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ABSTRACT the capacity and the limitations of human multitasking

Multitasking in user behavior can be represented along aperformance: Only with such knowledge can we design and
continuum in terms of the time spent on one task beforebuild new user interfaces that complement, rather than
switching to another. In this paper, we present a theory ofdistract from or hamper, our daily lives.

behavior along the multitaskingmtinuum, from concurrent

tasks with rapid switching to sequential tasks with longer The Multitasking Continuum

time between switching. ~ Our theory unifies several One rough but useful way of characterizing multitasking
theoretical effecttN the ACT-R cognitive architecture, the  behavior is in terms of the time spent on one task before
threaded cognition theory of concurrent multitasking, gadt switching to another. This span, which we call the
memoryfor-goals theory of interruption and resumptign multitasking continuum is shown in Figure 1 along with

to better understand and predict multitasking behavior. Wesample task domains at their approximate position along the
outline the theory and discuss how it accounts for numerouscontinuum. For example, on the lfind side of the

phenomena in the recent empirical literature. continuum, talking while driving involves frequent swhiteg
between taskbl with switches perhaps every second, if not
Author Keywords more often in normal conversation. On the Aigabd side,

Multitasking, attention, interruption, cognitive architecture. cooking while reading a book may involve fairly long spans
between task switches; for instance, one might start boiling
ACM Classification Keywords pasta, reador 10 minutes until the pasta is cooked, then
H.5.2 [Information Interfaces and Presentation] User strain and prepare the pasta for a meal. Multitasking
Interfaces Btheory and methodsH.1.2 [Models and behavior thus spans time scales at several orders of
Principles] User/Machine SysterBdhuman factorshuman magnitude, namely, as termed by Newell [31], the levels

information procesing. corresponding to the Cognitive Band {B00's) and
Rational Band (110" s) of human behavior.
INTRODUCTION The tasks on the leftand side of the continuum could be

The modern world is a multitasking word in all kinds of  characterized asoncurrent multitaskingin which the tasks
environments and scenarios, people spend a great deal Qfre in essence, performed at the same time. There has been
time engaged in multiple tasks at the same time. Fory |ong and detailed rearch literature on concurrent
example, a recent study [16] found tkanployeesof an  mytitasking dating back at least to the 1930s [e.g., 42].
informationtechnologycompanyspent an average of only  some of the earlier work, which continues today, examines
3 minutesper task before switching to another task concurrent performance of simple stimutesponse tasks
addition, user interfaces have rapidly spread from standard(e_g_, in the duathoice paradigm [32]). At theame time,
desktop settings into realorld multitasking environments  agearch has explored concurrent performance in a wide
due to the proliferation of mobileomputing devices (e.g., variety of reatworld tasks, from piloting [23] to driving [38]
the use of cell phones while walking or driving). Al to radar operation [43]. This empirical work has been
together, these trends necessitate a better understanding %fccompanied by theoretical and computational models of
concurrent multasking [e.g., 24, 34, 36] that have aimed to
explain empirical phenomena with unifying ideas and
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Figure 1: The Multitasking Continuum.

At the same time, the tasks on the righhd side of the = components as the building blocks air theory, showing
continuum could be characterizedsagjuential multitasking how each contributes to the larger view of multitasking and
in which a longer time (yaminutes to hours) might be spent how the unification of these components helps to account for
on one task before switching to another. As for concurrenta wide range of behavior across the multitasking continuum.
multitasking, there has been a rich history of literature on

what we are calling sequential multitasking, broadly in the BEGINNINGS: CONCURRENT MULTITASKING

areas of task switching, interrupticamd resumption. Basic  We begin by examing concurrent multitasking, which we
psychological research [see 30] has primarily focused on thedefine as the execution of two or more tasks at the same
Oswitch costO (in time) encountered when switching betweetime. Our account of concurrent multitasking employs the
tasks (using tasks of short duration but enforcing sequentiatwo component theories of AGR and threaded cognition.
multitasking through the experimental paradigm Ifiise  We now briefly describe this theory, and tharline how
More complex studies have examined analogous measurethe theory accounts for basic phenomena related to
for reatworld humancomputer interaction tasks [e.g., 1, 9, concurrent multitasking for both simple laboratory and
12, 13, 22]. Again, like for concurrent multitasking, complex realorld tasks.

researchers have developed conceptual and computational

models [e.g., 2, 14, 28hat attempt to make explicit the A Theory of Concurrent Multitasking

sources of these switch costs and how they might beThe ACTR architecture [5] holds as a central assumption
mitigated in different scenarios and environments. that the best way tanderstand cognition at the functional

Considering that concurrent and sequential multitasking!evel is to consider it as a set of relatively independent but
represent different ranges on the same continuum, there hagteracting modules (or resources [44]). Some of the
been surprisingly little crostertilization between the modules deal with perception and motor activities, like
research in the two areas. In part, this separation between thésion, audition, manual control, and speecMore
two areas has evolved for a good reason: Each area hagharacteristic for ACIR, though, is a set of central cognitive
focused on distinct characteristics of behavior that aremodules. Thedeclarative memory modulserves as a
interesting and warrardetailed study in their own right. memory for factual knowledge, which also includes episodic
Nevertheless, because of their overlap on the multitaskingknowledge, and task instructions. Thgoal module
continuum, we strive for a unified theory of human represents the currend@ of the system, and can keep track
multitasking that is able to account for both concurrent andOf Pprogress and other state information. Theoblem
sequential multitaskindl that is, provide an aoont of  representation modulesometimes called themaginal
human behavior at all points along the multitasking Mmodulg holds partial representations needed by the Rask

continuum. for example,_an int_ermediate expression during asgebr
equation solving. Finally, thprocedural moduleconnects
Toward a Unified Theory of Multitasking all other modules together, using knowledge in the form of

Our goal in this paper is to outline a unified theory of human conditionaction production rules to control the flow of
multitasking that spans both concurrent and Sequemiapnformatlon among modules. These production rules match
multitasking. The theory oorporates three core the state of informéon represented in other modules and
components: th&CT-R cognitive architecturs, 6], which map these onto actions that are to be executed by the various
provides a theory and computational framework for human modules. For example, the visual module might read O1+2,0
processing resources and their limitationthreaded after which the procedural module queries the declarative
cognition theory [36], which provides an account of Memory module for the 1+2 addition fachen the
concurrent pdormance for two or more arbitrary tasks; and declarative module produces the answer, the procedural
memoryfor-goals theory[2], which provides an account of module would send this answer to the manual module, which
task interruption and resumption based on activation andwould then type O30 on the keyboard.

recall of task goals in declarative memory. We use these



The key aspect of AGR for multitasking is that all modules  conflict at point A in the figure: The first task uses the
can operate in parallel, but eactodule can serve only one procedural mode to initiate its response, and although the
task at a time. Threaded cognition theory [36] builds on thesecond taskOs encoding finishes, the second task cannot
ACT-R architecture by allowing multiple active tasks, or initiate a response until the procedural module is free. Such
threads to execute simultaneously across the AT  procedural interference can cause small but observable
processing modules. The different threads share availableeffects in highperformance tasks.gg, 40]. In situations for
modules through a greedy/polite policy: If a module is not in which there is no such procedural interference, the theory
use, any of the threads can claim it (greed); however, once gredicts perfect timgharing, a phenomenon that has been
thread is done with a module, it releases it immediately observed in the empirical literature [e.g., 37].

(politeness). These policies emerge in a straightforward way

from the modu/buffer structure of the AGR resources.  Accounts of Concurrent Multitasking Phenomena

The periods of time that threads use a particular module are’hreaded cogtibn combined with ACTR has been shown
usually relatively short, typically less than a second, or only to account for concurrent multitasking behavior in a variety
50 ms in the case of the procedural modilethe time of domains, including:

needed to fire a single produticule. I Dua Choice Cognitive psychologists have long been

The theory posits that each of the modules can potentially act  interested in the duahoice paradigm [see 32] in
as a source of interference in multitasking. For our purposes  which people perform two sipte choicereaction tasks
here, it is critical to note three sources of interference that  simultaneously or with a slight delay between the
affect multitasking performance. First, the declarative choice tasks. The theory has accounted for a number
module can lead to interference when two tasks both use  of results in the empirical literature for this paradigm,
memory for standard memory retrievals or for retrievals of most notably the effects of differing perceptual and
task instructions [39]. Second, the problem representation  response modalés and the learning effects that occur
module can lead to interference when two or more tasks  over time [36].

require complex _represeqmts that must be swapped out I Pursuit Tracking Another basic task is that of pursuit
for each task_ _swnch. Third, the procedural module, as the tracking [27], in which a user moves a cursor to track a
central cognitive bottleneck of the system, can lead to

. ; moving target. Like previous efforts in the CHI
interference when two tasks attempt to start using the same literature [e.g., 25], the theory hascounted for the
module at the same time. T '

effects of impaired tracking performance during
execution of a concurrent secondary choice task [36].

attend | attend respond | respond ! Driving and Driver Distraction A more realistic
| _tuke | tone ol |0 tone domain is that of driver distraction, where a driver
performs a secondary task (e.dialing a cell phone)
while controlling a vehicle. The theory has accounted
for a range of secondatgsk effects on driver

Procedural

encode
stimulus

Visual

encode
tone

Aural

Manual press % performance [33, 36], such as differing effects of input
ey modalities on both steering and braking performance.
Vocal response E Because theoreticalccounts of these domains have been

Figure 2: Module procesing in a duatchoice paradigm: publi_shed elsewhere as cited above, we do not c!well on th?
visual stimulus with manual response (white boxes) and _detalls Qf these accounts. Instead, we are most m_terested in
aural stimulus with vocal response (gray boxes). integrating the theory of concurrent multitasking with other
recent efforts and generalizing thbeory to sequential
multitasking, as described in the next section.
As an example, Figure 2 shows the expected module

processing in a simple duethoice paradigm: In the vi_sual GENERALIZING TO SEQUENTIAL MULTITASKING
manual tasKwhite boxes), the user responds to a circle on Gjyen this theory of concurrent multitasking, we now build

the left, center, or right by pressing an associated finger; ing, and extend this theory to account for behavior in
the auralvocal task (gray boxes), the user responds to a tonakequential  multitasking. We rely omwo additional
pitch by saying Oong&®hree.O We can see in this depiction components for our theory, namely the merdorygoals

how processing ispread_ across modules, allowing both task theory as well as recent work on problem representation in
threads to interleave with each other. We also see how, ag,e context of ACIR and threaded cognition.  As for

typical in ACT-R processing, each step comprises & concyrrent multitasking, we begin with a description of our
procedural step (productiemle firing) of 50ms and  heory and cotinue with a description of how this theory
subsequent processing in another module whose\dim  5ccounts for various empirical phenomena found in the
depends on the nature of the process (e.g., visual encodingerature.

versus motor response). In this case, there are no pereeptual
motor module conflicts; however, there is a procedural
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Figure 3: The stages of interruptionand resumption (adapted from [43]) and the task threads associated with each stage

A Threaded Theory of Sequential Multitasking stages of interruption and resumption. Figure 3 shthe
Altmann and Trafton [2] have posited a theory of Omemory stages of interruption (derived from [43]) along with the task
for-goalsO that represents task goaldeims of general  threads corresponding to each stage. During performance of
memory mechanisms of activation and associative priming.the primary task, the primary task is the only task thread. At
The core idea of the theory is that when people initiate a newthe time when an alert interrupts the primary task, users
task goal, the goal must be strengthened in memory to thenitiate two distinct threads: The first begins rehearsing the
point where its activation rises above old goals, makitigeit ~ primarytask problem representation to strengthen its
primary source of goalirected attention. At the same time, memory activation, and the second Ocleans upO the primary
these goal memories decay according to the memorytask if necessary before interruption (e.g., while a telephone
mechanisms incorporated into AQR; thus, an interrupted is ringing, the user mafinish the sentence being typed
task goal that has fallen out of active use requires more timebefore answering). During the secondary task, the user is
to recall and resum@ his idea seems to be inconsistent with performing the secondary task as well as continuing to
threaded cognition, which assumes that goals can be active irehearse the problem representation, if necessary (i.e., if
parallel and do not suffer from decay. rehearsal during the interruption lag was ingigfit).
finally, after completion of the secondary task, the user
recalls the primaryask problem representation during the
resumption lag and finally resumes the primary task.

Recent work by Borst and Taatgen [10, 11] sheds some ligh
on how threaded cognition and memdoy-goals can be
reconciled. A new development in the A&Ttheory is a
separation of the goal into a control representation and a

problem representation [4]. The goal concept in threadegA Computational Model of Interruption and Resumption
cognition refers to the control representation, which directs We have developed an AGR model to demonstrate how
the procedural moduleo tproduction rules relevant to the the processing outlined in Figure 3 can be realized in a
current goal. In contrast, the goal concept in merfary computational cogmtl\{e architecture. The model includes
goals refers to the problem representation that stores workingrocedural rules that implement the processes of preblem
information relevant to the current goal. Borst and Taatgen'@Presentation creation, rehearsal before and during task
investigated whether this distinction oltls under interruption, and rgtrleval durlng_task resumption. It also
multitasking conditions, and found that the need for multiple includes two generic models of primagnd secondarask
problem representations thus causes interference irPehavior that simply fire a single rule repeatedly, simulating
multitasking in the form of slower performance and a higher @t & high level the procedural usage of these tasks. While we
rate of errors [10, 11]. In essence, if multiple tasks requirep|a” to inplement fu_rther models of specific tasks in future
problem representations, they cannot be maintained at theWork, these generic models allow us to explore the
same time, andave to be swapped out when there is a interruptionrelevant processes without committing  to
switch between tasks. The old problem representation will beSPecific primary and secondary tasks, and to foons
stored in declarative memory, from where it can be retrievedbreadth of theoretical coverage over a widege of

later on when switching badk the first task. Retrieving a  €mpirical phenomena.

representation from memory and restoring it takes &nu The model operates as follows. After performing the
is not always successful; errors can be prevented byprimary task for a short time, the model sees a visual
rehearsing the problem representation, but this will slow warning pop up on the screen (as in [43]), subsequently
down performance even more. stops execution of the primary task and begins mentally

The memornyfor-goals theoy, along with the idea of distinct  féhearsig the problem representationin ACT-R, the
problem representations, meshes nicely with threadedrehearsal process smply_comprlses alternat!ng use of the
cognition in providing a fuller theory of sequential Procedural module to initiate a memory retrieval and the

multitasking where various task threads are active during thedeclarative memory module to perform the retrieval, as



illustrated in Figure 4.When the secondga (interrupting) behavior of users in a OWarningO condition, including an
task appears escreen, the model begins performing this interruption lag of 8 seconds, with that of users in an
task and can continue rehearsal if desired (to be discusse@IimmediateO condition witho interruption lag. They
shortly). Finally, when the secondary task ends and thefound that users in the Warning condition resumed the
primary task reappears, the model retrieves the originaloriginal task significantly faster than those in the
primary-task problem representation and then resumesimmediate conditiofN that is, the time period of
performing the primary task. interruption lag allowed users to speed up the resumption
of the origindtask following the interruption.

Procedural | [Shee [ em}————— A prediction of user behavior in the Warning condition

—som— arises directly from memoryfor-goals and problem

. retrieve retrieve . . . . .
Declarative ™| namory chunk % representationsGiven time before the interrupting task, a
user can strengthen the probleepresentation memory
and thus, upon resumption, more easily recall it and resume
the task. The Immediate condition, though, requires more

It is important to emphasize the relationship here betweenthought' Under one interpretation tae memoryfor-goals

the memoryfor-goals and threaded cognition theories. In a theory, one might gxpect that users never rehea_rse the
sense, threaded cognition facilitates the Ieleeel cognitive problem_representatl_on that(_:ondmon because there is no
routinés necessary in realizing the merdomged processes interruption lag - during .Wh'Ch to rehearse. - However,
postulated by memoripr-goals. Specifically, memoripr- Trafton (_at al. found instances _of ver_bal utt(_erances

N ; . representing rehearsal concurrent with the interrupting task:
goals postulateshat memory strengthening and retrieval is

the critical process for interruption and resumption, and thusCPreparation was deemedmportant enough to be
implies that there are task threads that manage this procesattemmBd concurrently with the secondary taskO (p. 593).

Th such a casethreaded cognitiorwould allow rehearsal
During both stages for which this thread is active (the ,. .
interruptionlag stage and the @andarytask stage), the (like these utterances) to be performed concurrently with

rehearsal thread is interleaved with execution of anotherthe interrupting taskinterleavedbetweencognitive steps

thread. Threaded cognition thus helps to account for how therelated o the interrupting .

rehearsal thread and any other existing threads balancdo illustrate the predictions of our theory, we ran the ACT
processing across modules, and how and when thesdshreaR model in the same conditions as those in the Trafton et
may experience module conflicts that result in effects onal. study (but with generic task models as described

Figure 4: Module processing for the rehearsal thread,
comprising repeated retrievals of the problem representation.

multitasking performance. earlier). For both the Warning and Immediate conditions,
we ran two simulationsone of which rehearsed the
Accounts of Sequential Multitasking Phenomena problem representation only during the warning

As we did for concurrent multitasking, we now review how (interruption lag) and the other which rehearsed during both
our overall theory can account for a variety of empirical the warning and the interruption. The time needed to
phenomea reported for Sequentia| mu|titasking, retrieve the primar—yask problem representation after
specifically the literature concerning the interruption and interruption is shown in Figure 5. When the model
resumption of user tasks. As mentioned, our treatment herdehearsed only during the interruption lag, it exhibited large
emphasizes breadth of Coverage over a Wider range Oﬂifferences in retrieval time: The Warning Condition
reported empirical results using conceptemplanations as  allowed the model to rehearse for 8 seconds and thus

well as illustrative simulation results from the developed retrieval was reasonably fast (116 ms), but thenédiate
ACT-R computational model. condition allowed for no rehearsal and thus retrieval failed

after 1 second (thereby forcing a-eecoding of the
Effects of Interruption Lag problem representation by -emalyzing the screen). This
One important aspect of task interruption involves the first model matches best to Trafton et al.Os results in the
interruption lag and its impact on thesubsequent ©arly stages ofmactice, where they found large differences
resumption lag As mnentioned, e interruption lag in resumption lag between conditions. When the model
represents the time between an alert (or warning) of anfehearsed during the interruption itself, retrievals were fast
imminent interruption and the actual start of the N both conditions (approximately 20s). This second
interrupting task, whereas the resumption lag represents théhodel matches best to Trafton et al.Gsit in the later
time between the end of the interrupting task and the re Stages of practice, where both conditions show roughly
initiation of the original task (typically measured in terms Similar performance. We discuss these issues further in a
of some ask action). Trafton et al. [#Zompared the later section on changing effects with learning over time.

* An alternatve model could use subvocalization for rehearsallewle
focus on declarative memory rehearsal here, it is possible that subvocal
rehearsal could facilitate multitasking in cases where the interrupting
task itself makes heavy use of declarative memory.



during interruption) and force #encoding of the problem

12 representation. In addition, the complexity of the memory
(retrieval failure) —¢—Immediate chunks themselves may affect timing of recall: Altmann

1o O-Warning and Trafton [3] have mently posited that problem

08 representations are retrieved from memory incrementally,

one component at a time, leading to larger recall times for

o6 more complex representations. Both aspects of the

Retrieval Time

0.4 memory system make interruption at higimrel subtasks

- more desirable, since they minimize problem representation
' O and thus decrease resumption time and potential for
0.0 resumption errors.

Rehearse during Warning Rehearse during Warning
and Interruption

Effects of Interruption Task Type

Figure 5: Time to retrieve the primary-task problem Studies have also examined how different types of
representtion in the two Trafton et al. [43] conditions interrupting tasks may have differential effe on how
with two possible models of rehearsal. interruption impacts primartask performance. As one

extreme, Monk et al. [29] compared two experimental
conditions: one with pursuit tracking as the interrupting
task, and the other with a Gtask interruptionO in which
the user was preseudtavith a blank screen and waited for
the primary task to resume. They found that users were
much faster resuming the primary task after thetas&
interruption than after the trackistgsk interruption; the
effect size of roughly .5 seconds was quitgéagiven the
overall resumption lag of roughly1.5 seconds.

Effects of Interruption Timing and Mental Workload

Another aspect of task interruption highlighted in several
research efforts [e.g., 1, 13, 9, 19, 20] involves thentymi
of interruptions and how they relate to mental workload.
Adamczyk and Bailey [1] have examined this issue in
terms of the task model hierarchies inherent in the
interrupted task: When viewing a task as a hierarchy of
higher to lowerlevel subtasks, amterruption coinciding
with lower-level subtasks should be more disruptive. They Under our account, the ftask interruption would offer a
tested this prediction with three different primary tasks significant advantage over a trackitagk interruption
involving document editing, media summarization, and because of the added time for memory rehearsal of the
web browsing, and an interrupting task that involved problem representation. ubing the netask interruption,
readingand responding to a brief newswire listing. Their the user can repeatedly rehearse the representation such that
predicted Obest pointsO for interruption (i.e., at the higherit is immediately recalled when the primary task resumes.
level task boundaries) produced better results across severdh contrast, an intensive interrupting task such as a pursuit
measures (annoyance, frustration, etc.) than the predictedracking task would offer less time foelrearsal and thus
Oworst pointsO for @rtuption. Along similar lines, Igbal hamper the recall of problem representation at the time of
et al. RO; see also9] created a formal GOMS modeif resumption. For tasks not on either extreme, the effects of
routeplanning and documerstditing tasks and made interruption task type would be largely dependent on their
similar predictions based on model subtask boundaries.interference with the procedural and memory processes

They too found that interruptions at higHevel subtak necesary for memory rehearsél the greater the use of
boundaries are associated with decreased mental workloaghese resources during the interruption, the larger the
and thus serve as better points for task interruption. predicted resumption lag due to suppression of rehearsal.

In our theory, mental workload could be associated with a To explore this issue, we ran our model with the same 5
number of concepts, but most relevant to our purposes issecond interruption as in the Mok al. study. For a ro
the interpretation of wotkad as the complexity of problem  task interruption, the model performs 24 rehearsals during
representation.  Specifically, an A model of a the interruption and retrieves the problem representation
complex task (represented in a similar subtask hierarchy agfter interruption in 47ns. For an interruption that includes
mentioned above) would maintain problem representationa secondary task (using our general task modelynieel

at different levels of the hierarchy, and therefore woul performs only 14 rehearsals and retrieves the final
accumulate a fuller representation at the lower levels of therepresentation in 7ts. Of course, the latter case assumes
hierarchy. Because problem representation needs to béhat the person maximizes the number of rehearsals with no
retrieved from memory under our theory, additional regard for performance on the secondary tracking task. If
memory chunks for representation introduce more latencythe person reduces éhnumber of rehearsals to perform
and more potential for erroii.€., failure to recall). For  better on tracking, the retrieval time increases substantially;
example, as illustrated in our model simulations in the for example, limiting to 5 rehearsals results in a retrieval
previous section, retrievals normally require tens to time of 326ms, and limiting to 2 rehearsals results in a
hundreds of milliseconds per OchunkO of information, andetrieval time of 70ns.

if they are not properly rehearsed, the retrieval can(&ail

in Trafton et al.Os Immediate condition with no rehearsal



Besides the féects of procedural and memory processes, of the visible problem state, reinforcing the representation
another important property of the interrupting task is in the same manner as memory retrieval. (If the problem
whether it requires the use of a problem representation.representation must be reconstructed through visual
Some tasks do not require any problem representation (e.g.encodingprocesses as part of resumption, as it might for
a pursuit tracking task), namely in sitions where no  complex tasks, this reinforcement would also speed up the
information needs to be carried over between interruption reconstruction process.) Second, even if a person were not
and resumption. As Borst and Taatgen [10, 11] haveexplicitly reeencoding pieces of the problem representation,
shown that only one representation can be maintainedany visual encoding of thénterrupted task may spread
concurrently, it follows that if the interrupting task does not activation to the full problem representation (as discussed
need a problm representation, the representation of the in the previous section for tasklevant interruptions) and,
main task can be maintained. This should result in lessin turn, thus facilitate recall of the primatgsk problem
interference, as the problem representation does not have teepresentation and resumption of the primaskt

be swapped out, and no memory retrievals are necessary.

Indeed, comparing a combined drivingdanavigation task  Effects on Interrupting-Task Performance

with and without the need for problem representations, theyThe phenomena outlined above emphasize the effects of
found that if both tasks need a problem representation therénterruption on the primary (interrupted) task. However, in
is more interference than when only one or none of thesome situations we may also be interested in potential
tasks needs a representation [10]. This effect was alsceffects on theinterrupting task N that is, whether there
found in a multitasking experiment where participants had would be performance differences when comparing its use
to interleave solving subtraction problems and entering as a secondary, interrupting task as opposed to a-stand
text, again showing increased interference when both tasksalone, primary task. Salvucci and Beltowska [35]
required a problem representation [11]. performed a study in which users memorized lists of

On a related note, another aspect of task typelias been ~ NUMbers and, as an intepting task, drove a computer
studied is the relevance of the interrupting task to the driving simulator while rehearsing the memorized list. In
original (interrupted) taskCutrell, Czerwinski, and Horvitz ~ @ddition, they collected data in a driviogly condition in

[12] found thatinterruptionsrelated to the primary task (in  Which there was no list to memorize. The results showed a
their case, instant messages relevant to a web search tasRinall but significant effect of memory rehesron two
resulted in shorter times both processing the interruption andlifferent measures of driver performance (lateral steering
resuming the original task as compared to interruptionsa”d brake r_eactlon). The results are particularly relevant to
unrelated to the primary task. Under our account, this effectoUr theory in that they show how memory reheaksathe

is closely associated with the processes inherent in the user®&tical task thread needed during interruptidncan affect
memory proessing: As dictated by the ACR architecture, ~ Performance of the interrupting task.

problem representation related to the current task spread®ur theory can account for such effects on interruptirsi
activation to related information during memory retrieval, performance as follows. Because rehearsal of the problem
and thus retrieval of taglelevant information occurs more representation can occur concurrently with the interrupting
quickly and with less chance efror (misretrieval or failure  task, our theory suggests that, in generaljrg@rrupting

to retrieve). Thus, the theory allows the current task contexttask will experience decreased performance due to the
to dictate, in at least one way, how easily relevant oradditional cognitive processing needed for rehearsal. The

irrelevant interruptions can be processed. extent of interference depends on what resources the
interrupting task needs. Memory rehearsal in the &CT
Effects of Primary-Task Visibility theory is not a padularly intensive process for the central

Yet another factor that paaffect resumption lag is the procedural resource: It involves an occasional procedural
visibility of the primary task during interruption. In a step of 50ms followed by a long declarative retrieval of
recent study, Igbal and Horvitz [22] analyzed how visual perhaps 20600ms, as shown in Figure 4. If the
cues may affect resumption of an interrupted task. secondary task involves heavy use of declagathemory
Specifically, they found that suspended application (e.g., for instruction following), we can expect more
windows that were less than 25% visible during significant effects on performance (although it is possible
interruption took longer to return to than application that, if memory rehearsal can be performed by
windows that were more than 75% visible. This effect held subvocalization, these effects could be alleviate@hn the

for two types of interrupting tasks, namely for both email other hand, even for inteipting tasks with no memory
and instantmessaging alerts. resource conflicts, the procedural step oh&0every 200

The effectsof an interrupted task being visible or obscured ©00ms may produce observable effects for tasks that require
could be accounted for in at least two ways under our INtensive, rapid sequences of actlon._ Thls_ is the case Wlth the
theory. First, when an interrupted task remains visible, the€x@mple of memory rehearsal while driviafpove: This
rehearsal processes that mentally refresh the problenProcedural step produces a small but significant effect on
representation need not be completeged on declarative  driver performance when interleaved with the rapidly
memoryR they may also include repeated visual encoding 't€rating procedural steps of the driving task.



Difficulty Category Example

1 (least) Motor movements Move mouse towards a menu item or select a menu item

2 Routine content generation Enter a new filename or selectransition for a video clip

3 Comprehension or store information Read text or comments, retrieve a route segmentOs distance
fare information and commit it to memory

4 Recall information Recall a route segmentQs distance and fare information

5 Credive content generation Edit document text or edit video clips

6 (most) Mathematical reasoning Add distance or fare information

Table 1: Levels of subtask difficulty, from Igbal and Bailey [20].

can occur after a relatively short time, such as a user
deciding to quickly check email for a few sads before
{eturning to writing a paper. Selfterruption can also occur
over longer intervals, such as a user deciding to work on a
manuscript for one hour before responding to email.

Changing Effects over Time

Compared to the many studies of the effects interrujetion
task performance, there have been relatively few studies o
the changing effects over time as might come with learning
or practice. In their study disssed earlier, Trafton et al.
[43] included an analysis of how users in the Warning (8 Our theory can account for at least some aspects of self
second interrption lag) and Immediate (no interruption lag) interruption in the sense of setting an internal clock to return
changed their performance with practice. They found thatto a task. A recent extension to the ARTheory posits a
userswere able to improve their ability to resume the fdsk ~ computational theory of psychological time [41] by which a
specifically, reducing the resumption 18 over time, but ~ person estimates the time spent on a task. Using such a
only in the Immediate conditio In fact, by the third of three  mechanism, a user couldtggis internal clock to run for a
20-minute sessions, the resumption lag in the Immediateset period of time, and when the clock reaches the desired
condition was reduced to a value very close to that in thetime, switch to another task. This theory of time estimation
Warning condition (roughly 4.8econds vs. 3.7 seconds applies to estimates on the order of several seconds to several
respectively). Thus, it seems that even with neriaption minutes. Unfortunately, our theocyrrently says little about

lag during which to prepare for interruption, users can adapttask switching that may involve higherder planning and

and improve with repeated interruptions. schedulingpver longer periods of time.

An account of this learning effect arises from a prediction of

the underlying ACTR architecture, namely that with Relation to Model-Based Approaches to Interruption

: . In an interesting approach to exploring the various aspects of
ractice, task performanceecomes more proceduralized . . ) X .
P P b interruption, gbal and Bailey [21] identified several factors

through a process callgdoduction compilatio39], which . . i .
reduces the demands on declarative and procedura‘hat may affect interruption and ran a multipgression

resources. As a result, threaded cognition would be better"’m"’IIySIS to determine the most influential factors. They

able to interleave rehearsal with the interrupting tasks t fOCC;J_Sefd on _three factors mTpr)]art]lc_culkifvel, ta|5k d'f.f'curl]ty
predicting a smaller resumption lag over time. The 3.” in orrgnatloln c_arryhover. N f'rSt acfor,e\lﬁel |ds bv";t h
simulation results in Figure 5 demonstrate how, when Iscussed earlier in the context of mental workload. ether

additional rehearsal occurs during interruption, retrieval Lhe m(;er_ruptloTnhoccurre(é tfaet\t/veetn hll(gdmferrlon/eplevel tas_k di
times in the Warning and Immediate condition begin to oundaries. The second factor, task difficulty, was posited in

equalize and show the same learngffigct observed in the tern:s Ot];ta E'*gay ct;afracte;lhza_tm ofl_the ?lfgl_culty %f (;he_ q
Trafton et al. study. Indeed, in addition to reducing the next subtask, derived from their earlier studies and depicte

resumption lag over time, Trafton et al.Os users became mot& Tablet ﬁ . :’he Ith'r? ft:;\]ctormforr?a?on ctalrr_ycf)ver, i
proficient on the interrupting task over the time, supporting represented (in four levels) the amount of mental information

the notion that improvements in the individual tes#ills :hgtlneedd(éd_lto l?e cgrtrrllecti tﬁver ILom ?ni task wthen q4. all
relate to overall improvements with respect to interruption gbal and Bailey found that these three factors accounted, a
and resumption together, for 26% of the variance in cost of interruption,

where cost was measured by resumption lag.

Self-Interruption Under our theory, as we discussed earlier,|d¢vel factor
While the above phenomena are primarily concerned withcorresponds directly tdhe size and complexity of the
external interruptions generated by an outside source (humaRroblem representation in the task. Thisrmation carry
or otherwise), people also have thdigtto self-interruptN over factor is also closely related here: As additional
that is, to stop themselves while performing one task in orderinformation needs to be saved during the interruption,
to switch to a potentially more critical task. Salerruption rehearsal of this information becomes more diffiquitarms

of time and potential for error. Thificulty factor also falls



out nicely from our theory. The least difficult subtask (1), direction could involve bootstrapping this work into real
namely that involving motor movements, makes the leasttime systemsthat utilize the underlying psychological
demands on procedural and memory resources and thutheories. For example, a number of researchers have been
interferes ¢ast with memory rehearsal. The levels with exploring reattime systems that help to understand and
medium difficulty (24) require some amount of memory manage user interruptions [14, 15, 17, 18]. Such systems
processing, but not in an intense way, whereas the leveldypically incorporate mathematical and/@omputational
with highest difficulty (56) require not only memory models of behavior and interruptibility at various points of
processing but also heavy cognitive and pdocal interaction. Likewise, we hope that the theory can soon be
processing and highégvel reasoning. The only discrepancy utilized in this way by representing user state and predicting
of concern in our account would be the fact that interruptibility. In fact, ACTFR has already been empéay
comprehension (3) is only of medium difficulty; at this time, in a similar way in the context of moekefcing algorithms
the underlying ACIR theory does not posit a separate embedded into intelligent tutoring systems [8]; one might
language processor, biitis possible that comprehension imagine using a similar methodology for réate
here utilizes resources separate from main memory and thugiterruption management by, for instance, checking the
results in lower interference [see 26]. Nevertheless, the cor&eomplexity and activation ofucrent problem representations
ideas of memorjor-goals and memory rehearsal as a critical and translating such values into a rigorous measure of
process during interruption nicely acmt for the three  interruptibility.
primary factors in the multipleegression analysis.
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