemispheres; such equivalence has no direct bearing on the
hemispheres’ functional separation during stimulus identifica-
tion and response selection.

The latter conclusions apply as well to results from elemen-
tary multiple-task performance by split-brain patients (Ivry et
al.,, 1994, 1996; Pashler et al., 1994). For example, Ivry et al.
(1994, 1996) studied a split-brain patient who performed under
the standard PRP procedure. Although the patient’s corpus callo-
sum had been extensively severed, causing his left and right
cerebral hemispheres to be functionally separate, he still pro-
duced essentially normal PRP effects when Task 1 and Task
2 required left-hemisphere and right-hemispheres mechanisms,
respectively. Yet this does not prove that he had one shared and
immutable response-selection bottleneck either before or after
his callosectomy. Instead, despite his callosectomy, the patient’s
persistent normal PRP effects may have stemmed from executive
processes that continued to respect instructions about task prior-
ities for the PRP procedure. The existence of such processes is
consistent with proposals made by some investigators who have
previously studied split-brain patients (e.g., Gazzaniga, 1970;
Sperry, 1968). :

PRP effects after extended practice. Likewise relevant to
executive processes and instructions about task priorities are
studies of PRP effects after extended practice at muitiple-task
performance. In these studies, participants have performed many
thousands of trials under the standard PRP procedure (e.g.,
Gottsdanker & Stelmach, 1971). As a result, RTs for Task 1
and for Task 2 at long SOAs gradually decreased. Nevertheless,
throughout practice, substantial PRP effects on Task 2 RTs at
short SOAs have persisted. Such persistence has been attributed
to an immutable response-selection bottleneck (e.g., see Pashler,
1993, 19%4a). '

To the contrary, however, the SRD model again provides an
alternative explanation. Persistent PRP effects may occur merely
because the instructions about task priorities under the standard
PRP procedure stay the same regardless of how much practice
has transpired. After many thousands of trials, these instructions
still dictate that Task 1 is primary and Task 2 is secondary,
thereby encouraging primary-task responses to be produced be-
fore secondary-task responses. Consequently, throughout prac-
tice, executive processes would have to continue performing
Task 2 in the deferred response-transmission mode at short
SOAs. In turn, the continued use of the deferred mode would
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yield persistently long Task 2 RTs whenever the SOA is short,
no matter how fast single-task performance becomes.

Null PRP effects. Even so, not all previous studies of ele-
mentary multiple-task performance have yielded significant PRP
effects. For example, Koch (1993, 1994) had participants per-
form two choice-reaction tasks concurrently, including an audi-
tory-manual task and a visual-vocal task with a zero SOA be-
tween their stimuli. The participants were instructed to respond
as quickly as possible to each stimulus without waiting for other
stimuli or responses; there were no constraints on the order in
which the responses had to occur during each trial. As a result,
the PRP effect virtually disappeared, casting further doubt on
the existence of an immutable response-selection bottleneck.
From the perspective of our theoretical framework, this outcome
presumably happened because Koch’s (1993, 1994) particular
ensemble of tasks and instructions about their relative priorities
allowed response-selection and production processes to proceed
in immediate mode for each task, exploiting the parallel-pro-
cessing capability that both people’s and EPIC’s cognitive proc-
essor may have. Additional evidence of such parallel-processing
capability has been reported by other investigators under condi-
tions that relax the constraints of the standard PRP procedure
(e.g., Greenwald & Shulman, 1973; Meyer & Kieras, 1997b;
Schumacher, Meyer, Kieras, Lauber, & Glass, 1997; Schumacher,
Seymour, et al., 1997).

General Discussion

In this article, which extends previous theorizing by Meyer
and Kieras (1992, 1994, 1997a), we have further demonstrated
that the SRD model and its EPIC architecture aptly characterize
elementary multiple-task performance. For the' PRP procedure
and related laboratory situations, the present theoretical frame-
work yields good fits between simulated and empirical RT data
from combinations of tasks involving various perceptual modal-
ities, motor modalities, stimulus—response mappings, and in-
structions about relative task priorities. The. successes of our
computer simulations support a number of basic conclusions:
(a) at a cognitive level, people have the capacity to apply distinct
sets of production rules concurrently for executing the proce-
dures of multiple tasks; (b) the human information-processing
system has no immutable central response-selection or decision
bottleneck; (c) people’s ability to process information and to
take action at peripheral perceptual-motor levels is significantly
limited; (d) to cope with such limitations and to satisfy task
priorities, flexible scheduling strategies are used; (e) these strat-
egies are mediated by executive cognitive processes that coordi-
nate concurrent tasks and adapt efficiently to prevailing environ-
mental contexts; (f) quantitative computational modeling of
multiple-task performance with a precise and veridical informa-
tion-processing architecture can yield instructive new insights
not available through past qualitative verbal hypotheses, models,
and theories. :

Given these conclusions, it seems likely that EPIC and exten-
sions of the SRD model may be applied as well to explain,
quantify, and predict multiple-task performance in not only sim-
ple laboratory situations but also complex real-world situations.
For example, the final section of this article focuses on aircraft
cockpit operation and speed-stressed human-computer interac-
tion, where adaptive executive processes and flexible task-sched-

uling strategies play even greater roles than under the PRP pro-
cedure. However, before potential future applications are dis-
cussed at more length, some remaining possible concerns and
criticisms with respect to the present theoretical framework
should be assuaged.

Critique of EPIC and SRD Model

A critique of the EPIC architecture and SRD model might
include at least three types of criticism: (a) our underlying
substantive assumptions about multiple-task performance are
patently false, as evidenced by available empirical data; (b)
the model and architecture that embody these-"assumptions are
excessively complex and have too many free parameters, thereby
making results from computer simulations with the present theo-

. retical framework be essentially uninformative; and (c) the

framework leads to no interesting new predictions. Of course,
we disagree with each of these criticisms, as argued next.

Criticism 1: Empirical falseness. That the assumptions as-
sociated with EPIC and the SRD model are empirically false
has been alleged by some investigators on the basis of RT data
from the PRP procedure and other related dual-task paradigms.
Nevertheless, in each such case to date, the putative contradic-
tory data are actually consistent with the present theoretical
framework and on some counts are explicitly predicted by it.
Failures to acknowledge these consistencies and to offer appro-
priate interpretations for them may stem from a less than full
grasp of how the model and its architecture function in detail.

For example, Ivry et al. (1994, 1996) observed PRP effects
(i.e., effects of SOA on mean Task 2 RTs) whose magnitudes
stayed about the same regardless of whether Tasks 1 and 2 were
both visual-manual tasks or Task 1 was visual-manual and Task
2 was visual-vocal. This prompted these investigators to dispute
EPIC’s assumptions that (a) there is a single manual motor
processor for producing left-hand and right-hand responses, and
(b) there are separate manual and vocal motor processors for
producing left-hand and spoken responses (cf. Figure 1). The
dispute by Ivry et al. was based on an apparent misunderstanding
about the principal source of PRP effects under the SRD model.
Ivry et al. reasoned that if the SRD model and EPIC were
correct, then contrary to their empirical data, PRP effects should
always be greater when both Task 1 and Task 2 are visual-
manual tasks, because this particular task combination would
entail more motor-output interference. However, such reasoning
is fallacious. According to the SRD model, the magnitudes of
PRP effects do not necessarily depend on what perceptual—
motor modalities are entailed by the primary and secondary
tasks. Rather, PRP effects stem directly from the times taken by
Task 1 stimulus identification, Task 1 response selection, and
executive processes that unlock temporarily postponed Task 2
processes (Meyer & Kieras, 1997a, Table 3). On some occa-
sions, the values of these parameters can be independent of the
Task 1 and Task 2 motor modalities that are involved. With
generic parameter values, the SRD model could readily produce
equivalent PRP effects for visual-manual and visual-vocal sec-
ondary tasks when they are combined with a visual-manual
primary task of the sort used by Ivry et al. (1994, 1996).

A similar caveat applies to inferences made by Van Selst and
Jolicoeur (1993). They observed additive effects of SOA and
S—R numerosity (i.e., number of alternative S—R pairs in Task
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2) on mean Task 2 RIs, which were construed as evidence
for an immutable response-selection bottleneck and against our
assumptions about concurrent response-selection processes.
However, as we have shown here (Figures 5D, 7, and 9B) and
elsewhere (Meyer & Kieras, 1992, 1994, 1997a), such additivity
is a natural consequence of the SRD mode] if time parameters
- associated with Task 1 processes, Task 2 processes, and execu-
tive processes have certain plausible values. Whenever the model
is tested on the basis of an obtained data set, these considerations
must be taken into account.

Dubious claims about the empirical falseness of the SRD
model and EPIC architecture have also been made by Ruthruff
et al. (1995, 1996). As mentioned before (see PRP effects
during equal-priority tasks), these investigators compared RTs
from dual-task and single-task trials. The dual-task trials re-
quired participants to perform auditory-vocal and visual-manual
tasks simultaneously with equal priority; overt responses for the
two tasks had to be produced at the same time (i.e., temporally
grouped). Obtained dual-task RTs were substantially longer than
those from single-task trials during which either the auditory-
vocal or visual-manual task was performed alone. On the basis
of this seemingly large RT difference and a supplementary math-
ematical analysis, Ruthruff et al. (1995, 1996) inferred that
contrary to the SRD model, response-selection processes for
the two tasks were not concurrent during the dual-task trials.
Yet the results of these investigators are actually what the model
would predict when it is properly modified to accommodate the
prevailing instructions about equal-task priorities and temporal
response grouping. Because of such instructions, response-se-
lection processes for the two tasks could take place concurrently
during dual-task trials, but progress on each task would have
to proceed through a deferred response-transmission mode like
the SRD model has, so that overt task responses are properly
grouped. Such obligatory use of the deferred mode on dual-task
trials would substantially lengthen predicted RTs relative to those
on single-task trials, where task and executive processes could
use the immediate response-transmission mode instead, just as
Ruthruff et al. (1995, 1996) found.

Criticism 2: Excessive complexity. The ability of the SRD
model to account for various patterns of RT data stems in part
from the complexity of our theoretical framework and the multi-
dimensionality of its parameter space. What we have proposed
here and elsewhere (Meyer & Kieras, 1997a) is more elaborate
than an unadorned single-channel hypothesis (cf. Welford, 1952,
1959) or response-selection bottleneck model (cf. Pashler,
1994a; Welford, 1967, 1980). Confronted with this state of
affairs, some critics might object that our framework’s complex-
ity and multidimensionality are much too great. A conceivable
corollary objection is that with its available free parameters, the
SRD model would fit any imaginable RT data that a PRP study
could produce, thereby making the model empirically untest-
able. However, we disagree. Our disagreement rests on several
counterarguments. '

In evaluating our theoretical framework, one first should ap-
preciate that even elementary multiple-task performance of the
sort required by the standard PRP procedure is itself rich and
varied. An appreciation of this fact may be cultivated more fully
by considering similar past cases. For example, a dominant
model in the history of sensory psychophysics was high-thresh-
old theory (HTT; Krantz, 1969; Luce, 1963). Analogous to
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the classic perceptual and response-selection bottleneck models,
HTT assumed that human observers detect simple sensory stim-
uli (e.g., light flashes and tone bursts) through a discrete all-
or-none threshold mechanism, wherein the subjective stimulus
intensity must exceed some constant absolute level to be de-
tected. Because of this threshold’s putative rigidity, little accom-
modation was provided by HTT for observers’ decision criteria
and judgment strategies. As a result, many problematic psycho-
physical data went unexplained. Ultimately, however, statistical
signal-detection theory (SDT) emerged on the scene, reconcil-
ing phenomena that had previously bedeviled HTT (Green & .
Swets, 1966; Tanner & Swets, 1954 ). Unlike in HTT, no discrete

absolute high threshold is assumed in SDT. Instead, SDT attri-

butes observers’ detection performance to stochastic processes

that involve a continuum of sensory states and adjustable deci-

sion criteria. According to SDT, observers set their decision

criteria strategically to achieve various preferred frequencies of

hits for stimulus signals and correct rejections for noise, de-

pending on prevailing reward schemes. A key insight of SDT

is that even the most basic types of human performance are

mediated by sophisticated adaptive executive processes rather

than just rigid perceptual or passive cognitive mechanisms. From

this perspective, the moderate complexity of the EPIC architec-
ture and SRD model seems reasonably justifiable, given that

the PRP procedure and other multiple-task situations obviously

require more of human performers than does a single signal-

detection task. _

With these considerations in mind, it comes as no surprise
that depending on the particular design of task conditions, stud-
ies with the PRP procedure have yielded diverse and elaborate
patterns of Task 1 and Task 2 RTs (e.g., Figures 5, 6, 7, 9, 10,
11, and 13). Systematic practice effects and reliable individual
differences among participants may occur under these conditions
(e.g., Ivry et al., 1994, 1996; Lauber et al., 1994; Meyer et
al., 1995; Pashler, 1994b). Details of instructions about task
priorities also influence the data substantially (Koch, 1993,
1994; Lauber et al., 1994; Meyer et al., 1995; Pashler, 1990;
Sanders, 1964). There is simply no way that an unadorned
single-channel hypothesis or structural bottleneck model can
explain this plethora of phenomena (Meyer et al., 1995). What
one therefore needs instead is a more realistic set of precise
assumptions that embody the true power and generativity of the
human information-processing system.

It is toward satisfying this need that EPIC and the SRD model
have been formulated. Indeed, because of their objectives, this
model and its architecture have some striking similarities to
certain aspects of statistical signal-detection theory. For exam-
ple, the adjustable lockout points and unlocking events that are
used by the SRD model’s executive process to satisfy task prior-
ities bear close kinship with the adjustable decision criteria of
SDT. If the classic single-channel hypothesis and structural-
bottleneck models likewise were augmented to characterize mul-
tiple-task performance more veridically than they do now, these
competitors would become at least as complex and parameter
laden as our theoretical framework is.

Still, EPIC and the SRD model do not have an unlimited
number of free parameters, nor can they fit every imaginable
RT data set. Some of EPIC’s parameters are context indepen-
dent; their mean values stay the same across all situations to
which our theoretical framework may apply. For example, we
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assume that the mean of EPIC’s cognitive-processor cycle time
typically equals 50 ms (Meyer & Kieras, 1997a), and this as-
sumption has held throughout all of our simulations thus far.
Other parameters are context dependent; their mean values may
change from one condition to the next, depending on what per-
ceptual modalities, motor modalities, and S—R mappings are
entailed there. For example, if Task 1 of the PRP procedure
requires identifying tones, whereas Task 2 requires identifying
printed letters, then the mean values respectively assigned to
the stimulus-identification times for EPIC’s auditory and visual
perceptual processors might differ. Within a particular context,
however, the mean values of parameters such as stimulus-identi-
fication times, response-selection times, and movement-feature

preparation times would stay the same across related conditions,

insofar as they involve the same stimuli, responses, and S~-R
mappings.

Given the preceding constraints, the SRD model has a maxi-
mum of six free (context dependent) parameters with which to
account quantitatively for a particular PRP curve (i.e., mean
Task 2 RTs plotted against. SOAs) from a specific condition of
an experiment with the PRP procedure. Among these parameters
- are the mean ocular orientation, stimulus-identification, and re-
sponse-selection times for Task 2, together with the unlocking-
onset latency, suspension waiting time, and response-prepara-
tion waiting time of the model’s executive process. In combina-
tion, they may yield a simulated PRP curve that is formed from
up to five linear segments (Meyer & Kieras, 1997a, Figure 14).
If an empirical PRP curve includes mean Task 2 RT5 associated
with seven or more SOAs (e.g., see Figure 6), then the SRD
model is not guaranteed to fit it well, regardiess of what mean
values are assigned to the available context-dependent
parameters.

Furthermore, when empirical PRP curves from several condi-
tions of the same study must be fit conjointly, the constraints
on the SRD model and its simulated PRP curves are much
greater, because at least some context-dependent parameters
have to stay the same across conditions. For example, consider
our account of mean RTs from the PRP study by Hawkins et
al. (1979). Their data included eight empirical PRP curves of
mean Task 2 RTs with six SOAs per curve (Figure 5). To fit
these curves well, we had 22 context-dependent parameter val-
ues (Meyer & Kieras, 1997a, Table 4), whereas the mean Task
2 RIs of Hawkins et al. had 48 degrees of freedom, among
which were 30 reliable independent linear RT contrasts. Thus,
there was no a priori guarantee that the SRD model could ac-
count for these data adequately.

Indeed, we have presented some other cases for which the
original SRD model yielded rather poor fits between simulated
and empirical mean RTs. These cases illustrate that this model
does not have arbitrarily great freedom to fit every data set
extremely well. For example, consider the PRP study by
McCann and Johnston (1992, Experiment 2). With respect to
it, the model failed miserably at first (Figure 9A). The failure
occurred because this study induced participants to use elabo-
rate eye-movement strategies, which were not anticipated ini-
tially as part of the model’s executive process and EPIC archi-
tecture. To obtain an improved fit between simulated and empiri-
cal mean RIS, we had to augment the model and architecture
with some principled modifications. In turn, these modifications
not only provide an improved fit for McCann and Johnston’s

(1992, Experiment 2) data but also make some further explicit
testable predictions.

Criticism 3: Lack of predictive power. That EPIC and the
SRD model lack predictive power might have been a third criti-
cism against them. However, as the preceding discussion indi-
cates, our theoretical framework actually leads to many testable
new predictions about overt behavior during multiple-task per-
formance. For example, we predict that if the eye movements
of participants were to be monitored during a future replication
of McCann and Johnston’s (1992, Experiment 2) PRP study,
they would have spatial and temporal characteristics similar to
those of the extended SRD model from which the simulated
mean RTs in Figure 9B came. Other extensions of the SRD
model, such as those proposed for Pashler’s (1990) PRP studies
with variable task order (Figure 12), make predictions about
the frequency and temporal characteristics of grouped manual
TeSponses.

Additional Predictions

In addition, our theoretical framework yields further predic-
tions about task-difficulty effects, individual differences among
peoples’ preferred strategies of task scheduling, and benefits of
special training for multiple-task performance. Under the general
class of AEC models to which the SRD model belongs, people
may coordinate their performance during the PRP procedure by
choosing an optional Task 2 lockout point and Task 1 unlocking
event (Figure 3). These choices supposedly ensure that instruc-
tions about task priorities are satisfied and Task 1 responses
precede Task 2 responses regardless of the SOA. The possible
lockout points include ones that are right before the start of
either stimulus identification, response selection, or movement
production for Task 2. The possible unlocking events include
ones that are right after the end of stimulus identification, re-
sponse selection, or movement production for Task 1. Specifi-
cally, in the SRD model, the Task 2 lockout point is right before
the start of movement production for Task 2, whereas the Task
1 unlocking event is right after the end of either response selec-
tion or movement production for Task 1. However, other Task
2 lockout points and Task 1 unlocking events may be used
instead, given the flexible nature of the executive processes that
the EPIC architecture enables.

Two distinct types of strategy are.therefore available under
the AEC models for scheduling task performance in the PRP
procedure (Meyer & Kieras, 1996; Meyer et al., 1995). One of
these types is cautious. Cautious scheduling strategies involve
relatively early Task 2 lockout points and relatively late Task 1
unlocking events. For example, to implement such a strategy,
the executive process could use a preselection Task 2 lockout
point and postmovement Task 1 unlocking event (Figure 14).
This would be cautious because it allows little temporal overlap
between Task 1 and Task 2, increasing Task 2 RT5 at short SOAs

in order to decrease the chances that overt Task 2 responses -

might occur prematurely before overt Task 1 responses. By
contrast, a second possible type of scheduling strategy is daring.
Daring scheduling strategies involve relatively late Task 2 lock-
out points or relatively early Task 1 unlocking events. For exam-
ple, to implement such a strategy, the executive process could
use a postselection Task 2 lockout point and premovement Task
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1 unlocking event (Figure 15).%° This would be daring because
it allows more temporal overlap between Task 1 and Task 2
stages of processing, decreasing Task 2 RTs at short SOAs but
increasing the chances that overt Task 2 responses might occur
prematurely before overt Task 1 responses. Of course, which
type of scheduling strategy is used in a particular context may
depend on factors such as the subjective difficulties of Tasks 1
and 2, amount of prior experience with multiple-task situations,
and personal preferences that people have for cautious or daring
performance. .

Predicted effects of Task 1 difficulty. To be precise, a plausi-
ble prediction by our theoretical framework is that in the PRP
procedure, participants will adopt a cautious scheduling strategy
more often when Task 1 is difficult than when it is easy. This
follows directly from several joint considerations: (a) the
amount of time needed to complete Task 1 increases with its
difficulty, thereby increasing the subjective probability that Task
2 responses might occur prematurely unless progress on Task
2 is constrained more strictly than when Task 1 is easy; (b) use
of a cautious scheduling strategy provides the desired extra
constraint on Task 2 progress; and (c) under instructions that
emphasize high response accuracy, people tend to perform less
daringly than their information-processing capacities would ulti-
mately allow.

If so, then Task 1 difficulty should affect the pattern of mean
Task 2 RTs and PRP curves that emerge when Task 2 difficulty
and SOA are manipulated too. Given the late (i.e., postselection)
Task 2 lockout point that might be used as part of a daring
scheduling strategy in the context of an easy Task 1, mean Task
2 RTs ought to embody interactive effects of Task 2 difficulty
and SOA, forming divergent PRP curves like those associated
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Figure 14. A cautious strategy for task scheduling in which the execu-
tive process of an adaptive executive control (AEC) model uses a rela-
tively early (preselection) Task 2 lockout point and relatively late (post-
movement) Task 1 unlocking event.
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Figure 15. A daring strategy for task scheduling in which the executive
process of an adaptive executive control (AEC) model uses a relatively

" late (postselection) Task 2 lockout point and relatively early (premove-

ment) Task 1 unlocking event.

‘with the SRD model (e.g., Figures 5A and 5C). By contrast,

given the earlier (e.g., preselection) Task 2 lockout point that
might be used as part of a cautious scheduling strategy in the
context of a difficult Task 1, mean Task 2 RTs ought to embody
additive effects of Task 2 difficulty and SOA, forming ‘‘paral-
lel” (i.e., vertically equidistant) PRP curves like those associ-
ated with a response-selection bottleneck model.

Predicted individual differences in task-scheduling strategies.
Nevertheless, when Task 1 is difficult, some people might stiil
adopt a daring scheduling strategy. This prediction follows from
several more considerations: (a) regardless of whether Task 1
is easy or difficult, EPIC enables various Task 2 lockout points
and Task 1 unlocking events to be used for task scheduling; (b)
people differ in the extent to which their performance is rou-
tinely cautious or daring; (c) despite strong rewards for cau-
tiousness, some individuals continue to perform daringly (e.g.,
Dickman & Meyer, 1987).2! If so, then analyses of individual
participants’ PRP curves when Task 1 is difficult should reveal

2 By definition, the scheduling strategy of the SRD model, a member
of the AEC class, is therefore relatively daring.

2! For example, Dickman and Meyer (1987) studied groups of partici-
pants who scored high, medium, or low on a self-report personality
questionnaire (Eysenck & Eysenck, 1977) that measured degrees of
impulsivity. During three experiments with basic perceptual-motor and
cognitive tasks, the high-impulsive participants performed more quickly
but less accurately than the low-impulsive participants. Payoff schemes
that emphasized either response speed or accuracy affected how daring
(fast) or cautious (accurate) the participants’ performance was. How-
ever, these effects did not eliminate the inherent individual differences
between groups.
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Figure 16. Results from Day 3 of psychological refractory period (PRP) Experiment 1 with an easy
auditory-manual Task 1 and easy or hard visual-manual Task 2. A: Mean Task 2 reaction times (RTs) as
function of stimulus onset asynchrony (SOA) and Task 2 response-selection difficulty for a group of 10
participants. B: Magnitudes of interaction between the effects of SOA and Task 2 difficulty on mean Task
2 RTs for individual participants. Dark vertical bars represent the participants’ observed interactions. Light
vertical bars represent the distribution of predicted interactions that should have occurred if all participants
used the same daring strategy of task scheduling and the observed interactions differed only because of
between-trial RT variance (i.e., noise) in each participant’s data. Exp. = experiment.

various systematic patterns. Participants who tend toward cau-
tious task scheduling with an early (e.g., preselection) Task 2
lockout point ought to produce ‘parallel’’ PRP curves of mean
Task 2 RIs that embody additive SOA and Task 2 response-
selection difficulty effects. In contrast, a different RT pattern
should emerge from participants who tend toward daring task
scheduling with a late (i.e., postselection) Task 2 lockout point
regardless of prevailing primary-task difficulty. They ought to
produce divergent PRP curves of mean Task 2 RTs that embody
interactive SOA and Task 2 response-selection difficulty effects,
just as if Task 1 were easy.

Predicted benefits of special training. Despite the preceding
considerations, people who prefer a cautious scheduling strategy
when Task 1 is difficult need not do so forever. To the contrary,
if our theoretical framework is correct, their preferences can be
shaped through special training protocols that induce them to
adopt more daring scheduling strategies. We predict that such
training protocols should eliminate differences among people’s
strategies and lead them to temporally overlap their response-
selection processes for primary and secondary tasks regardless
of Task 1 difficulty. In turn, this would yield uniformly divergent
PRP curves with strongly interactive effects of SOA and Task
2 difficulty on mean Task 2 RTs.

Empirical Tests of Predictions

Initial confirmatory tests of the preceding predictions have
been conducted in our laboratory (Lauber et al., 1994; Meyer
et al., 1995; Schumacher et al., 1996). For these tests, we repli-
cated and extended some conditions of the PRP study by

Hawkins et al. (1979). This replication and extension involved
three experiments.

Experiment 1: PRP procedure with easy Task 1. Our first
experiment confirmed that after practice at the PRP procedure,
participants consistently adopt a daring scheduling strategy with a
postselection Task 2 lockout point when Task 1 is easy (Lauber
et al., 1994; Schumacher et al., 1996). During Experiment 1, 10
participants performed an easy auditory-manual primary task to-
gether with either an easy or hard visual-manual secondary task.
For Task 1, there were two alternative S—R pairs (left-hand key-
presses to tones ). For Task 2, there were either two or eight alterna-
tive S~R pairs (right-hand keypresses to digits), which made re-
sponse selection during Task 2 be easy or hard, respectively. Each
participant had 3 days of practice with these tasks. Like Hawkins
etal. (1979), we found that under such conditions, empirical mean
Task 2 RTs formed divergent PRP curves with interactive effects
of SOA and Task 2 response-selection difficulty. For example,
Figure 16A shows this pattern from the participants’ 3rd day of
practice in Experiment 1.2 It therefore appears that as our frame-
work predicts, Task 1 and Task 2 responses were selected concur-
rently at short SOAs when Task 1 was easy, consistent with the
daring scheduling strategy of the SRD model. _

Moreover, Figure 16B suggests that all of Experiment 1’s partici-
pants performed in the same consistent fashion. This figure shows
interactions between the effects of SOA and response-selection
difficulty on mean Task 2 RTs separately for each participant who

22 The corresponding mean Task 1 RTs equalled 327 ms and 334 ms
when Task 2 was easy and hard, respectively. There were no reliable
effects of SOA on the mean Task 1 Rls.
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Figure 17. Results from Day 3 of psychological refractory period (PRP) Experiment 2 with a hard
auditory-manual Task 1 and easy or hard visual-manual Task 2. A: Mean Task 2 reaction times (RT5) as
function of stimulus onset asynchrony (SOA) and Task 2 response-selection difficulty for a group of 8
participants. B: Magnitudes of interaction between the effects of SOA and Task 2 difficulty on mean Task
2 RTs for individual participants. Dark vertical bars represent the participants’ observed interactions. Light
vertical bars represent the distribution of predicted interactions that should have occurred if all participants
used the same cautious strategy of task scheduling and the observed interactions differed only because of
between-trial RT variance (i.e., noise) in each participant’s data. Exp. = experiment.

contributed to Figure 16A. Over the horizontal axis of Figure
16B, these interactions are ordered in terms of their individual
magnitudes and signs. Here a zero interaction indicates that a
participant had equal Task 2 difficulty effects at the shortest and
longest SOAs, which came from *‘parallel’” (vertically equidistant)
PRP curves. A positive interaction indicates that a participant’s
PRP curves diverged as the SOA increased, and a negative interac-
tion indicates that they converged. In Figure 16B, it can be seen
that the participants’ interactions were always positive. Their distri-
bution is very similar to what should occur if every participant
used a daring scheduling strategy through which Task 1 and Task
2 responses were selected concurrently.

To support this latter conclusion further, a comparison may
be made between the light vertical bars (predicted interactions)
and dark vertical bars (observed interactions) in Figure 16B.
The light vertical bars were derived through three steps: (a) It
was assumed that all participants used the same strategy for

task scheduling; (b) the interactions observed for individual -

participants were assumed to differ from each other only be-
cause of residual between-trial variance or noise in each partici-
pant’s RTs; (¢) given these assumptions, we estimated the distri-
bution of interactions that should emerge across participants on
the basis of their prevailing between-trial RT variances.” Thus,
if all participants used the same scheduling strategy, the light
bars ought to approximate the dark bars closely. Indeed, this
approximation is fairly close, indicative of a daring scheduling
strategy that has a postselection Task 2 lockout point used by
all participants (cf. Figure 15).

Experiment 2: PRP procedure with difficult Task 1. We and
colleagues (Lauber et al., 1994; Meyer et al., 1995) next con-
ducted a second PRP experiment with a group of 8 new partici-
pants. Experiment 2 tested our framework’s prediction that in-
creasing the difficulty of Task 1 should induce at least some
participants to adopt a cautious scheduling strategy. For this
purpose, Task 1 involved four rather than two alternative S-R
pairs (i.e., left-hand keypresses to tones). The harder primary
task was performed together with an easy and hard visual-man-
ual secondary task, for which there were respectively either two
or eight alternative S—R pairs (right-hand keypresses to digits),
as in Experiment 1. Again, each participant had 3 days of prac-
tice. Under such conditions, the group PRP curves no longer
diverged on average; to the contrary, empirical mean Task 2
RTs formed *‘parallel”’ (vertically equidistant) PRP curves that
embodied additive effects of SOA and Task 2 response-selection
difficulty. For example, Figure 17A shows this pattern from the
participants’ 3rd day of practice in Experiment 2.>* These resuits
imply that response selection for Task 2 occurred after a period

23 Between-trial RT variances were calculated through separate analy-
ses of variance (ANOVAs) on each participant’s individual trial-by-trial
RTs. Pooled residuals from these ANOVAs provided estimates of the
noise in the data.

2 The corresponding mean Task 1 RTs equalled 512 ms and 521 ms
when Task 2 was easy and hard, respectively. These values were reliably
greater than those in Experiment 1, exceeding them by 186 ms on
average, because Experiment 2 involved a harder primary task.
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Figure 18. Results from 2 different participants whose reaction times (RTs) contributed to the results
from a hard auditory-manual Task 1 and easy or hard visual-manual Task 2 on Day 3 of psychological
refractory period (PRP) Experiment 2. A: Mean Task 2 RT5 as function of stimulus onset asynchrony (SOA)
and Task 2 response-selection difficulty for Participant 1, who had converging PRP curves and used a
cautious scheduling strategy. B: Mean Task 2 RT5 as function of SOA and Task 2 response-selection difficulty
for Participant 8, who had diverging PRP curves and used a daring scheduling strategy. Exp. = experiment.

of temporal slack during which the secondary task was locked
out and did not overlap with response selection for Task 1, as
would happen with a cautious scheduling strategy that has a
preselection Task 2 lockout point (cf. Figure 14). Thus, Experi-
ment 2 supports the prediction that making Task 1 harder may
induce at least some participants to adopt scheduling strategies
that are less daring.

Nevertheless, as we also expected, there were systematic differ-
ences among the patterns of mean Task 2 RT5 that individual partici-
pants produced during Experiment 2. To be precise, consider Figure
17B, which shows interactions between the effects of SOA and
response-selection difficulty on mean Task 2 RTs separately for
each participant who contributed to Figure 17A. Here the distribu-
tion of interactions is rather diffuse; 1 participant had an approxi-
mately null interaction (i.e., additive effects of SOA and Task
2 response-selection difficulty), but 3 participants had markedly
negative interactions, and 4 others had various magnitudes of posi-
tive interaction including some that were quite large. This is not
what would happen if every participant used the same scheduling
strategy. To the contrary, some participants apparently used strate-
gies that were cautious (i.e., ones without overlapping response-
selection processes ), whereas others used strategies that were about
as daring (i.e., involved overlapping response-selection processes)
as those in Experiment 1.

To support this latter conclusion further, a comparison may
be made between the light vertical bars (predicted interactions )
and dark vertical bars (observed interactions) in Figure 17B.
The light vertical bars were derived through steps analogous to
those taken before (cf. Figure 16B). Thus, if every participant
had used the same cautious scheduling strategy in Experiment 2,
the light vertical bars should approximate the dark bars closely.
However, this did not happen. A large majority (i.e., 7/8) of
the dark vertical bars in Figure 17B are longer than the light
vertical bars paired with them, embodying consistently more
extreme interactions than a single cautious scheduling strategy
would predict. Instead, our results suggest that Experiment 2

included at least two distinct subgroups of participants, some

of whom (e.g., Participant 1) produced significantly convergent
PRP curves and others of whom (e.g., Participant 8) produced
significantly divergent PRP curves. The overall outcome of Ex-
periment 2 therefore supports our framework’s predictions that
task scheduling involves adaptive mechanisms of executive con-
trol and that, because of systematic personal preferences, some
though not all participants may adopt daring scheduling strate-
gies with postselection Task 2 lockout points even when Task 1
is relatively hard.

For example, Figures 18A and 18B further illustrate the vari-
ous patterns of RT data that can result from such individual
differences.” In Figure 18A are the mean Task 2 RTs produced
by Participant 1 of Experiment 2 (cf. Figure 17B). This individ-
val had convergent PRP curves for which the Task 2 difficulty
effect decreased as the SOA increased, manifesting a special
type of cautious scheduling strategy that perhaps used a hybrid
combination of pre- and postselection Task 2 lockout points.?
By contrast, in Figure 18B are the mean Task 2 RTs of Partici-

* Each participant who contributed to Figures 18A and 18B had mean
Task 1 RTs that averaged slightly more than 500 ms and were not affected
much by either the SOA or Task 2 difficulty.

2 That the cautious scheduling strategy of Participant 1 was *‘special”’
appears so because his PRP curves at short SOAs had slopes much
steeper than —1 (Figure 18A). For example, when Task 2 was easy and
hard, the slopes of these curves over the SOA interval from 50 to 150
ms were —1.33 and —2.19, respectively. Such extreme steepness, which
falls substantially outside the typical expected range of (1, 0), suggests
that this participant’s scheduling strategy involved a type of ‘‘progres-
sive. unlocking’’ as we discussed before (Figure 8) regarding the PRP
data of Hawkins et al. (1979). In particular, Participant 1 may have
used a relatively early (e.g., preselection) Task 2 lockout point after
the shortest (50 ms) SOA, but switched dynamically to a later (e.g.,
postselection) Task 2 lockout point after longer (>100 ms) SOAs. If
so, this would account for both why his PRP curves had slopes steeper
than —1 and why his PRP curves converged as the SOA increased.
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pant 8, who had divergent PRP curves for which the Task 2
difficulty effect increased as the SOA increased, manifesting a
daring scheduling strategy that consistently used a postselection
Task 2 lockout point.”” Although averaging the RT data across
such individuals yields ‘‘parallel’” group PRP curves (Figure
17A), it obviously would be mistaken to conclude from them
that every participant chose the same cautious scheduling strat-
egy with a preselection Task 2 lockout point. The spector of
this potential mistake makes one wonder how many previous
researchers have reached erroneous theoretical conclusions in
favor of the response-selection bottleneck hypothesis by averag-
ing their PRP data across participants while ignoring individual
differences among them.

Experiment 3: Training for flexible task scheduling. Supple-
menting our results about the predicted effects of Task 1 diffi-
culty on Task 2 RTs and individual differences in task scheduling,
" we and colleagues (Lauber et al., 1994; Meyer et al., 1995)
conducted a third experiment. It tested another related predic-
tion: Even when Task 1 is hard, special training protocols can
induce most, if not all, participants to adopt daring instead of
cautious scheduling strategies. Specifically, given the adaptive
executive control that EPIC enables, such training should pro-
mote the use of a late postselection rather than early preseiection
Task 2 lockout point. If so, all participants ought ultimately to
produce divergent PRP curves that embody positive interactions
of SOA and Task 2 difficulty effects on mean Task 2 RTs when
Task 1 is hard, as happened before when Task 1 was easy (cf.
Figures 16A and 16B).

During Experiment 3, this prediction was tested by giving 8
new participants an initial 3-day phase of special ‘‘variable
priority’’ training after which they went through a subsequent
1-day assessment phase with the standard PRP procedure. The
training phase followed Gopher’s (1993) suggestions about how
to enhance the efficiency of dual-task performance. It required
concurrent auditory-manual and visual-manual tasks to be per-
formed with equally high priority and relaxed constraints on
the serial order of stimuli and responses. As part of this training,
stimuli for the auditory-manual task occurred either first or sec-
ond on a trial, and conversely, stimuli for the visual-manual task
occurred either second or first. Here participants did not know
which type of stimulus would occur first, nor did they have to
produce their responses in one particular prespecified order. The
relative difficulties of the auditory-manual and visual-manual
tasks also varied orthogonally across the trial blocks run under
these conditions. Because of instructions given before the train-
ing phase started, participants were strongly encouraged to over-
lap their response-selection processes for the two tasks, as a
daring scheduling strategy would entail. After the training phase
ended, participants entered the subsequent assessment phase. It
involvéd the same PRP procedure as had been administered
during Experiment 2, which combined a hard auditory-manual
primary task with easy and hard visual-manual secondary tasks.
We then measured the mean RTs from the assessment phase of
Experiment 3 to check whether they manifested more daring
strategies of task scheduling than had been used during Experi-
ment 2.

Some results from these measurements appear in Figures 19A
and 19B. We found that during the assessment phase of Experi-
ment 3, empirical mean Task 2 RTs formed divergent PRP curves
with interactive effects of SOA and Task 2 response-selection

difficulty (Figure 19A).% On average, it appears that these parti-
cipants selected their Task 1 and Task 2 responses concurrently
at short SOAs even when Task 1 was hard, as would happen
through a daring scheduling strategy of the type associated with
the SRD model. Indeed, the posttraining RT pattern in Experi-
ment 3 looks much like what we obtained previously in Experi-
ment 1 when Task 1 was relatively easy (cf. Figure 16A).

Moreover, Figure 19B suggests that after variable-priority
training, all participants performed in much the same fashion.
This figure shows interactions between the effects of SOA and
response-selection difficulty on mean Task 2 RT5 separately for
each participant who contributed to Figure 19A. Here it can be
seen that the participants’ interactions were uniformly positive.
Their distribution is very similar to what should occur if every
participant used a daring scheduling strategy through which
Task 1 and Task 2 responses were selected concurrently.

To support this latter conclusion further, a comparison may
be made between the light vertical bars (predicted interactions)
and dark vertical bars (observed interactions) in Figure 19B.
The light vertical bars were derived through steps analogous to
those taken for analyzing the results of Experiment 1 (cf. Figure
16B). Thus, if all participants used the same daring scheduling
strategy, the light bars ought to approximate the dark bars
closely. Indeed, this approximation is again fairly close, once
more indicative of a daring scheduling strategy that has a postse-
lection Task 2 lockout point. Such additional consistency
emerged even though Experiment 3 involved the same hard
primary task as in Experiment 2, where participants had used
a much more diverse set of scheduling strategies that included
some rather cautious ones (cf. Figure 17B).

Summary. On balance, results from the preceding three ex-
periments support several key predictions derived from our theo-
retical framework. This pervasive support bodes well for future
research with the EPIC architecture and AEC models in other
domains that entail stressful speeded multiple-task performance.

Directions for Future Research

There are many promising directions for future research with
the EPIC architecture and computational models of multiple-
task performance based on it. As discussed next, some of these
directions extend our research to realistic task domains where
useful practical applications may be possible.

Modeling of rapid human-computer interaction. One such
direction involves the modeling of rapid human-computer inter-
action (Card et al., 1983). Studies of toll-assistance operators
(TAOs) who use computer workstations to provide service for
third-party biiling of customers’ telephone calls have revealed
patterns of performance consistent with our theoretical frame-

¥ The daring scheduling strategy of Participant 8 does not appear to
have involved progressive unlocking because his PRP curves at short
SOAs had slopes much shallower than those of Participant 1 (Figure
18B). For example, when Task 2 was easy and hard, the slopes of these
curves over the SOA interval from 50 to 150 ms were ~0.69 and —1.07,
respectively. ’

8 The corresponding mean Task 1 RTs equalled 485 ms and 487 ms
when Task 2 was easy and hard, respectively, again substantially ex-
ceeding the mean Task 1 RTs from Experiment 1 in which the primary
task was easier.
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Figure 19. Results from Day 4 of psychological refractory period (PRP) Experiment 3 with a hard
auditory-manual Task 1 and easy or hard visual-manual Task 2 following 3 days of initial variable-priority
training. A: Mean Task 2 reaction times (RTs) as function of stimulus onset asynchrony (SOA) and Task
2 response-selection difficulty for a group of 8 participants. B: Magnitudes of interaction between the
effects of SOA and Task 2 difficulty on mean Task 2 RTs for individual participants. Dark vertical bars
represent the participants’ observed interactions. Light vertical bars represent the distribution of predicted
interactions that should have occurred if all participants used the same daring strategy of task scheduling
and the observed interactions differed only because of between-trial RT variance (i.e., noise) in each

participant’s data. Exp. = experiment.

work (Gray, John, & Atwood, 1993). During such performance,
substantial amounts of temporal overlap take place among con-
current perceptual, cognitive, and motor processes.

To characterize these processes more fully, we have begun
constructing EPIC models that predict detailed aspects of TAOs’
performance (Kieras & Meyer, in press; Kieras et al., 1995, in
press; Wood et al., 1994). Like the SRD model, our models of
TAO performance account well for observed RT data, using
parsimonious assumptions and modest numbers of parameters.
This application helps illustrate both the practicality and gener-
ality of the present framework for precisely modeling multiple-
task performance across a variety of task domains.

For example, consider Figure 20, which contains results from
a representative exchange between a TAO and customer who
was charging a phone call to a third-party billing number.”®
During this exchange, the TAO proceeded through several opera-
tions that included (a) detecting the onset of a tone over a pair
of headphones, which signaled that a call from a customer was
coming through; (b) looking at the display screen of a computer
workstation for alphanumeric information that identified the
call’s category; (c) greeting the customer who was making the
call; (d) getting the billing number to which the call should be
charged; (e) entering this and other relevant information in the
computer by making a series of keystrokes on the computer’s
keyboard; (f) looking at the display screen and checking that
the information had been entered correctly; (g) completing the
connection for the customer by typing a call-initiation key; and
(h) bidding the customer farewell. The operations done by the
TAQO therefore were analogous to ones that might occur during
an extended PRP or serial choice-RT procedure.

In Figure 20, the large filled circles on the solid curve show
the observed response latencies of the TAO’s keystrokes as a
function of their serial position throughout the typing sequence.
The nearby small filled circles and dashed curve show simulated
latencies from a corresponding series of keystrokes produced
by an EPIC model of the TAO’s performance that used a daring
scheduling strategy with substantial temporal overlap among
concurrent stimulus identification, response selection, and
movement-production processes. By contrast, the dotted curve
shows simuiated latencies from a model that had an artificial
response-selection bottleneck and used a cautious scheduling
strategy with relatively little overlap among stimulus identifica-
tion, response selection, and movement-production processes.

From Figure 20, several conclusions may be reached. At the '
start of the keystrokes (first serial position), the observed re-
sponse latencies rise to a maximum level after which they de-
crease gradually as the serial position increases. Consequently,
there is a downward latency trend that looks much like the curves
found in past studies with the PRP procedure (e.g., Figure 5,
mean Task 2 RTs), suggesting some postponement of pending
processes in order for current processes to be completed. Such
postponement was presumably necessary so that the TAO’s
keystrokes occurred in the correct serial order, just as instruc-
tions for the PRP procedure require that Task 1 responses occur

» We thank Michael Atwood of the NYNEX Science and Technology
Center in White Plains, NY, for providing videotapes of TAOs” on-line
performance from which the data in Figure 20 were transcribed. Helpful
comments by Bonnie John and Rory Stuart regarding our studies of this
performance are also gratefully acknowledged.
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Figure 20. Response latencies as a function of keystroke serial position
for a series of keystrokes typed by a toll-assistance operator during a
representative exchange with a customer who wanted to charge a tele-
phone call to a third-party billing number (Kieras & Meyer, 1995, in
press; Kieras et al., in press). Large filled circles on the solid curve
denote observed latencies. Small filled circles on the nearby dashed
curve denote simulated latencies from an executive-process interactive
control (EPIC) computational model that used a daring scheduling strat-
egy with substantial temporal overlap between concurrent stimulus iden-
tification, response selection, and movement-production processes. The
upper dotted curve denotes simulated response latencies from another
model that had an artificial response-selection bottleneck and used a
cautious scheduling strategy with little temporal overlap between these
processes.

before Task 2 responses. Yet despite the constrained order of
these keystrokes, their observed response latencies are fit very
poorly (R? = .039; RMSE = 1,150 ms) by the model that has an
artificial response-selection bottleneck and cautious scheduling
strategy, whose simulated latencies (Figure 20, dotted curve)
extremely overpredict the data (cf. Figure 20, solid curve).
Clearly, this model grossly exaggerates the amount of temporal
slack that actually occurred between the TAO’s successive keys-
trokes.>® However, the observed response latencies are fit reason-
ably well (R? = .929; RMSE = 95 ms) by the model that has
a daring scheduling strategy.’' Of course, this outcome was to
be expected from our previous findings for the PRP procedure.
It also was to be expected because TAOs have had substantial
on-the-job experience and want to complete phone calls quickly
so that customers stay satisfied and phone-company expenses
stay low.

Modeling of concurrent visual-manual tracking and serial
choice reactions. A second realistic domain in which our theo-
retical framework may be applied instructively involves concur-
rent visual-manual tracking. and serial choice-RT tasks. Under
various practical circumstances (e.g., automobile and aircraft
operation), this sort of task combination plays a major role.
Many past studies of dual-task performance therefore have col-

lected data on how people cope with laboratory analogs of these
circumstances (e.g., Brickner & Gopher, 1981; Gopher, 1993;
Gopher, Brickner, & Navon, 1982; McLeod, 1977; North, 1977,
Wickens, 1976).

To explore where our research may go from here, we
(Kieras & Meyer, 1995, in press; Meyer & Kieras, 1997b) have
focused on empirical results from one such study by Ballas et
al. (1992). Their participants, who included some trained pilots,
worked with a computerized visual display similar to ones in
military aircraft cockpits. On the right side of the display was
a window for a visual-manual tracking task. In this window were
a cursor- (circle with interior crosshairs) and iconic airplane
that depicted a target object moving haphazardly through space.
When participants performed the tracking task, they had to keep
the cursor on target by moving a right-hand joystick that con-
trolled the cursor’s spatial position. Root-mean-squared error
(distance between cursor and target) was measured (12 samples
per second) for the tracking task. Meanwhile, on the left side
of the display was a window for a tactical-decision task. In
this window were iconic blips that appeared sequentially at
unpredictable times and locations, depicting potentially danger-
ous objects (e.g., jet fighters, bombers, and missile sites ) whose
locations changed gradually over time. When participants per-
formed the tactical-decision task, they looked at these blips
one after another and indicated which ones were “‘hostile’” or
“‘neutral’’ by typing on a keyboard with their left hands. Re-
sponse latencies of the keypresses were measured for the tacti-
cal-decision task.*

Some results from these measurements appear in Figure 21.%
Here the large filled circles on the solid curve show observed

% Such exaggeration happened even though our simulation for the
response-selection bottleneck model was programmed to approximate
the observed latencies as best possible, given inherent capacity limits of
the model’s bottleneck and cautious scheduling strategy.

3 The overall mean of the response latencies in Figure 20 is about
1,100 ms. Relative to this baseline, the RMSE of 95 ms constitutes an
8% error of prediction. When working in realistic domains such as that

of a TAO operator, engineers typically consider theoretical models to be -

useful for practical design purposes when they can predict observed
numerical values within margins of error that are less than 10% (Card
et al., 1983). The present EPIC model that has a daring scheduling
strategy therefore satisfies this engineering criterion, whereas the model
that has an artificial response-selection bottleneck and cautious schedul-
ing strategy does not. The fit of the model that has the daring scheduling
strategy seems especially satisfactory because the various response la-
tencies in Figure 20 come from single keystrokes rather than large

‘sample averages. As a result, the goodness of fit here is about what one

might expect if the model were correct, but each response latency also
contained a roughly 10% contribution from noise in the TAO’s informa-
tion-processing system, which would be typical of practiced performers
under such circumstances.

32 The response latency for a blip equaled the amount of time between
two successive events: (a) the color of the blip changed from black to
red, blue, or amber; and (b) a key was pressed to indicate the blip’s
tactical status. Red blips had to be classified as ‘‘hostile’’; blue blips
had to be classified as ‘‘neutral’’; and amber blips had to be classified
as either ‘‘hostile’” or ‘‘neutral’’ on the basis of their direction and
speed of movement.

% We thank James Ballas and his colleagues at the Naval Research
Laboratory in Washington, DC, for generously providing us with their
data and other helpful information.
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Figure 21. Mean response latencies as a function of blip serial position
for the tactical-decision task in the study by Ballas et al. (1992). Large
filled circles on the solid curve denote observed latencies. Small filled
circles on the nearby dashed curve denote simulated latencies from an
executive-process interactive control (EPIC) computational model that
used a daring scheduling strategy with substantial temporal overlap
between concurrent stimulus identification, response selection, and
movement-production processes. The upper dotted curve denotes simu-
lated response latencies from another model that had an artificial re-
sponse-selection bottleneck and used a cautious scheduling strategy with
little temporal overlap between these processes. All three latency curves
come from a sequence of tactical decisions that occurred immediately
after an extended period during which only a visual-manual tracking
task had been performed.

mean response latencies for the tactical-decision task as a func-
tion of the serial positions in which blips were evaluated
throughout a sequence of tactical decisions. By design, the blip
that occupied the first serial position occurred immediately after
a long (2 min) interval during which the participants had been
performing only the tracking task.* Consequently, the observed
latencies were longer at the start of the blip sequence, and they
tended to decrease as the blip serial position increased, forming
a downward curve that contained a PRP-like effect. The nearby
" small filled circles and dashed curve in Figure 21 show simu-
lated response latencies from an EPIC model that performed
the tactical-decision and tracking tasks with a daring scheduling
strategy whose flexibility enabled substantial temporal overlap
among concurrent stimulus identification, response selection,
and movement-production processes. This model fit the ob-
served response latencies reasonably well (R* = .975; RMSE
= 90 ms). By contrast, the more distant dotted curve shows
simulated latencies from a model that had an artificial response-
selection bottleneck and used a cautious scheduling strategy
whose inflexibility enabled relatively little overlap among these
processes. This model’s fit was much worse (R? = .869; RMSE
= 439 ms); it substantially overpredicted the observed response
latencies, even though our simulation was programmed to ap-
proximate them as best possible despite inherent capacity limits

of the response-selection bottleneck and cautious scheduling
strategy.

The pattern of response latencies in Figure 21, which supports
our EPIC model that has a daring scheduling strategy, is similar
to what we found for the PRP procedure and TAOs’ performance
(cf. Figures 5 and 20). In addition, this model accounts well for
the root-mean-squared errors observed by Ballas et al. (1992) in
the visual-manual tracking task under both single-task and dual-
task conditions. As anticipated already, it appears that our theo-
retical framework may be applied usefully across a variety of
realistic task domains, among which are tactical decision mak-
ing and visual-manual tracking. For more discussion of such
applications, see Meyer and Kieras (1997b).

Formulation of mental-workload measures. Because of
their inherent generality and precision, EPIC and our computa-
tional models of multiple-task performance may contribute as
well to formulating more useful measures of mental workload. If
s0, this could have significant practical benefits. Human-factors
engineers and work planners have previously sought valid quan-
titative mental-workload measures to facilitate the design of
person—machine interfaces, the arrangement of job activities,
and the selection of qualified personnel. By taking prevalent
mental and physical work requirements into account, such mea-
sures can help assess the feasibility of alternative interface de-
signs, task composition, and personnel assignments. However,
the formulation of adequate mental-workload measures has been
fraught with difficulty. No single satisfactory composite work-

‘Joad measure yet exists; the models used thus far in seeking one

have been rather crude and atheoretical. For relevant examples,
reviews, and critiques, see Chubb (1981), Gopher and Donchin
(1986), Lane, Striecb, Glenn, and Wherry (1981), Moray
(1979), O’Donnel and Eggemeier (1986), Wickens (1991),
Wierwille and Conner (1983), and Williges and Wierwille
(1979).

Of course, our theoretical framework implies that no single
satisfactory mental-workload measure may exist. According to
EPIC, many different processing components mediate the hypo-
thetical mental workload imposed by multiple-task situations.
This workload presumably depends on complex interactions
among diverse components of processing; also, it depends on
what sorts of executive processes are used to coordinate various
aspects of performance and to do task scheduling. Because of the
disparate entities involved and because of the context-dependent
nature of their contributions, it may be impossible for a single
quantitative measure to characterize the prevailing ‘‘mental
workload” aptly under all circumstances.

Nevertheless, we can suggest some possible future directions
in which the quantification of mental workload might proceed:

3 This extended interval of single-task tracking was designed to emu-
late realistic conditions associated with intermittent adaptive automation
of aircraft cockpit operations. During adaptive automation, an onboard
computer takes over performing one task (e.g., tactical decision making)
whenever another task (e.g., visual-manual tracking) becomes especially
difficult, allowing a pilot to concentrate more fully on the difficult task.
Later, when the difficult task becomes easier again, the computer signals
the pilot to resume dual-task performance for both the previously auto-
mated task and the currently easy manual task. Under such conditions,
this resumption can lead to temporarily poor performance (an automa-
tion deficit) caused by a lack of prior situation awareness, which Ballas
et al. (1992) sought to study and perhaps ameliorate.
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1. If our assumptions about people’s capacities for execut-
ing cognitive procedures are correct, mental-workload measures
should tend to discount how many production rules must be
applied simultaneously in a given task situation.

2. Mental-workload measures should weight the percep-
tual-motor requirements of concurrent tasks more heavily, tak-
ing into account the extent to which they entail competitive
access to the same peripheral sensors and effectors, especially
where simultaneous ocular and manual or auditory and articula-
tory performance are involved. Within the present theoretical
framework, it is such competition that can make concurrent
tasks both objectively and subjectively very difficult.

3. In addition, improved mental-workload measures would
profit from taking the limits of human working memory into
account more fully.

Characterization of working-memory capacities. ~As part of
implementing our recommendations about mental-workioad
measurement, distinctions should be acknowledged among po-

tentially different types of capacity that are inherent in the hu- ~

man information-processing system. On the one hand, consistent
with our prior assumptions, people may be able to test the
conditions and execute the actions of multiple production rules
simultaneously during the same cognitive-processor cycle, re-
gardless of how many rules there are to be applied. On the other
hand, however, working memory for storing declarative episodic
perceptual and motor information relevant to task performance
may be quite limited. Also, working memory for storing proce-
dural information (e.g., task goals and sequential control notes)
is conceivably limited too. Each of these limitations must be
accommodated by future measures of mental workload.
Although we have not yet tried to ¢haracterize working mem-
ory thoroughly as part of the EPIC architecture, there are some
obvious future directions in which to go for this purpose. In
particular, our subsequent research may build on findings from
previous studies about how working-memory capacities con-
strain various cognitive and perceptual-motor processes that
underlie general intelligence (Baddeley, 1986; Baddeley &
Hitch, 1974; Baddeley & Lieberman, 1980; Carpenter & Just,
1989; Carpenter, Just, & Shell, 1990; Chase & Ericsson, 1982;
Daneman & Carpenter, 1980; Gilhooly, Logie, Wetherick, &
Wynn, 1993; Jonides et al., 1993; Just, Carpenter, & Hemphill,
1994; Kimberg & Farah, 1993; Kyllonen & Christal, 1990). As
a result, the scope of the present theoretical framework for
multiple-task performance could be expanded considerably.
Analysis of procedural-skill acquisition. We also anticipate

that EPIC and our computational models of multiple-task perfor-

mance may contribute significantly to subsequent analyses of
skill acquisition in realistic task domains. According to previous
conceptions about perceptual—motor and cognitive skill, people
pass through several distinct phases of learning as they go from
being novice to being expert performers. Specifically, Anderson
(1982, 1983) has distinguished between an initial declarative
stage and several later procedural substages of skill acquisition
(cf. Fitts, 1964). During the declarative stage, performance is
presumably mediated by propositional knowledge about how
the tasks at hand should be performed; application of such
knowledge apparently requires slow controlled verbal interpre-
tive processes that lead indirectly to overt action. Nevertheless,
through extended practice, propositional knowledge about
proper task performance eventually can be converted to execut-

able procedures whereby the tasks are performed directly with
sets of appropriate production rules; the creation of these rules
and gradual successive refinements of them characterize the
substages of procedural learning. Thus, because EPIC has a
production-system formalism, it provides a natural foundation
on which to analyze skill acquisition further. In particular, learn-
ing algorithms such as those proposed by Anderson (1982,
1983) and others (e.g., Bovair & Kieras, 1991; Bovair, Kieras, &
Polson, 1990) may be programmed into EPIC’s cognitive proc-
essor, enabling the creation and refinement of production rules
for performing single and multiple tasks.

With regard to the latter attractive prospect, an important new
objective entails understanding, describing, and predicting how
flexible strategies of task scheduling are acquired and incorpo-
rated into evolving executive processes. That such acquisition
occurs and can markedly influence ultimate performance levels
has been demonstrated already (e.g., Gopher, 1993; Lauber et
al., 1994; Meyer et al., 1995; Schumacher et al., 1996). We
know specifically that the rate of learning and ultimate perfor-
mance levels depend on what types of intermediate practice take
place. An important next step therefore involves modeling the
learning algorithms and time course through which various
training protocols promote both optimized temporal overlap
among task processes and efficient allocation of limited percep-
tual—-motor resources. Perhaps EPIC and our adaptive executive-
control models can contribute significantly to this endeavor.

Symbiotic relationship with cognitive neuroscience and neu-
ral-network modeling. Finally, although EPIC and the present

_ models of multiple-task performance are expressed in terms of

a production-system formalism and abstract symbolic computa-
tion, our theoretical framework may have a symbiotic relation-
ship with cognitive neuroscience in general and connectionist
neural-network modeling in particular. This symbiosis seems
imminent because the architecture of EPIC has properties that
are, in fundamental ways, similar to those of the human brain
and central nervous system. Like principal modules of the brain,
EPIC’s perceptual, cognitive, and motor processors operate si-
multaneously and interactively with each other. The assumed
ability of the cognitive processor to test and apply multiple
production rules in parallel is consistent with the brain’s high
information-processing capacity. That the cognitive processor
cycles at a 20-Hz rate also is consistent with emerging evidence
about the important role played by neural rhythmicities in infor-
mation processing (cf. Dehaene, 1993; Engel, Konig, Kreiter, &
Singer, 1991; Jokeit, 1990; Lisman & Idiart, 1995; von der
Maisburg & Schneider, 1986). We have chosen to embody our
theoretical ideas in an architectural production system and sym-
bolic computation, rather than in hypothetical ‘‘subsymbolic’
neural mechanisms, simply because the former level of represen-
tation is perhaps most appropriate for initially characterizing
functional aspects of executive cognitive processes and multiple-
task performance (cf. Marr, 1982). Nevertheless, our ideas
could inspire future complementary research on connectionist
network models, neural systems, and brain organization.

For example, as part of present EPIC models, certain func-
tions of executive cognitive processes have been postulated.
These include our notions that (a) abstract response identities
are selected in either an ‘‘immediate’” or ‘‘deferred’’ transmis-
sion mode, (b) which mode is used at a particular time depends
on task goals and strategy notes maintained in a2 working-mem-
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ory control store, and (c) an executive process shifts from one
response-transmission mode to another on the basis of efference-
copy signals from ongoing motor processes. Furthermore, we
have claimed that the preparation and execution of overt move-
ments is mediated through motor processes with additional im-
portant characteristics, such as feature-based programming and
alternative selectable types of control (viz., voluntary cognitive
and automatic reflexive initiation). These characteristics and
functions constitute hypothesized entities for which cognitive
neuroscientists may seek the underlying brain mechanisms and
for which neural-network modelers may formulate the corre-
sponding connectionist control structures.

Indeed, the latter sort of research is already underway and
has made substantial progress. Some primary loci of working-
memory stores in the brain have been identified through single-
cell recording (e.g., Goldman-Rakic, 1987; Miller & Desimone,
1991) and brain imaging (e.g., Awh et al., 1996; D’Esposito et
al., 1995; Jonides et al., 1993; Paulesu, Frith, & Frackowiak,
1993). Probable sites of executive cognitive processes and the
paths of interaction whereby they supervise task processes like-
wise have been identified through brain imaging (Evans et al.,
1996; Lauber et al., 1996; Meyer et al.,, 1997; Owen, Doyon,
Petrides, Evans, & Gjedde, 1994; Rogers et al., 1994) as well as
event-related brain potential recording (e.g., Dehaene, Posner, &
Tucker, 1994; Gehring, Coles, Meyer, & Donchin, 1995; Gehr-
ing, Goss, Coles, Meyer, & Donchin, 1993) and functional
brain-lesion analysis (e.g., Anderson, Damasio, Jones, & Tranel,
1991; Brown & Marsden, 1991; Chao & Knight, 1995; Downes,
Sharp, Costall, Sagar, & Howe, 1993; Fimm, Bartl, Zimmer-
man, & Wallesch, 1994; Kimberg & Farah, 1993; Milner, 1963;
Nelson, 1976; Owen et al., 1993; Rubinstein, Evans, & Meyer,
1994, 1995; Shallice, 1982; Shallice & Burgess, 1991). Given
empirical results from these studies, neural-network modelers
have begun to construct accounts of executive cognitive pro-
cesses at subsymbolic levels (e.g., Cohen, Dunbar, & McClel-
land, 1990; Dehaene & Changeux, 1991; Levine & Prueitt,
1989). It is hoped that such endeavors will continue forward
and incorporate whatever new conceptual insights are provided
by our symbolic computational modeling of executive cognitive
processes and human multiple-task performance. :
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