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We describeanapproacho modelingstrategicvariationsin how peoplemight selectmediacontentfrom an
Apple iPod portable music player while driving. An experimentwas conductedto determinethe time
requiredto selecta target from a list usingthe scroll wheelon the iPod. It wasfound thata linear model
accuratelypredictedthe time to scroll througha list to a target. This modelwasthenusedin conjunction
with a previouslyreportedsteeringcontrol modelto derivea priori predictionsfor dual-taskperformance
over the entire rangeof possiblemultitasking strategiesFrom this set of strategieswe thenfocusedon
identifying the faste$ andthe safeststrategiedor completingboth a simple selectiontaskandalsoa more
complexselectiontask. It wasfoundthatthe modelpredictionsbracketedhe observechumandatafrom a
recentstudy that investigateadthe effects of usingan iPod while driving. Moreover the analysissuggests
thatin orderto compensatéor the inherentrisks of usingdevicesthat demandongerinteractionepisodes
to completea task, peoplemight adjusttheir multitasking strategyby giving more time up to steering

controlwhile completingthe secondaryask.

INTRODUCTION

Peoplecontinueat an increasinglyalarming rate to perform
distractingtaskswhile driving N for example a recentstudy
of over 5,000Americandriversfound that 40% of all drivers
talk on cell phones20% of driversaged18-24selectsongson
aniPod, and 24% of this youngergroup sendtext messages,
all while driving (2006, GMAC InsuranceNational Drivers
Test) From a humanfactorsstandpointt would be beneficial
if the potentialeffects of usinga mobile devicewhile driving
couldbebetterunderstoodindpredicted.

To this end, researchershave started to use cognitive
modeling.One commonapproachhasfocusedon developing
computationamodelsin a cognitivearchitecturghatinterface
with avirtual reality simulationof a driving environmenie.g.,
Salvucci, 2006, 2001; Tsimhoni & Liu, 2003) While these
models have accountedfor many performancemeasuresof
humandriver behaviorundersingle-anddual-taskconditions,
theseefforts havegenerallynot attemptedo explorepossible
strategicvariability in behavior

In contrast,Brumby Howes, and Salvucci (2007a) have
describeda cognitive constraintmodel (CCM, Howeset al.,
2007)that explorespossiblestrategicvariationsin performing
a secondarydial task while driving. The CCM approach
focuseson understandinghe constraintson the interaction
betweenthe driver and the task environmentand allows for
objectivefunctionsto representlesiredtrade-ofs in relationto
critical performancevariables(e.g., trade-ofs betweentask
time anddriver performance)ln somerespectsthe approach
takenby Brumby etal. (2007a)to modelingbehavioroverthe
rangeof possiblestrategieds similar to Kieras and MeyerG
(2000) bracketing heuristic. The bracketing heuristic gives
predictionsof the speeddf the fastest-possiblstrategyandthe
slowest-reasonablestrategy for a complex task N these
brackets are useful becauseobserved performanceshould

alwaysfall somewherdetweenthe performanceof thesetwo
strategies ~

The aim of the currentpaperis to extendBrumby et al.®
(2007a)previousanalysisof the dialing while driving example
to a more complex secondaryin-car task; namely selecting
mediacontentfrom anApple iPod portablemusicplayerwhile
driving. This is a significant step becausean accuratetask
modelfor the iPodis lackingin the field. Moreover the iPod
is a popular portable device that is frequently used by the
driver of a car, andits usehasrecentlybeenshownto affect
driver performance (Salvucci et al., 2007) In particular
Salvucciet al® study found that selectingmediaon the iPod
hada significanteffect on driver performanceas measuredy
lateraldeviationfrom the lane center In addition, participants
in the study were requiredto makeboth simple and complex
selectionsof media contentwhile driving. It was found that
the complexselectiontaskhadmore of a deleteriouseffect on
driver performancehanthe simpleselectiontasks.

In this paper we describean approacto modelingpossible
strategicvariationsin how peopleselectmediacontentfrom
an iPod while driving. In orderto model the iPod selection
task,anexperimenwasconductedo determingypical timing
estimatedor scrolling to and selectingan item in a list. This
modelwasthenusedin conjunctionwith a previoussteering
control model (Brumby et al., 2007b) to derive a priori
predictionsfor dual-taskperformancewhich were compared
to humandata.

MODELING THE EFFECTS OF PORTABLE MUSIC-
PLAYER USE ON DRIVER PERFORMANCE

Modeling Steering Control

Brumbyetal. (2007b)describea cognitiveconstraintmodelof
steeringcontrolthatgivespredictionsof changesn avehicle®
lateraldeviation(i.e., distancefrom the lanecenter)overtime.



The focusof the modelis on how constraintsmposedby the
environment(e.g., noise affecting the headingof the vehicle
overtime) andconstraintsmposedby cognition(e.g.,people®
sensitivity to the lateral position of the vehicle in relation to
the center of the lane) interact to determine driver
performance.The model simulatesa vehicle moving at a
constantvelocity down a straightroad. The model performsa
seriesof discretesteeringupdatesthat alter the heading(or
lateralvelocity) of the vehicledependenbtn its lateralposition
in thelaneat thetime thatthe steeringupdateis performed.n
particular given the vehicle® lateral deviation, a quadratic
function is usedto model the mean lateral velocity of the
vehicle following the steeringupdate.ln somerespectsthis
approachis similar to control theoretic accountsof lane
keeping(e.g.,modell in Hildreth et al. 2000),which assume
that adjustmentgo the headingof a vehicle are motivatedby
the goal of minimizing perceptual input quantities that
representhelateralpositionandheadingof thevehicle.

In order to parameterizehe model an analysisof human
steeringdatawas conductedby Brumby et al. (2007b).The
aim of this analysiswasto formally characterizéhow drivers
typically adjustthe lateralvelocity of a vehiclegivenits lateral
position in the roadway Brumby et al. assume that
adjustmentsto lateral velocity are motivated by the driver
attemptingto maintaina centrallane position. Brumby et al.
segmentedsteering data collected from a previous study
(Salvucci,2001)into a seriesof steeringepisodesA steering
episodewasdefinedasa period of time in which the angleof
the steeringwheel did not alter For each steeringepisode,
Brumby et al. defineda tuple representinghe durationof the
episode the changein the lateral position of the vehicle,and
theaveragdateralvelocity of thevehicle.

Regressioranalysiswasconductedo estimatea bestfitting
curve to predict the averagelateral velocity of a steering
episodegiven the lateral deviation LD of the vehicle at the
startof theepisode,

\elocity= 0.2617 X.D2+ 0.0233 XD - 0.022 (1)

It was found that a quadraticfunction (Eq. 1) provided a
high degreeof correspondencwith the humansteeringdata
(r2=0.61).

The quadraticmodel predictsthat as the car drifts farther
from thelanecenter driverstendedto reactby makingsharper
corrective steering movements,which increasethe lateral
velocity of the vehicle and, as a consequenceeturnit to a
centrallane position more rapidly. Furthermorethe intercept
of the curve gives somesuggestiorof the driver® threshold
for judging the vehiclesdeviationfrom the lane center When
the caris nearthelanecenter(i.e., lateraldeviation< 0.30m),
predictedlateral velocity is closeto zero.This meansthat the
position of the car in the roadway remains more or less
constantover time. This implies that the driver was possibly
satisfied with the vehicle® position in the roadway if the
lateral deviation of the vehicle waslessthan 0.3 m from the
lane center Moreover the model providesa computationally
efficient formalismfor predictinghow driverstypically adjust
the heading(or lateral velocity) of a vehicle given its lateral
positionin theroadway

Although the quadratic model gave a high degree of
correspondencavith the human steering data, there was
considerablevariability with respectto the observedlateral

velocitiesfor agivenlateraldeviationat the startof anepisode
(S.D.= 0.10m/s). This suggestghat people®adjustmentdo
the headingof the vehiclewerestochasticin orderto develop
a stochasticmodel, random values were sampled from a
Gaussiandistribution and addedto the value of the updated
lateral velocity. Basedon an estimateof the averagestandard
deviation observed in the human data, the Gaussian
distributionhada meanof 0.00 m/s and standarddeviationof
0.10m/s.

The steeringcontrolmodelassumeshatin betweensteering
updatesthe vehicle continuesalong its heading,but that it@
headingis permutedby noise. This noiserepresentghe fact
that, if left unattendedy the driver, the headingof a car will
be influenced by external factors in the environment(e.g.,
bumps in the road, wind, the camber of the road, etc).
Consistenwith Hildreth et al.® (2000) model,a valuefrom a
Gaussiannoise was addedat a rate of every 50 ms to the
lateral velocity of the vehicle determinedat the previous
update.The Gaussiamoisedistribution had a mean0.00 m/s
andstandardieviation0.10m/s.

Finally, it is worth pointing out that we do not make any
strong theoretical commitmentto the duration of a typical
steeringupdate;the modelis solely dependenbn parameters
derived from the analysisof steeringperformancedata. For
the purpose®f the currentanalysiswe assumehatin normal
driving conditions steering updatesoccur at an frequency
interval of once every 500 ms. At this baseline interval
betweensteeringupdates |ateral deviation predictionsgiven
by the model (M = 0.33m, S.D.= 0.02 m) are comparable
with reportedbaselinelateral deviation(M = 0.35m, S.D. =
0.08m) in Salvucci€X2001)experiment.

Modeling theiPod Selection Task

In orderto modelthe iPod selectiontask, an experimentwas
conductedto determinethe time requiredto scroll to and
selecta given item i in an orderedlist using the device
interface.The studyusedan Apple iPod (5th-generatiorvideo
iPod) that was modified to run RockBox, an open source
firmware replacement. The RockBox software allowed
interactionprotocolsto be recorded(i.e., button-pressesnd
left and right scrolls). In the study 10 participantswere
requiredto searchHor atargetnumberwithin a sortedlist (e.g.,
scroll to andselectO15@ithin thelist of numbersl-200).The
position of the target item within the list was varied across
trials.

Figure 1 showsthe averageime for participantsto scroll to
andselecta tagetlocatedat positionn in thelist. Participants
were timed from whenthey beganscrolling (i.e. they moved
from line O to line 1) until they clicked on the target line.
Thereis a clearlinear trendto the datain Figure 1, suchthat
thetime requiredto selecta targetin thelist is proportionalto
the numberitemsthat needto be scrolledthroughin orderto
reach the tamget. Regressionanalysis was conducted to
estimatea bestfitting curve.It wasfoundthata linearfunction
(Eq. 2) gavea high degreeof correspondenceith the human
data(r2=0.996) (35) = 88.81p < .001.

Duration = 0.0714 xN-Items-Saonlled + 1.44 (2)
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Figure 1: Data plot showing the average time fgparticipants to

scroll to and select a target at positiom in an ordered list on the
Apple iPod.

The linear scroll model was used to derive timing
predictionsfor a set of tasks usedin a recentstudy that
investigated the effect of iPod interaction on driver
performancegSalvucciet al., 2007).In Salvucciet al® study
participantswere required to select various media content
(e.g., songs,podcastsand videos)while driving a simulated
car down the middle of three-lanehighway environmentAll
mediacontentin the studywerearrangedn their defaultmenu
structureon the Apple iPod. The linear model was usedto
make detailed a priori predictions from a set of task
proceduresisedin the study of the time requiredto complete
eachtask. Thesetask proceduresand the resultingtask time
predictionsare detailedin Table 1. The benefit of using the
modelis thatit allows for detailedpredictionsof the amount
of time takenat eachstepin the overalltaskprocedure.

Table 1: Procedure and predicted duration for selecting a song,
podcast, and video forSalvucci et al. (2007) study

Number of Modeled
Items Scrolled Duration

Selection Details

Select OMusicO 0 14s
Select OArtistsO 1 15s
Song Select taget artistA; 60 57s
Select taget sond§ 5 18s
Select OMusicO 0 14s
Podcast Select OPodcastsO 4 1.7s
Select taget podcasPj 2 16s
Select OMeoO 2 16s
Video Select OMoviesO 1 15s
Select taget movieM; 2 16s

M odeling Dual-Task Performance

We next usethe modelsof steeringcontrol andiPod selection
to derive performancepredictionsfor dual-taskperformance.
We focus on accountingfor humandatareportedin a recent
study(Salvuccietal., 2007)thatinvestigatedhe effect of iPod

usewhile driving on tasktime andlateraldeviation.

We assume that one of the consequences for steering control
of engaging in a secondary task while driving isthat the interval
between consecutive steering updates generally increases.
Recall that we assumed that in normal driving conditions
drivers typicaly adjust the heading of the vehicle once every
500 ms. We assume that engaging in a secondary task while
driving generally disrupts this pattern of checking and adjusting
the heading of the vehicle. In particular, we assume that steering
updates cannot occur while the driver@ attention is directed
towards a secondary in-car task, such as when they are engaged
in scrolling through a list to locate a target. This assumption is
based on the idea that periphera resources, such as the eyes,
will limit the degree of parallel processing between tasks.
Moreover there are numerous demonstrations in the literature of
central interference affecting driver performance in dual-task
conditions (e.g., Brumby, Salvucci, & Howes, submitted; Levy,
Pashler, & Boer, 2006).

Furthermore, we assumethat switching between tasks
carriesa costoverheador switchcos), which reflectsthetime
requiredto move visual attentionbetweenthe outsideof the
car (i.e., to focuson theroad)andtheinsideof thecar(i.e., to
focuson the iPod). Insteadof developinga detailedmodel of
the perceptual/motomprocessesnvolved, we use a simple
timing estimateof 185 ms to move visual attentionbetween
the iPod and the road, or vice versa. Thus, the benefit to
driving performanceof frequentlyinterleavingtasksmust be
traded-of againsthe costof switchingbetweertasks.

MODELING EXPERIMENT

Given that cognitive resources are limited, the question
addressed here is how tasks should be interleaved over time in
order to guarantee a degree of safety is maintained in the
primary driving task (i.e, so that lateral deviation does not
become too egregious), but aso that the secondary iPod task is
completed in a reasonably timely manner (i.e., so as to reduce
the additional time cogts that are incurred for too fregquently
interleaving tasks). Following Brumby et al.@ (2007a) anaysis
of dialing while driving, we evaluate the relative speed and
safety of each of the possible task interleaving strategies. For
simplicity in modeling the iPod task, we assumethat each
scroll movementis completedin chunks,suchthat attention
canonly be returnedto driving in betweenstepsin the task
procedure(seeTable 1 for details). This meansthat for the
simple (podcasiandvideo) selectiontasksthereare at least2?
= 4 possibletaskinterleavingstrategiesand for the complex
(song) selectiontask there are at least2® = 8 possibletask
interleavingstrategies.

Furthermore, we aso explore the consequences of dedicating
more or less time to steering control before returning attention
to the secondary task. It should be clear that the steering control
model provides an intuitive argument for the value of giving up
more time to steering in certain circumstances by conducting a
series of multiple steering updates in succession. For instance, if
the car isfar from the lane center, then an initial steering update
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Figure 2: Data plot of task time and average lateral deviation
predicted for each of the modeled strategies and human data for
the simple (podcast and video) selection taskall err or bars
represent 95% confidence intervals of mean. Not® = human
data for the podcast selection task & = human data forthe
video selection task.

will likely increase the lateral velocity of the vehicle, placing it
in asharp corrective heading in order to rapidly bring it backto
the lane center However left uncheckedthe vehicle will
continue along this sharp heading, possibly past the lane
center and beyond. Further steering updatesare therefore
required in order to gradually stabilize the headingof the
vehicleasit nearghelanecenter

Thus, for each steering episode in a given strategy we varied
the number of steering updates that were conducted before
attention was returned to the secondary task from between one
(i.e., making the total steering episode 0.5 s) and 30 steering
updates (i.e., making the total steering episode 15 s). This upper
limit was chosen because we found that conducting any more
steering updates in sequence gave asymptotic performance
across all of the iPod selection tasks. Each strategy was run for
50 trials and performance averaged.

RESULTS

Figure 2 showsthe task time and averagelateral deviation
predictedfor eachof the modeledstrategiesand humandata
for the simple (podcastand video) selectiontasks. Figure 3
showsthe samedatafor the complex (song) selectiontask.
The speed/accuracyrade-of that exists betweencompleting
the secondarytask quickly and driving safely is apparentin
each figure: The upperleft portion of each plot represents
faster but less safe performance,whereasthe bottom-right
portion representsslower but safer performancellt is clear
from both of the figures that the humandatafall within the
speed/accuracyrade-of spacepredictedby the model. We
next focus on identifying the fastestand the safeststrategies
for completingeachof thetasks.

The fasteststrategy for completing each of the tasksis
simple defined as the strategythat completeseach of the
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Figure 3: Data plot of task time and average lateral deviation
predicted for each of the modeled strategies and human data for
the complex (song) selection taslll err or bars represent 95%

confidence intervals of mean.

secondarytasksin a single contiguousblock without once
returning attention to the primary task of driving. The

predictedtasktime for fasteststrategyis given by the sum of

the task proceduresithat is, 10.4 s for the complex song
selectiontask,and 4.7 s for both of the more simple (podcast
and video) selectiontasks. It is clear from the figures that

while adoptingthis strategywould completethe secondary
taskin the leastamountof time, not taking the additionaltime

to makea quick glancebackto theroadandadjustthe heading
of the vehiclewould likely have catastrophic consequences for

the primary driving task. Moreover comparingperformance
betweenthe simple and complex tasks (Fig 3 vs. Fig 4)

suggeststhat lateral deviation predictions for this fastest
strategy are highly dependenton the total time of the

secondarytask; lateral deviationincreaseswith longer more

demandingsecondaryasks.

Defining the safeststrategy for completing each of the
secondantasksis more problematicbecausevhile giving up
more time to steering control generally reducesthe lateral
deviation of the vehicle, this improvement gradually
asymptotesBrumbyetal. (2007a)definethe safeststrategyas
at the point where lateral deviationreachesasymptoticdual-
task performanceln particular we identify a subsetof the
strategiedn the strategyspacethat do not significantly differ
in termsof lateraldeviationfrom the strategythatgivesup the
most amountof time to driving; that is the sloweststrategy
consideredseethe right mostdatapoint in Figure 2), which
we mightintuitively presumeo bethe absolutesafeststrategy
A seriesof t-testswereconductedo rejectstrategieghatgave
lateral deviation predictions that were significantly greater
than the lateral deviation of this sloweststrategy From this
subsebf strategieswhich arebasicallystatisticallyequivalent
in termsof lateraldeviation,the safeststrategyis the strategy



that also completesthe secondarytaskin the leastamountof
time (shownin Figures2 and3).

Comparingthe model predictionsto the humandata, it is
clearthatthe humandatafall within the boundsof the strategy
spacepredictedby the model. Furthermoreijt is interestingto
note that the humandata for all of the selectiontasks lay
closureto the modelpredictionsof the safeststrategythanthe
fasteststrategy Clearly this is not unexpectedjiventhe likely
risks of adoptingthe fasteststrategy

However the analysisalso suggeststhat in order for a
reasonablelegreeof driver safetyto be achieved particularly
for more complex and time consuming secondarytasks,
peoplecan adjusttheir strategyby giving substantiallymore
time up to driving. In particular if we comparethe difference
in tasktime betweerthe fasteststrategyandthe safeststrategy
for both the simpleand complexselectiontasks,thenwe find
thatfor longerandmorecomplextaskssafetycanbeachieved,
but that it requiressignificantly more time to be given up to
steeringcontrolin orderto completethe taskin a safemanner
Moreover the analysisoffers a potentialexplanationfor why
peoplebehavethe way that they do in termsof the trade-of
betweertasktime andsafety

GENERAL DISCUSSION

In this paperwe have describeda modeling techniquefor
predictingthe effects of using an Apple iPod portablemusic
playerwhile driving. In orderto modeltheiPod selectiontask,
an experimentwas conductedto determinethe time required
to selecta tamget from an orderlist usingthe scroll wheelon
the iPod. It was found that a simple linear model accurately
predicedthetime to scroll throughthe list andselecta target.
This model was then usedin conjunctionwith a previousy
reported steering control model (Brumby et al., 2007b) to
derivea priori predictionsfor dual-taskperformanceoverthe
entire range of possible strategiesfor interleaving the two
tasks. From this set of possible strategies,we focusedon
identifying the fastestandthe safeststrategiefor completing
both simple and a more complexselectiontask. It was found
thatthe model predictionsbracketedhe observechumandata
from a recentstudy that investigatedthe effects of using an
iPodwhile driving.

There are at leasttwo possibleconcernswith the analysis
describedhere.First, in modelingthe iPod selectiontask, we
assumedhat eachscroll movementwas completedn chunks,
such that attention could only be returnedto driving in
betweenstepsin the task procedureThe reasonfor adopting
this assumptiorwasfor simplifying the spaceof strategieshat
were evaluatedThereis a clear concernthat this assumption
may be unrealisticthough.In particulay for longer scrolling
movementsparticipantsmay have tendedto pausehalfway
throughthe movementin orderto checkon the positionand
headingof the vehicle. A more elaborateevaluationof the
strategyspacecould be conducted;however a more fruitful
approachmight be to focus on gatheringempirical data in
orderto determinethe upperboundon the amountof time that
peopleare preparedo spendon a secondarytaskin a single
episodebeforereturningto checkon the primarydriving task.

Second the linear scroll modelfor predictingtasktime on
theApple iPodwasbasedon an artificially simplesearchask,
whereparticipantdocateda knowntargetin anorderedlist. It
is not clearto what extentthis dataappliesto more complex

searchesvith complexreal-worldcontentWe might speculate
that the gradientof the scrolling function might be shallower
for more complexsearchesNonethelesghe extentto which
the humandatafrom Salvucciet al® (2007) study fit within
the a priori performancepredictionsgiven by the modelis a
non-trivial feat.

Given peoplecontinueat an increasinglyalarming rate to
performdistractingtaskswhile driving, a clearimplication of
the work presentedhere is that efforts might be directed
towardsunderstandindnow to betterdesignmobile devicesto
make their use by the driver of a car less dangerousThe
resultsof the modelinganalysispresentedheresuggesthatthe
total time thatthe driver of a caris distracteds lessimportant
than the extentto which they are encouragedo make quick
glances back to the road while actively working on a
secondaryin-car task. That is, designingmobile devicesthat
facilitate short burstsof interactionas opposedto requiring
long stretcheof interactionmight helpto alleviatethe effects
of distracteddriving.
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