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Emer ging in-vehicletechnology associated with radio data systems, satel-
literadio, navigation aids, and infotainment systemswill exposedrivers
to an increasing amount of textual information. The visual demands of
driving makeit critically important to understand how char acteristics
of such information affect visual sampling of theroadway. Thisstudy
used a medium-fidelity driving simulator to evaluate the effect of scroll
control (manual or automatic), the number of linesdisplayed (one, two,
or four), and scrolling strategy (lineby lineor page by page) on drivers
visual sampling behavior of text messages. Fifteen men and 15 women
aged 25t0 51 (mean 35.7, s.d. 7.5) participated. Consistent with previous
models of sampling behavior, text message characteristics affected the
number of glancesmuch morestrongly than the duration of glances, and
driverswereableto protect driving performance even with ademanding
secondary visual task. However, the number of lines of text displayed
increased the mean glance duration, the variability of glance duration,
and the number of glances greater than 2 s. Scrolling text line by line
increased visual demand relative to scrolling page by page, particularly
when scrolling is manually controlled by thedriver. Manual control of
scrolling by using a touch screen button led to greater visual demand
compared with automatically scrolled text.

Theproliferation of in-vehicletechnology hasbrought with it an abun-
dance of textual information. One challenge of managing information
fromradio datasystems, satelliteradio, navigation, information sys-
tems, and other sourcesisto develop methods to present text infor-
mation that are efficient and simple and place the fewest demands on
the driver’'s attention. Although such data should enhance drivers
experiencein termsof overall enjoyment, travel time, and efficiency,
improperly displayed and controlled text messages may distract driv-
ersand lead them to miss critical driving events. The design of text
message format and control therefore becomesan important influence
on the driver’s overall visual sampling behavior.

Current guidelines provide direction for the development of ad-
vanced in-vehicledisplays, which include principlesthat apply to the
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presentation of text information such asappropriate fontsand message
complexity (1, 2). However, these guidelines focus primarily on
succinct vehicle status and navigation information, with the intent of
minimizing display-induced distraction. Asmore entertainment-based
systemsareintroduced into thevehicle, guidelines addressing longer
messages unrel ated to the primary task of driving must be devel oped
to present thisinformation in the least demanding manner possible.

VISUAL SAMPLING

Visual sampling guides how drivers extract information inside and
outsideof thevehicle. Simply put, themorein-vehiclehead-downtime,
thelesstimethedriver hasto respond to changing roadway conditions.
Sendersand colleagues (3) werethefirst to quantify the visual samp-
ling processin driving. They found that on aclosed highway, avehi-
cle could be driven with only intermittent visual sampling. By using
ahelmet with avisor that periodically occluded the forward view,
they found that drivers could easily maintain vehicle control with
surprisingly small periodic samples of the roadway. Between sam-
ples, thedriver becomesincreasingly uncertain about the status of the
vehiclerelativeto theroadway, and when uncertainty exceedsathresh-
old, thedriver samplestheroadway. Overall, they found that drivers
are generally well calibrated regarding the buildup of uncertainty
relative to vehicle dynamics and roadway characteristics.
Wierwille (4) extended thissampling model to describe how drivers
distribute their attention between an in-vehicletask and the roadway .
When driversglancetoward thein-vehicledisplay, information extrac-
tion begins and time elapses. If drivers can extract informationinls
or less, they will return their glance to the forward scene. However, if
extraction takeslonger, driverswill continueto glance at the display
while uncertainty builds asthe eyesremain off theroad. If the glance
to the display exceeds approximately 1.5 sand the information can-
not be extracted, driverswill quickly feel pressuredtoreturntheir eyes
totheforward sceneand try again later. Additional samplesare han-
died in the same manner until al required information is obtained.
Suchamodel predictsthat the duration of glancesaway from theroad
will remain relatively constant as the visual demand of in-vehicle
displays increases but that the number of glanceswill increase.
Severa previous studies considered the frequency and duration of
glancesrequired to perform variousin-vehicletasks. One study exam-
ined in-car glance durations and number of glances for radio and
mirror tasks on the open road in traffic (5). Results showed that indi-
vidual glancetimesin the car were clustered around 1.27t0 1.42 s
and that for radio tasks such as tuning, four or five glances were
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required. The authors concluded that drivers develop a consistent
time-sharing strategy for performing tasksthat requirevisual attention
while they are driving. Another study reported a series of 1- to 1.5-s
glances to the in-vehicle display and control system to complete a
range of in-vehicletasks (6). Findings also showed that thetotal task
time depended on the number of glances, not the mean duration of
thoseglances. Likewise, Bhiseet . (7) found that single glancetimes
to theinstrument panel vary relatively little, whereas the number of
glances varies greatly with the type of task. All of these results are
generally consistent with the sampling model devel oped by Senders
etal. (3), but thisrelationship may not hold for complex text messages.

GOAL OF STUDY

Thisstudy addressestheinfluence of different ways of managing the
display of text messages during the driving task. Specifically, the
overall visual demands associated with reading and scrolling ames-
sage on amultiline display compared with a display containing a
single line of text have not been empirically investigated. In this
study, the effects of thefollowing on visual sampling were examined:
control of scrolling—either automatically controlled by the system
or manually advanced by the driver; how much text is revealed to
thedriver at any time—one, two, or four lines; and the strategy for
scrollinginformation—onelineversusonepageat atime. Four general
hypotheses guided this study:

e For agiven amount of text to beread, displaying morelineswill
reduce the number of glances but will increase the duration of those
glances;

e Manual control of information display will lead the driver to
adjust the flow of information according to the driving environment;

e Scrolling through text page by page requires fewer glances
compared with advancing a message line by line; and

e Overall, text display characteristics will have a greater effect
on the number of glances compared with the duration of glances.

METHOD
Participants

Fifteen men and 15 women aged 25 to 51 (mean 35.7, s.d. 7.5) par-
ticipated in this experiment. Each participant had been driving for at
least 5 years, possessed avalid driver's license, and had normal or
corrected-to-normal vision that did not require eyeglasses. Only native
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English speakers were included in this study to eliminate potential
confounds related to comprehension of message content. Before
participating inthisstudy, driverswere screened to exclude those who
had participated in previousdriving simulator studiesaswell asthose
prone to simulator sickness. Participation lasted approximately 2 h,
for which drivers were compensated $30.

Driving Simulator Description

Datawere collected using the medium-fidelity, fixed-base DriveSafety
Corporation vection research simulator located at the Cognitive Sys-
tems Laboratory at the University of lowa. The simulator utilizes a
fully equipped 1992 Mercury Sable cab equipped with a 50-degree
visual field of view, full instrumentation with functional gauges, a
force feedback steering wheel, and a surround-sound audio system.
Thefully textured graphics are generated by computer hardware that
delivers a 60-Hz frame rate at 1024 x 768 resolution. Eye move-
ments were recorded with a Seeing Machines eye tracker driven by
the FacelLab 2.0 software.

Driving Environment

Thedriving environment consisted of atwo-lane highway with straight
and curved sections of roadway, representative of those found in
rural lowa. Curves of either 100- or 200-m (328- or 656-ft) radius
of curvature were encountered approximately every 45 s. The road-
way had four intersections controlled by traffic signals placed so
that drivers experienced an intersection approximately every 3min.
Trafficinthe opposite lane was encountered at arate of threeto four
carsper minute. Participantswereinstructed to drive 45 mph (20 m/s)
and to follow alead vehicle that periodically braked, requiring par-
ticipants to respond in order to avoid a collision. Except during the
braking events, drivers were separated from the lead vehicle by a
minimum time headway of 1.7 s. This headway was not fixed, result-
ing in some drivers' increasing the time headway and avoiding the
braking events.

Text Message System Description

Text messages were presented on a 7-in. 640 x 480 resol ution color
liquid crystal display (LCD) mounted on the dash above the center
instrument panel 32.5 degreeslaterally and 15.42 degrees below the
driver’sline of sight (Figure 1). The text messaging program was

(b)

FIGURE 1 Position of text display relative to driver, with eye tracking system shown above steering wheel.
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developed with Microsoft Visual Basic 6.0 and used a5 x 7 dot
matrix font, LCD Display Grid, with red-green-blue color values
(80,143,194) to present 22 characters per line, each of whichwas4 mm
wide and 4 mm tall. There was a 0.5-mm separation between lines,
resulting in atotal display areaof 18 by 88 mm.

Text Message Task

In addition to the primary task of driving, participantswere asked to
read in-vehicletext messages presented on the dash-mounted display.
The messages described restaurants available in a town they were
approaching. Descriptionsincluded the name, the average cost of an
entrée based on adollar sign rating, the quality rating, the cuisine
served, and the distance the restaurant was located from the center
or downtown area. Each message was approximately 170 characters
and 30 words long; as an example, “The third restaurant, the Great
Steakout, hasan average entrée cost of $and aquality rating of 3stars.
The Great Steakout specializesin steak. It islocated 2 milesfrom
downtown.” Threetarget messageswere presented during each drive,
separated by distracter messages consisting of radio station call signs,
weather information, and the current date. A chime informed the
participants that a message was available, at which time the driver
pressed the touch screen to display the message. Upon completing
each drive, participants were asked a series of questions relating to
the restaurant messages to assess reading comprehension.

Experimental Design and Independent Variables

A two-by-three-by-two mixed, between and within experimental
design was used to compare the text message system characteristics
of scroll control, which wastested asabetween-subjectsvariable, and
scrolling strategy and number of lines displayed, which were tested
as within-subjects variables.

Scroll control defined how the text was advanced and had two
levels, either automatic or manual. Manual scrolling required the
driver to press a soft button on the touch screen to advance the mes-
sage. In contrast, the automatic scrolling required no input from the
driver to advance the message, occurring every 4, 5, or 12 sdepending
on whether one, two, or four lines were scrolled, respectively. The
timing of the automatic scrolling was based on apreliminary analysis
of the time between manual activations of ascroll and corresponded
to an 85th-percentile response time.

Number of lines defined the amount of text visibleto thedriver at
any timeand had threelevels: one, two, or four lines. Scrolling strat-
egy defined how much text was advanced in scrolling the message and
had two levels, line by line or page by page. Line-by-line scrolling
introduced one new line of amessage each timethe button on thetouch
screen was pressed or when the system automatically advanced the
message. In contrast, page-by-page scrolling replaced all of thelines
currently displayed with new lines of information. It should be noted
that this design was apartial factorial design becauseit is not possi-
bleto make theline and page scrolling distinctionswith the one-line

display.

Procedure

Upon arriving, drivers completed an informed consent form and
received instructions for the driving and message tasks; the eye
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tracker wasthen calibrated. A 5-min practice drive began with aleft
curveand aright curve, which allowed participants to become com-
fortable with the steering and vehicle dynamics. An example of each
message presentation type was then shown on a straight section of
roadway, alowing drivers to familiarize themselves with the oper-
ation of the text messaging system. Thelead vehicle was not present
in the practice drive, allowing participants to concentrate on opera-
tion of thesimulator and the text messaging system. Upon completion
of the practice drive, participants were asked three questions repre-
sentative of those that they were to receive following experimental
trials.

Experimental trials consisted of five 10-min drives similar to the
practicedrive. Participantsdrovethe samedriving environment in both
directions to prevent association of the onset of the messages with
particular features of the driving environment while encountering an
equal number of curves and intersections. Upon completion of each
drive, participants answered six questions related to the target mes-
sagesand filled out aNational Aeronautics and Space Administration
(NASA) task load index (TLX) questionnaire. Following the final
drive, participantswere debriefed regarding the purpose of the study,
compensated for their time, and thanked for their participation.

Dependent Variables

The effect of the text message system parameters on driver behavior
was assessed by using five categories of dependent variables. The
first category assessed visual demand of the message system, which
included frequency and duration of glances to the display; a break-
down of the glancesinto short (<1 s), medium (1to 2 s), and long
(>2 s) glances; and the duration between glancesto the display. The
second category assessed message management and included the
response time to initiate a message following indication that it was
available, thetime between button pressesto scroll the message, and
the percentage of time the eyes were on the display during a scroll.
Thethird category assessed driver productivity, measured by message
comprehension scores and the total time required to read amessage.
Thefourth category assessed driving performance, including the aver-
age speed during a message, the difference in steering entropy (8)
between driving while reading amessage and driving alone, and the
root mean square (RMS) of thevehicle sdeviation fromitsmean lane
position. The fifth category assessed driver workload by using the
NASA TLX subject workload scale measures of temporal demand and
mental effort.

RESULTS

Datawere reduced by using Matlab 6.5 and aggregated across each
trial by calculating the mean valuefor al the dependent variablesfor
thethree messagesread. The mean datawerethen analyzed with SAS
for Windows 9.0. To accommodate the partial factorial design of this
experiment, the PROC MIXED functionin SASwas used to develop
two statistical modelsfor each of the dependent variables mentioned
earlier. Thefirst model included the scroll control, the number of lines,
and theinteraction between the two conditions. Becausethe one-line
display did not differ between scroll strategies, a second model was
fit to the data for the two- and four-line conditions, which included
thescroll strategy, the number of linesby scroll strategy interaction,
and thethree-way interaction among scroll control, the number of lines,
and scroll strategy. The composite symmetry covariance structure
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was used for all the analyses, and participant was the repeated mea-
sures variable. The LSMEANS function was used to obtain aleast
squares estimate of the means and the standard error of the means.

Message Initiation

Upon receiving indication that a message was available, the driver
was required to press a button on the touch screen to initiate display
of themessage. The mean and median timesto initiate amessage were
3.93sand 3.02 s, respectively. Messageinitiation timesranged from
1.45st015.74 swith astandard deviation of 2.81. Surprisingly, given
therange of initiation times, no display characteristic had a statisti-
cally significant effect on when the driver began reading the message.
Driversinitiated the message at approximately the sametime whether
the scroll control was under automatic (M = 3.41 s) or manual control
(M=4.489) [F (1,28) = 1.70, p=.2024]. Likewise, the standard devi-
ation of theinitiationtimedid not show astatistically significant effect
of scroll control, with similar mean values for automatic (M = 1.55)
and for manual control (M = 2.81) [F(1,28) = 1.74, p=.1984].

Number of Glances

Once the message was displayed, drivers began sampling it with a
series of short glances. Acrossall display conditionsthe mean number
of glances required to read the message ranged from 9.59 to 19.7,
with the largest number of glances seen with the four-line display
scrolled manually lineby line. Thetotal number of glancesrequired to
read a message depended on the text display system characteristics
in acomplex manner, as shown by the three-way interaction among
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scroll control, the number of lines displayed, and scrolling strategy
[F (4,33) = 13.43, p< 0.0001] in Figure 2. Overall, line-by-line and
manual scrolling of messages required more glances to the display
than automatic scrolling. In general, paging reduced the number of
glances madeto the display, a benefit that was more pronounced for
manual control. One-line displays required an approximately equal
number of glances for the automatic as compared with the manual
scrolling condition. Asthe number of lines displayed increased, the
number of glances tended to decrease [F (2,46) = 4.88, p = .012].
The variability in the number of glances followed a similar pattern
to themean number of glances, with asignificant three-way interaction
in which manual control varied more than automatic control and
the line-by-line strategy varied more than the page-by-page strategy
[F (4,33) = 3.11, p=.0282]. Asin Figure 2, the decrease in vari-
ability associated with the page-by-page scrolling of afour-linedisplay
wasmuch greater for manual compared with automatic scroll control.

Glance Durations to Display and Road

Acrossdl display conditions the mean glance duration to the display
ranged from 0.76 to 1.14 s, with thelongest glances seen with thefour-
line display manually scrolled line by line. Overall, manual control
of message scrolling resulted in longer mean glancesthan automatic
scrolling [F (1,24) = 5.98, p=.0222]. Increasing the number of lines
displayed increased the duration of glances [F (2,46) = 28.53, p <
.0001], with mean glance durations of 0.87 s, 1.00 s, and 1.09 sfor the
one-, two-, and four-line displays, respectively. Increasing the number
of lines also increased the variability of glance duration [F (2,46) =
8.98, p=.0005], with standard deviations of glance duration of 0.37 s,
0.455s, and 0.47 sfor theone-, two-, and four-linedisplays, respectively.
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FIGURE 2 Mean number of glances made to display during message.
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Page-by-page scrolling resulted in slightly shorter glance durations
(M =1.02) compared with line-by-linescrolling (M =1.07) [F (1,23) =
4.52, p=.0441], but this effect is highly dependent on the number
of linesdisplayed. The mean glance duration was shorter when fewer
lines were presented and the driver advanced the message with a
paging strategy compared with a line-by-line strategy with more
lines of text, as shownin Figure 3.

More important than the mean glance duration is the distribution
of glances. A display that inducesafew long glances may undermine
driving performance more than a display that has a slightly longer
mean glance duration. Acrossall display conditionsthe proportion of
glances|onger than 2 sranged from 0.11% to 5.4%, with the greatest
percentage of long glances seen with the four-line display automat-
ically scrolled lineby line. A three-way interaction for the percentage
of long glances existed among scroll control, the number of linesdis-
played, and scrolling strategy [F (4,33) = 1.41, p=.0258]. In general,
the number of long glancesto thefour-line display was not influenced
by scroll control or scroll strategy. When compared with the two-
linedisplay, thefour-linedisplay (M = 4.92%) performed worse than
thetwo-linedisplay scrolled automatically (M = 2.22%) and thetwo-
linedisplay manually scrolled page by page (M = 0.11%), whereas
thetwo-linedisplay manually scrolled line by line performed equally
poorly (M = 4.54%).

Across all display conditions the mean duration between glances
to the display—the length of glances to the roadway—was 1.69 s
and ranged from 1.38 s for the two-line display scrolled manually
lineby lineto 2.11 sfor thefour-line display scrolled manually page
by page. For the automatically scrolled one-line (M = 1.80 s) and
two-line(M = 1.86 s) displays, driverstended to wait longer between
glances compared with manual scrolling (M =1.63s, M=1.455) but
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waited longer between glances for the manually scrolled four-line
display (M = 1.81 s) than for the automatic (M = 1.69 s) [F (2,46) =
3.74, p=.0314].

Eyes on Display During Scroll

Drivers had their eyes on the display during a scroll agreater percent-
ageof timesfor manual scrolling ascompared with automatic scrolling
[F (4,33) = 15.47, p < .0001]. Within manual control, drivers eyes
were on the display approximately the same percentage of time for
two-line (M = 77.8%) and four-line displays (M = 74.5%), whereas
inthe automatic condition thisdifferencewaslarger (M =34.7% for
two-linedisplaysversusM = 43.82% for four-line displays). For the
one-linedisplay, driversattended the display during scrolling 83.6%
of the time under manual control and only 30.8% when it scrolled
automatically.

Total Time to Read Message

Acrossall display conditionsthe mean timeto read amessage ranged
from 23.81045.9 s, with thefour-line display manually scrolled line
by line leading to the longest time to read a message and the two-
linedisplay manually scrolled page by page supporting the shortest.
Figure 4 showsthat the time to read a message, similar to the number
of glances, depends on athree-way interaction. Thetotal timeames-
sageremained onthedisplay wasgenerally greater for manual scrolling
than for automatic and for theline-by-line scrolling strategy than for
the page-by-page, with the exception of the four-line display that
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FIGURE 3 Mean duration of glances made to display during message.
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FIGURE 4 Total time message remained on display.

was paged automaticaly [F (4,44) = 13.06, p < .0001]. In the manual
condition, the number of lines displayed had little effect on the total
timeit took to read amessage. The variability in total messagetime
followed the same pattern as that seen in Figure 4, in which manual
scrolling and line-by-line scrolling exhibited more variability, with
the exception of the four-line display automatically paged [F (4,44) =
9.99, p < .0001]. This pattern of resultsis quite similar to the mean
number of glancesshownin Figure 2; in fact the correlation between
the mean number of glances and the total time to read amessageis
0.67. In contrast, the correlation between the mean glance duration
and the total time to read a message is—0.09.

Message Comprehension
and Driving Performance

A logistic regression model showed that manual control of scrolling
waslikely toincrease steering entropy while amessagewasbeing read
as compared with the driving task alone [x? (1) = 15.5, p < .0001].
Manipulation of the number of linesdisplayed and the scrolling strat-
egy had no significant effect on any of thedriving performance mea-
surescollected (RM Slane deviation, average speed, steering entropy).
Overall, the effect of the presentation characteristics on sampling
behavior but not on driving performance suggeststhat thelow-demand
rura driving environment rather than the trade-off between the text-
reading task and the driving task most likely contributed to thisresult.
In addition, no significant difference was observed between the
number of correct responsesto the questions asked after thedrive based
on the display characteristics. In general, drivers tended to respond
correctly 77% of thetime. A main effect was observed for the tem-
poral demand experienced by drivers. Subjective ratings indicated

that automatic scrolling (M = 49.2) was substantially moretemporally
demanding compared with manual scrolling (M = 25.6) [F (1,28) =
8.49, p=.0069].

Summary of Results

Table 1 summarizesthe mean valuesfor the primary dependent vari-
ables of interest. The values shown in bold type represent the best-
performing combinations of display characteristics for a particular
dependent variable. Performancewas not assessed for differencesthat
failed to reach statistical significance.

DISCUSSION OF RESULTS

The purpose of this study was to examine how in-vehicle text mes-
saging display characteristics affect visual sampling behavior. Specif-
icdly, the experiment compared scroll control (manual or automatic),
the number of lines displayed (one, two, or four), and scrolling
strategy (line or page). To apply these findings and models of visual
sampling to text message display design, the life of a message was
decomposed into an iterative sequence. This decomposition reveals
that thereismoreto atext messagethan just reading; driversmust also
managethetiming and display of the message (see Figure 5). Although
theamount of information in amessage had astrong effect ondrivers
sampling behavior, the display characteristics that influence how a
driver managesthe message display aso influenced visua sampling.

In Figure 5, the first phase following a nomina state (e.g., blank
screen) istheinitial state change signifying the arrival of anew mes-

sage. Thedisplay of the message beginswith message entry. Messages



28

Transportation Research Record 1937

TABLE 1 Summary of Findings

Manual Automatic

1Line 2Lines 4 Lines 1Line 2Lines 4 Lines

Line/Page  Line Page Line Page Line/Page  Line Page Line Page
Mean number of glances 16.3 19.7 14.2 19.5 12.3 15.6 12.8 9.6 10.7 11.2
Mean glance duration (s) 0.98 1.07 1.04 114 112 0.76 0.95 0.92 111 0.99
Mean interglance duration (s) 163 1.38 1.47 151 211 1.80 1.83 1.89 154 1.82
Percent of long glances 1.97 4.50 0.11 5.10 4.60 0.73 1.70 2.80 5.40 4.60
Message initiation response time () 4.27 4.93 4.80 4.59 4.13 3.36 3.65 317 3.99 2.83
Mean time between button presses (s) 411 5.91 6.62 7.86 12.30 4.00 4.00 5.00 4.00 12.00
Percent of times eyes on the display 83.6 76.0 79.6 77.0 722 30.8 34.8 35.0 474 411

during a scrall

Message comprehension 4.7 42 4.3 4.8 4.1 5.2 4.8 4.7 4.6 49
Total time per message (s) 38.0 459 27.2 46.8 34.0 35.8 317 24.3 238 34.4
Average speed during a message (mph) 39.8 39.9 395 39.3 394 39.3 38.6 39.3 38.6 394
RMS lane deviation 0.56 054 054 0.50 0.56 0.44 0.43 0.48 0.50 0.46
Entropy difference 0.034 0.062 0.063 0.036 0.045 0.008 —0.006 —0.041 -0.014 -0.038
Temporal demand 22.2 30.2 221 28.5 28.0 50.9 53.3 46.6 49.8 46.2
Mental effort 56.2 70.0 59.4 56.3 66.5 72.8 68.3 69.5 67.4 70.1

NorTE: Best-performing combinations of display characteristics are shown in boldface type.

can either simply appear or enter dynamically (e.g., by slidingin
either horizontally or vertically), the control of whichisgiventothe
driver or isautomatically carried out by the system. Understanding
the factorsinfluencing when the messageisinitiated, such asduring
curve negotiation, is particularly important because thetiming of the
demands of reading amessagerel ativeto the roadway demands may

be moreimportant than the absol ute demands of reading the message
itself. Results of this study, however, showed that contrary to the
hypothesis, drivers did not anticipate upcoming roadway demands
and delay messagesthat scroll automatically. Drivers accepted both
manually and automatically scrolled messages shortly after they
were notified. Overall, theseresults provide preliminary evidence

M ge
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A\ 4
. Initiate iti
Nominal o State . Read Initiate s Message
State Change Message | Message Message " End
Entry 9 Scroll
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: Head up/
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\_/ In car/
; _ head down
: 0.6t01.6 0.6t0 1.6 0.6t01.6
seconds seconds seconds
Start message Complete
sampling message
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FIGURE 5 Life of message [eye position adapted from Wierwille (4)1.
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that drivers are not likely to adjust when they initiate a message as
afunction of system characteristics or driving demands.

Following initiation of the message, the reading phase begins and
visual demand beginsto build. Thedriver samplesthe message, returns
hisor her vision to the forward roadway, samplesthe message again,
returns to the roadway, and so on, until the displayed portion of the
message has been read. Figure 5 shows how these considerations
might translate into a typical sequence of glances during the read-
ing phase of the message. Consistent with the hypothesis, the mean
glance duration tended to increase and the number of glancestended
to decrease as the number of linesdisplayed increased. Thisfinding
suggests that when more information is available, drivers will tend
to samplethe message longer to extract moreinformation. The vari-
ability in these glance durations also increased with the number of
lines, asdid the number of glanceslonger than 2 s. These results sug-
gest that large, multiline displays may induce long and potentially
distracting glances away from the roadway.

After thedisplayed portion of the message hasbeen read, the mes-
sage must be scrolled by the driver or the system before the reading
phase can resume. In this experiment, the manual activation of the
scrolling button was relatively demanding, requiring the driver to
glance toward the display to press the scrolling button on the touch
screen. This activity induced substantially more glances to the dis-
play than automatic activation. The percentage of timethe eyeswere
on thedisplay during ascroll supports this conclusion; with manual
scrolling, drivers’ eyeswere on the display for twice the number of
scrolling initiations as compared with those with automatic scrolling.
Automatic scrolling resulted in agreater number of short glancesto
thedisplay, particularly for one-linedisplays, which may reflect check
glancesmadeto the display to determinewhen the system had scrolled.
Longer durations between glancesto the display were also observed
for automatic scrolling of one- and two-line displays, suggesting
that individual glances may have been able to capture all the infor-
mation displayed. Here, drivers may have been waiting for informa-
tionto change beforethey glanced at the display again, suggesting that
research may be necessary to determineif confirmation of informa-
tion change (i.e., atone) would promote a more effective sampling
strategy.

Following the initiation of scrolling (Figure 5), information can
either enter and exit onelineat atime or the entire page of information
can bereplaced. The strategy used to scroll information can determine
whether, following ascroll, driverswill need to reorient themselves
within the message before beginning to extract information, which
is particularly important in displays that have many lines of text.
Consistent with the hypothesi's, scrolling page by page required fewer
glances than line-by-line scrolling. Two factors explain this effect.
First, page-by-page scrolling requires fewer button presses in the
manual condition, reducing glances associated with the button press
activity. Second, line-by-line scrolling limited the amount of infor-
mation drivers could extract in asingle glance. Drivers had to scan
the messageto identify new information becausedl but oneline of the
display was redundant with the information before the scroll event.
Theinteraction between the scroll control and scroll strategy supports
thisinterpretation. Line-by-line scrolling requires more glancesthan
does page-by-page, an effect that ismuch stronger for manual scrolling
than for automatic. Thisexplanation isalso confirmed by the greater
number of long glances with the line-by-line strategy. The com-
bination of scanning and reading increases the overall glance dura-
tion, resulting in potentially dangerous glance durations when more
information must be scanned in multiline displays.

The reading and scrolling process shown in Figure 5 is repeated
until &l theinformation in the message has been extracted. Although
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scrolling activation adds sometime to the sampling process, thetotal
timeto read amessageisprimarily aproduct of the number of glances
and the glance durations. Consistent with the hypothesis, the mean
number of glances was strongly related to the total reading time,
whereas the mean glance duration was not. Thisfinding isgenerally
consistent with those of aprevious study in which the mean number
of glancesand mean total task timecorrelate strongly (0.948) (6). The
relationship in this study is not as strong, which may reflect the com-
plexity of theinteraction. Previous studieshave considered rel atively
simplediscretetasks, whereasthisoneinvol ved interaction over aspan
of 20to 50 s. Thetotal reading timewas particularly poorly predicted
by the number of glancesin two conditions. Messagesonthetwo-line,
manually scrolled, page-by-page display were read more quickly
than expected and the four-line, page-by-page display took longer
to read than expected on the basis of the mean number of glances.
One explanation for these discrepancies is that drivers may have
delayed glances to the four-line display to accommodate driving
demands because they anticipated the high visual demand associated
with this display.

Theoveral results support the hypothesisthat increasing theamount
of information displayed prompted fewer but longer glances to the
display. This result included the increased amount of information
introduced by the strategy in which multiple lineswere scrolled at a
time. Single-linedisplays showed many short glancesto the display,
which, when coupled with the large number of times the message
must be scrolled, resulted in alonger overall timeto read amessage.
Theduration of glances supports previousfindings of visual sampling
behavior (4-7), as represented in Figure 6, which shows a plot of
theresults for mean number of glances versus mean glance duration
from this study and resultsfor certain in-vehicle tasks observedin a
previous study (9).

CONCLUSIONS

A substantial range of message display parametershad little effect on
message comprehension but most affected reading speed and visual
demand. Four-line messages displayed automatically lineby line, and
two-line messages displayed page by page were read most quickly.
However, reading speed must be balanced with the potential for dis-
traction. Overal, line-by-line scrolling required agreater number of
glances than page-by-page scrolling. Displays with more lines led
to longer glance durations and a greater number of glances longer
than 2 s, which arelikely to interferewith driving. Manual scrolling
of text messages by using atouch screen induced substantially more
glances compared with automatic control, and so the message man-
agement demands may outweigh the benefitsin enabling the driver
to pace the interaction. Other scroll control mechanisms, such as a
steering wheel button, may capture the benefits of allowing thedriver
to pace the interaction without adding to the visual demand.
Animportant caveat of this study isthelimited age range consid-
ered. For example, one study showed that when interacting with a
radio, cassette, or cellular phone, no experienced driver glanced avay
from theroad for longer than 3 s, but 29% of theinexperienced drivers
did (10). Thisfinding suggeststhat the calibration of uncertainty about
the roadway in younger drivers may not be well suited to amore
demanding secondary task such as reading text messages, which
requires efficient visual sampling to sustain driving performance.
Alternatively, age-related declinesin the speed of processing and
sdlectiveattention would likely make thistask much moredifficult for
older drivers. Asaconsequence, these results may underestimate the
effect of text message displays on the overall driver population.
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