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Mitigating driver distraction with retrospective and concurrent feedback
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bstract

bjectives: An experiment was conducted to assess the effects of retrospective and combined retrospective and concurrent feedback on driver
erformance and engagement in distracting activities.
ackground: A previous study conducted by the authors showed that concurrent (or real time) feedback can help drivers better modulate their
istracting activities. However, research also shows that concurrent feedback can pose additional distractions due to the limited time and resources
vailable during driving. Retrospective feedback, which is presented at the end of a trip (i.e., post-drive), can include additional information on
afety critical situations during a trip and help the driver learn safe driving habits.
ethod: A driving simulator study was conducted with 48 participants and 3 conditions: retrospective feedback, combined feedback (both

etrospective and concurrent), and no feedback (baseline case).
esults: The feedback conditions (retrospective and combined) resulted in faster response to lead vehicle braking events as depicted by shorter
ccelerator release times. Moreover, combined feedback also resulted in longer glances to the road.

onclusions: The results suggest that both feedback types have potential to improve immediate driving performance and driver engagement in
istractions.
pplication: Combined feedback holds the most promise for mitigating the effects of distraction from in-vehicle information systems.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Vehicular crashes cause more than 3000 deaths each day
cross the globe (Peden et al., 2004). In the US, motor vehi-
le crashes are among the top ten causes of death (CDC, 2005).
or those aged 4–34, motor vehicle crashes rank as the number
ne cause (Subramanian, 2006). Driver distraction is a growing
roblem that is estimated to cause between 13 and 50 percent of
ll US crashes (Neale et al., 2005; Stutts et al., 2001; Sussman
t al., 1985; Wang et al., 1996). The introduction of in-vehicle
nformation systems (IVIS), such as cell phones and navigational
isplays, can greatly influence these numbers due to conflicts
hat may exist between the in-vehicle task and the demands of
riving. One way to mitigate distraction is by providing feed-

ack to the driver to enhance immediate performance as well as
o induce behavioral change.

∗ Corresponding author. Tel.: +1 319 384 0554; fax: +1 319 335 5669.
E-mail address: lnboyle@engineering.uiowa.edu (L.N. Boyle).
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-vehicle distractions; Post-drive information

From a system-design perspective, feedback is the informa-
ion available to the operator regarding the state of the joint
perator-machine system. In the context of driving, immediate
eedback on driving performance (e.g., lane position) is inherent
n the driving task. Designers can augment this feedback using
ensors and various display technology (e.g., auditory collision
arnings). Drivers can receive real time or concurrent feedback

t the moment the event occurs. Such feedback has potential
o enhance immediate performance. Drivers can also receive
etrospective feedback after the events occur (i.e., information
resented once a trip is completed). Such feedback can help
he drivers understand how safe they are while driving and may
ventually change their long-term behavior. Retrospective feed-
ack can support the memory of critical incidents and driver
nderstanding of the degree to which their engagement in dis-
racting activities results in critical incidents. Thus, timing can
nfluence how drivers respond to feedback.
Donmez et al. (2007b) investigated the effects of concur-
ent feedback on driver performance. The results of that study
howed that concurrent feedback positively altered driver inter-
ction with an in-vehicle secondary task. Late accelerator release

mailto:lnboyle@engineering.uiowa.edu
dx.doi.org/10.1016/j.aap.2007.09.023
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n response to a lead vehicle braking event was observed in those
rivers that were distracted. The results showed that drivers in the
oncurrent feedback condition glanced to the in-vehicle display
ess frequently compared to those in the no feedback condition.

oreover, when given feedback, drivers’ glance duration to the
oad between in-vehicle glances was longer.

Donmez et al. (2007b) showed that concurrent feedback can
e beneficial in helping drivers modulate their distracting activi-
ies. However, there is a possibility that concurrent feedback may
nterfere with immediate task performance and may not be com-
letely effective in mitigating distraction (Arroyo et al., 2006;
unro et al., 1985). Limited processing time and resources avail-

ble during driving may undermine driving performance with
oncurrent feedback. The limited time that can be allocated to
oncurrent feedback also makes it impossible to provide detailed
nformation regarding the event that triggered the feedback. As
consequence, concurrent feedback may not convey the infor-
ation necessary to guide behavior. However, this information

an be useful in helping drivers assess their overall driving per-
ormance by highlighting the persistent behavior that leads to
rrors.

In the absence of feedback, drivers tend to forget their road-
ay incidents very quickly (Chapman and Underwood, 2000).
herefore, there is potential to help drivers better assess driv-

ng performance and modify behavior by refreshing the drivers’
emory of their last trip. In addition, drivers often overesti-
ate their ability (McKenna and Lewis, 1991), and feedback

an help calibrate their perceived performance (i.e., how safe
hey think they drive) with their actual performance. Hence, ret-
ospective feedback can be used to provide drivers information
or mitigating driver distraction, alerting them of the influence
f fatigue, age related impairments or even train them to be
ore aware of certain situations. For example, using retrospec-

ive feedback, young drivers can be made aware of the type of
ncidents that may occur due to speeding, a distracting activity
r even passenger conversations.

Retrospective feedback has not been studied systematically
n the driving domain and is the primary focus of this study.
ecause concurrent feedback has been shown to help dis-

racted drivers, a system that combines both concurrent and
etrospective feedback might have additional benefits. That is,

combination of concurrent and retrospective feedback may
einforce each other, with concurrent feedback highlighting inci-
ents during the drive so that retrospective feedback provided
fterward is more understandable.

The main objective of this current experiment was to assess
he effects of retrospective and combined (both concurrent and
etrospective) feedback on driving performance and engage-
ent in distractions. This was assessed by comparing these two

eedback conditions to a baseline group where the drivers per-
ormed the same driving and distracting tasks without feedback.
pecific research questions investigated included whether pro-
iding retrospective feedback regarding drivers’ performance

elps drivers adopt safer driving behavior and whether combined
eedback provides additional benefits. The effects of feedback
ere assessed with measures of subjective and objective driving
erformance, as well as engagement in distractions.
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. Methods

.1. Participants

Forty-eight participants between the ages of 18–21 (female:
= 23, X̄ = 20.2, S = 0.73; male: n = 25, X̄ = 20.3, S = 0.89)
ompleted the study. The participants possessed a valid U.S.
river’s license, and had at least one year of driving experience.
hey were native English speakers, were screened for hearing

mpairments and colorblindness, and had not driven a driving
imulator in the last two years. Participants were compensated
S$ 15 per hour for their participation and had the opportu-
ity to receive up to US$ 10 extra based on their secondary task
erformance.

.2. Apparatus

The experiment was conducted with a medium fidelity, fixed-
ased simulator powered by Global Sim Inc.’s DriveSafetyTM

esearch Simulator. The simulator used a 1992 Mercury Sable
ehicle cab equipped with a force feedback steering wheel and
ad a 50◦ visual field. The driving scenarios were created by
yperDriveTM Authoring Suite. A FaceLab 4.1TM eye tracker,
hich uses cameras as passive measuring devices, was used to

ollect eye movement data. The eye tracker recognized in real
ime whether the participant was looking at the road or at the in-
ehicle display. Eye tracking and driving data were collected at
0 Hz. A 7 in. touch-screen LCD (60 Hz frame rate at 640 × 480
esolution) mounted on the dashboard above the center instru-
ent panel was used for presentation of the visual messages

or the secondary task as well as feedback. The display was
ositioned 40 cm (15 in.) to the right of the center of the steering
heel and 8 cm (3 in.) above the center of the speedometer. With

espect to the driver, the screen was turned approximately 15◦
oward the driver and located 33◦ lateral to and 15◦ below the
river’s line of sight.

.3. Driving task

Participants completed one practice drive in addition to four
xperimental drives (each approximately 7 min). The drives took
lace on two-lane rural roads with straight and curved road seg-
ents (three 400 m radius and three 200 m radius), with traffic in

he opposing lanes. The participants were instructed to drive at a
omfortable speed that was not above the speed limit of 73 km/h
45 mph) and follow a lead vehicle that periodically braked at
rate of 0.2 g (gravitational acceleration) for 5 s. Before a lead
ehicle braking event, the lead vehicle speed was adjusted to
btain constant time headways of 1.8 s. Ten braking events took
lace in a drive. A constant level of fog (sight distance: 300 m)
as employed during the scenario to decrease the drivers’ ability

o anticipate an approaching curve.
.4. Experimental design and independent variables

The experiment used a mixed factorial design with feedback
ype as a between-subject condition: no feedback (17 partici-
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Table 1
Thresholds for incident triggers in trip-report as defined by severity level

Incident type Variable of interest Severity level

Low Medium High

Speeding Speed 25–27 m/s 27–29 m/s >29 m/s
Too close to lead vehicle Time to collision 1.8–3 s 1–1.8 s <1 s
Lane deviation Duration of deviation <1.5 s 1.5–4 s >4 s
C
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ollision with lead vehicle Crash (binary)
ollision with oncoming traffic Crash (binary)

ants), retrospective feedback (17 participants) and combined
oncurrent and retrospective feedback (14 participants). Each
articipant completed four consecutive drives (drive 1, drive 2,
rive 3 and drive 4). This was done to increase the amount of
xposure to feedback. Drive was a within-subject variable. The
oad geometry was same for all four drives. Participants com-
leted these drives while performing an in-vehicle secondary
ask. This task was also used by Donmez et al. (2007b) and
as designed to simulate visual, motor and cognitive distrac-

ions typical of many IVIS interactions (e.g., scanning an MP3
lay-list).

After each drive, the group with retrospective feedback
eceived a trip-report. If there were no critical incidents (defined
n Table 1) during the drive, participants received positive feed-

ack (Fig. 1a) to increase driver acceptance of the trip-report.
revious research shows that positive feedback helps promote
cceptance (Branderburg and Mirka, 2005; Fogg and Nass,
997). In this experiment, incidents occurred in 40 of the 68

t
l
w
d

Fig. 1. Trip-report (a) positive feedback for no incidents, (b) overview wh
No No Yes
No No Yes

rives in the retrospective feedback condition and in 38 of the
6 drives in the combined feedback condition. If there were any
ncidents, a timeline showed the incidents (long red bars), appro-
riate responses to lead vehicle braking (long green bars), and
he locations of the distractions (Fig. 1b).

The high (displayed with medium-length orange bars), and
edium (short yellow bars) levels of distraction (Fig. 1b and

) presented in the trip-report were based on an algorithm used
n Donmez et al. (2007b). This algorithm defined the momen-
ary distraction level as a function of the current off-road glance
uration, β1, and the total off-road glance duration during the
ast 3 s, β2, with the relative influence of the current glance
uration as α. These factors then defined a momentary value
f distraction, γ , for the algorithm: γ = αβ1 + (1 − α)β2. A two-

ier feedback was used with a threshold, γ ′, of 2 s for medium
evel of distraction and γ ′′, of 2.5 s for high level of distraction
ith α of 0.2. Pressing on the incident button (shown as “Inci-
ent 1” in Fig. 1b) brought up a new frame with more detailed

en there are incidents and (c) detailed information on the incident.



B. Donmez et al. / Accident Analysis and Prevention 40 (2008) 776–786 779

F e dev

i
t
h
h
T
r
i
a
c
e
d

(
p
o
c
t
t
r
f
c
d

2

t
T
b
d
w
p
d
a
c

P
s

2

m
a
i
m
t

r
t
v
a
a
c
d
e
i
e
c
e
v
m
o

s
a
b

ig. 2. Incident visualization: (a) speeding, (b) too close to lead vehicle, (c) lan

nformation on the incident (Fig. 1c). The incident type (Fig. 2),
he distraction level during the incident (low/none, medium or
igh) and the severity level of the incident (low, medium or
igh) (defined in Table 1) were included in this detailed frame.
he “overview” button took the participant back to the trip-

eport overview to the point where the red bar of the viewed
ncident was grayed out. Once the participants went through
ll incidents, they were given the ability to review again. The
ombined feedback group received the trip-report at the end of
ach drive and also received concurrent feedback during each
rive.

For concurrent feedback, if the momentary distraction value
γ) exceeded 2 s, a yellow-strip appeared on the top of the dis-
lay. If the momentary distraction value exceeded 2.5 s, then
range strips appeared on both sides of the yellow strip to
reate a more salient alarm. The concurrent feedback used in
his study was the same as Donmez et al. (2007b). Because
his study is an initial attempt to assess the effects of ret-
ospective feedback, and a study already assessed concurrent
eedback (Donmez et al., 2007b), a separate condition of only
oncurrent feedback was not included in the experimental
esign.

.5. Procedure

After participants signed the informed consent, the eye
racker was calibrated for the participants’ facial characteristics.
he participants then practiced the secondary task until they
ecame comfortable. This was followed by a 5 min acclimation
rive to familiarize the participants with the driving simulator
hile performing the secondary task. The participants then com-

leted four drives (each approximately 7 min long). After each
rive the participants completed a series of questionnaires which
sked them to rate the workload they experienced, their per-
eived risk and their general attitudes towards the safety systems.

t
c
r
i

iation, (d) collision with lead vehicle and (e) collision with oncoming vehicle.

articipants were then debriefed and compensated. Overall, the
tudy took approximately 2 h.

.6. Dependent variables

The experiment assessed the differences in driving perfor-
ance and eye-movement patterns between different drives

nd compared these across treatments. Lead vehicle brak-
ng response, interaction with in-vehicle display (i.e., eye

ovements and button presses) and subjective responses to ques-
ionnaires were analyzed.

The dependent variables for lead vehicle braking event
esponse were averaged over 10 braking events. This was done
o obtain stable estimates of drivers’ response. The dependent
ariables analyzed for each lead vehicle braking event response
re accelerator release time, minimum time-to-collision (TTC)
nd minimum acceleration. The initial reaction to the lead vehi-
le braking is captured in the accelerator release time which is
efined as the time from the onset of the lead vehicle braking
vent until the time the driver releases the accelerator. Min-
mum TTC is the shortest time-to-collision during a braking
vent, where TTC is calculated by assuming the driver was to
ontinue in the same path at the same velocity. Minimum accel-
ration is the minimum acceleration (or maximum deceleration)
alue reached by the driver during the braking event. Both mini-
um TTC and minimum acceleration are indicators of the safety

utcome of a braking event (Donmez et al., 2006).
In order to immerse the driver in a realistic scenario with

ome degree of experimental control, the lead vehicle speed was
djusted to maintain a 1.8 s headway time before a lead vehicle
raking event. Therefore, headway distance varied depending on

he driver’s speed. However, the headway distance can influence
ritical cues that guides a driver’s braking behavior, such as the
ate of expansion of the visual angle of the lead vehicle, which
s a function of vehicle size, distance and relative velocity (Lee,
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the driving task. For drive 4, both retrospective and combined
feedback resulted in shorter accelerator release times than no
feedback. Therefore, with accumulated exposure, both feedback
types resulted in faster response to lead vehicle braking. Appro-
80 B. Donmez et al. / Accident Analy

976). Thus, the inclusion of a covariate explaining the differ-
nces in cues is necessary to draw the right conclusions from the
tatistical analysis (Donmez et al., 2007a). In this experiment,
he height and width of the lead vehicle were constant since
here was only one lead vehicle. Moreover, for small angles, the
angent of the angle can be robustly approximated as the value
f the angle itself (for 22.5◦, the error of this approximation is
nly 6%). Therefore, inverse headway distance (i.e., the recip-
ocal of the headway distance) at the onset of the lead vehicle
raking event was considered as a covariate in the analysis of
he braking event response and kept in the model if significant.

For eye movement behavior, two variables were analyzed that
efine driver’s scanning process: duration of eye glances to the
n-vehicle display, and duration of glances to the road in between
lances to the in-vehicle display. A decrease in the first variable
nd an increase in the second one suggest a diminished level of
istracting activity.

After each drive, all participants were asked to rate their
riving safety and the effect of the distracting task on their
riving performance. Participants in feedback conditions were
lso asked if feedback enhanced their driving performance. The
esponses were collected on a five-point Likert scale. Mental
ffort (Zijlstra, 1993) and perceived risk (Tsimhoni et al., 2003)
uestionnaires were given to every participant after each drive.
ental effort and perceived risk questionnaires were on a scale

f 0–150 and 1 [driving on an easy road perfectly alert]–10
driving with eyes closed], respectively. A system acceptance
uestionnaire (Van Der Laan et al., 1997) was also given to
articipants in the two feedback conditions. This questionnaire
omposed of nine questions along a scale of −2 to +2, investigat-
ng two dimensions of acceptance: usefulness and satisfying. For
he combined feedback condition, participants filled out two sep-
rate acceptance questionnaires for concurrent and retrospective
eedback (i.e., trip-report).

. Results

A preliminary analysis demonstrated strong correlations
etween accelerator release time and minimum TTC (ρ = −0.68,
< 0.0001). Because these two dependent driving performance
easures are correlated, MANOVA is performed on these vari-

bles to control for inflation of the Type I error. Significant
ndings are followed-up with univariate analysis to assess the
agnitude of the effect that each independent variable has on

he dependent variables. The univariate analyses on the contin-
ous dependent variables were performed with SAS 9.1 PROC
IXED procedure. A compound symmetry covariance struc-

ure was chosen for the repeated measure ‘drive’ based on the
kaike (1979) information criterion.
There were two specific comparisons that were of particu-

ar interest. The first involved the magnitude of the differences
n feedback over time with emphasis on changes from the first
o last drive. The second focused on changes that may occur

n performance after drivers receive feedback for several peri-
ds. This comparison examined the differences among feedback
ypes within the last drive. It should be noted that the first drives
ere identical for the no feedback and retrospective feedback

F
e

d Prevention 40 (2008) 776–786

onditions since retrospective feedback was presented only at
he completion of a drive. For that reason, no significant dif-
erences were expected when comparing the first drives of the
o feedback and the retrospective feedback conditions. How-
ver, the first drive for the combined feedback condition is not
baseline and actually includes concurrent feedback. Previous

esearch shows that concurrent feedback has an effect on driver
nteraction with IVIS (Donmez et al., 2007b). Hence, the results
or the first drive of combined feedback might differ from the
esults for the first drives of the other two feedback conditions.

.1. Lead vehicle braking response

The MANOVA results indicated that there were signif-
cant effects for the main effect of drive (Wilks’ Lambda
(6,264) = 8.21, p < 0.0001) and the interaction effect of drive
nd feedback type (Wilks’ Lambda F(12,264) = 2.00, p = 0.02).
he univariate analysis reported below suggests that the effect of
rive is attributable to the differences observed in both accelera-
or release time and minimum TTC. However, the interaction
ffect is only due to the differences observed in accelerator
elease time.

Figs. 3 and 4 show the estimated means for reaction times
nd the safety outcomes for the lead vehicle braking events.
he accelerator release times suggest that both retrospective and
ombined feedback is beneficial to the driver. The main effect
f drive (F(3,134) = 12.55, p < 0.0001) and the interaction of
rive and feedback type (F(6,135) = 3.04, p = 0.008) were sig-
ificant. The covariate, inverse headway distance, also had a
ignificant effect (F(1,163) = 44.16, p < 0.0001) with a negative
oefficient estimate (−91.9). This demonstrates that accelerator
elease time and inverse headway distance are inversely related.
s one would expect, a longer headway is associated with a

onger accelerator release time. Pair-wise comparisons between
evels of significant effects showed that accelerator release time
as longer in drive 1 compared to the following drives (Table 2).
his suggests that there was a learning effect associated with
ig. 3. Reaction to lead vehicle braking events (estimated means and standard
rror bars).
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ig. 4. Safety outcomes for lead vehicle braking event response (estimated
eans and standard error bars) (a) minimum TTC and (b) minimum acceleration.

riate contrasts were used to compare the change from drive 1 to
rive 4 across different feedback types (i.e., drive 4 minus drive
). The difference between drive 4 and drive 1 for the no feed-
ack condition, compared to the feedback conditions, showed
hat feedback led to a larger difference from the first to last drive.

hat is, the decrease in accelerator release time from drive 1 to
rive 4 was larger for feedback conditions. This suggests that
oth feedback types enhanced drivers’ response over time.

i
f
o

able 2
ignificant pair-wise comparisons for lead vehicle braking response

air-wise comparison Estimate (Δ)

ccelerator release time
Drive 1 vs. drive 2 0.33 s
Drive 1 vs. drive 3 0.32 s
Drive 1 vs. drive 4 0.27 s
No feedback vs. retrospective feedback on drive 4 0.34 s
No feedback vs. combined feedback on drive 4 0.41 s
No feedback vs. retrospective feedback for the

difference between drive 4 and drive 1
0.46 s

No feedback vs. combined feedback for the
difference between drive 4 and drive 1

0.61 s

inimum TTC
No feedback vs. retrospective feedback for the

difference between drive 4 and drive 1
−2.02 s

No feedback vs. combined feedback for the
difference between drive 4 and drive 1

−2.25 s

inimum acceleration
No feedback vs. combined feedback for the

difference between drive 4 and drive 1
0.63 m/s2
d Prevention 40 (2008) 776–786 781

There difference in minimum TTC between the last (drive
) and first drives (drive 1) in the no feedback condition was
ignificantly smaller than the differences observed in the two
eedback conditions. This suggests that, over time, both retro-
pective and combined feedback resulted in a greater increase
n minimum TTC when compared to the no feedback condi-
ion. For minimum acceleration, the difference between drive 4
nd drive 1 for the no feedback condition was larger than com-
ined feedback. No feedback condition generated more intense
raking over time whereas combined feedback results in a less
ntense braking response.

.2. Interaction with in-vehicle display: eye movements and
utton presses

For the duration of glances to the in-vehicle display, the main
ffect of drive was significant (F(3,134) = 12.24, p < 0.0001)
Fig. 5a). Duration of glances to the in-vehicle display was
horter in drive 1 and drive 2 compared to drive 3 and drive
(Table 3), suggesting that the participants got more comfort-

ble performing the secondary task. The difference in glance
uration to the in-vehicle display between drive 4 and drive 1
or no feedback was significantly longer than those of combined
nd retrospective feedback. The increase in glance duration over
ime is the largest for the no feedback condition.

The two main effects drive (F(3,134) = 4.33, p = 0.006) and
eedback type (F(2,45) = 4.22, p = 0.02) were significant for
lance duration to the road (Fig. 5b). Duration of glances to
he road was longest in drive 2, which followed the first presen-
ation of the trip-report. In general, combined feedback resulted
n longer glances to the road compared to no feedback and
etrospective feedback. Therefore, combined feedback had an
ng activity. Donmez et al. (2007b) observed a similar finding
or concurrent feedback, where concurrent feedback resulted in
n average 0.18 s longer on road glances than no feedback.

t-Value d.f. p-Value 95% confidence
interval (CI)

5.30 134 <0.0001 (0.21, 0.45)
5.19 135 <0.0001 (0.20, 0.45)
4.31 135 <0.0001 (0.15, 0.39)
2.02 86.6 0.046 (0.006, 0.67)
2.37 85 0.02 (0.07, 0.76)
3.11 134 0.002 (0.17, 0.76)

3.95 134 0.0001 (0.30, 0.91)

−2.52 134 0.01 (−3.61, −0.43)

−2.69 134 0.008 (−3.91, −0.60)

2.68 134 0.008 (0.16, 1.09)
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Table 3
Significant pair-wise comparisons for interaction with in-vehicle display

Pair-wise comparison Δ t-Value d.f. p-Value 95% CI

Glance duration to in-vehicle display
Drive 1 vs. drive 3 −0.08 s −3.41 134 0.0009 (−0.13, −0.04)
Drive 2 vs. drive 3 −0.12 s −4.65 134 <0.0001 (−0.16, −0.07)
Drive 1 vs. drive 4 −0.09 s −3.73 134 0.0003 (−0.14, −0.04)
Drive 2 vs. drive 4 −0.12 s −4.97 134 <0.0001 (−0.17, −0.07)
No feedback vs. retrospective feedback for the difference between drive 4 and drive 1 0.12 s 2.00 134 0.047 (0.001, 0.08)
No feedback vs. combined feedback for the difference between drive 4 and drive 1 0.16 s 2.55 134 0.02 (0.04, 0.28)

Glance duration to road
Drive 1 vs. drive 2 −0.12 s −2.39 134 0.02 (−0.22, −0.02)
Drive 2 vs. drive 3 0.12 s 2.37 134 0.02 (0.02, 0.22)
Drive 2 vs. drive 4 0.18 s 3.49 134 0.0007 (0.08, 0.28)
No feedback vs. combined feedback −0.46 s −2.70 45 0.01 (−0.80,−0.11)
Retrospective feedback vs. combined feedback −0.41 s −2.38 45.1 0.02 (−0.75, −0.06)

Number of button presses per minute
Drive 1 vs. drive 4 −2.46 −10.07 134 <0.0001 (−2.95, −1.98)
Drive 2 vs. drive 4 −2.37 −9.66 134 <0.0001 (−2.85, −1.88)
Drive 3 vs. drive 4 −1.25 −5.11 134 <0.0001 (−1.74, −0.77)

p
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t
t

F
d

3

Drive 1 vs. drive 3
Drive 2 vs. drive 3

Drive had a significant effect on the number of button presses
er minute (F(3,134) = 44.33, p < 0.0001) with the last drive
esulting in the largest number of button presses (Fig. 6). This

emonstrates that with more exposure to the secondary task,
he drivers also became more comfortable with the secondary
ask.

ig. 5. Eye-movements (estimated means and standard error bars) (a) glance
uration to the in-vehicle display and (b) glance duration to the road.
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−1.21 −4.99 134 <0.0001 (−1.70, −0.73)
−1.11 −4.58 134 <0.0001 (−1.59, −0.63)

.3. Subjective measures

Both feedback type (F(2,45) = 10.76, p = 0.0002) and drive
F(3,135) = 7.46, p = 0.0001) had a significant effect on per-
eived level of risk (Fig. 7a). In general, drivers with no feedback
erceived greater risk when compared to retrospective and com-
ined feedback (Table 4). This suggests that the drivers were
ware of their performance decrement with the secondary task
i.e., late accelerator release when compared to feedback con-
itions). Perceived risk levels dropped as the number of drives
ompleted increased.

A logistic regression was developed to predict perceived risk
ased on the number of different incident types (i.e., lane devia-
ion, speeding and too close to lead vehicle) and eye movements.
ollision was not included in the regression as a covariate since
here were no collisions in this experiment. Glance durations to
he road and to the in-vehicle display were used to represent eye

ovements. The outcome variable, perceived risk, was coded
s low risk for responses lower than 6 (out of 10), and high risk

ig. 6. Number of button presses per minute (estimated means and standard
rror bars).
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ig. 7. Subjective measures (estimated means and standard error bars) (a) per-
eived risk and (b) mental effort.

or responses 6 or higher. The value 6 represents driving at 20
iles per hour faster than traffic on an expressway. Glance dura-

ions to the road, lane deviations, and speeding were significant.

oodness of fit tests suggested that the model was appropriate

Pearson χ2(187) = 191). High glance duration to the road was
orrelated with a decreased likelihood of perceiving high risk
OR (95% CI): 0.47 (0.22, 0.99), χ2(1) = 3.9, p = 0.048). High

a
e
m
t

able 4
ignificant pair-wise comparisons for subjective measures

air-wise comparison Δ t-Valu

erceived risk
No feedback vs. retrospective feedback 1.96 4.02
No feedback vs. combined feedback 2.02 3.94
Drive 1 vs. drive 2 0.45 2.01
Drive 1 vs. drive 3 0.79 3.52
Drive 1 vs. drive 4 0.97 4.41
Drive 2 vs. drive 4 0.54 2.40

ental effort
Drive 1 vs. drive 2 4.55 2.12
Drive 1 vs. drive 3 7.15 3.33
Drive 1 vs. drive 4 9.55 4.45
Drive 2 vs. drive 4 5.00 2.33

sefulness
Drive 1 vs. drive 3 −0.17 −2.33
Drive 1 vs. drive 4 −0.21 −2.86

atisfaction
Drive 1 vs. drive 2 −0.29 −2.42
Drive 1 vs. drive 3 −0.38 −3.18
Drive 1 vs. drive 4 −0.47 −3.91
ig. 8. Acceptance of feedback (estimated means and 95% confidence intervals).

umber of lane deviations (OR (95% CI): 1.16 (1.04, 1.30),
2(1) = 7.29, p = 0.01) and speeding (OR (95% CI): 1.31 (1.05,
.63), χ2(1) = 5.58, p = 0.02) were indicative of increased odds
or perceiving high risk.

Mental effort was highest for drives 1 and 2, and lower
n the last drive (Fig. 7b). These results can be attributed
o increased driver familiarity with the secondary and the
riving tasks. The 95% confidence intervals for the mean
cceptance scores, which exclude zero, reveal that drivers
enerally found both feedback types to be useful (Fig. 8).
he trip-report was also found to be satisfying by the
rivers in the retrospective and combined feedback conditions.
he satisfaction response for concurrent feedback (presented

s part of combined feedback) is not significantly differ-
nt than zero since the 95% confidence interval for the
ean includes zero. Still, there is a general positive atti-

ude towards both feedback types. The results for concurrent

e d.f. p-Value 95% CI

45 0.0002 (0.99, 3.05)
45 0.0003 (0.98, 2.94)

135 0.046 (0.01, 0.89)
135 0.0006 (0.4, 1.23)
135 <0.0001 (0.54, 1.43)
135 0.02 (0.09, 0.98)

135 0.04 (0.31, 8.80)
135 0.001 (2.91, 11.39)
135 <0.0001 (5.31, 13.97)
135 0.02 (0.75, 9.24)

86.1 0.02 (−0.32, −0.03)
86.1 0.005 (−0.36, −0.06)

87 0.02 (−0.53, −0.05)
87 0.002 (−0.62, −0.14)
87 0.0002 (−0.72, −0.23)
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Table 5
Subjective responses relating to driving performance

Feedback type Response

Strongly disagree Disagree Neutral Agree Strongly agree

My driving was safe
No feedback 9 32 11 16 0
Retrospective feedback 1 6 22 25 14
Combined feedback 0 10 12 33 1

Distracting task worsened my driving
No feedback 0 0 1 38 29
Retrospective feedback 0 7 6 41 14
Combined feedback 0 1 7 36 12

Performance of trip-report enhanced my driving
Retrospective feedback 2 11 19 33 3
Combined feedback 0 4 18 34 0
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erformance of concurrent feedback enhanced my driving
Combined feedback 2 6

eedback are consistent with the findings of Donmez et al.
2007b).

Driver acceptance of the trip-report was compared across the
wo conditions which included the trip-report (i.e., retrospective
nd combined feedback). Acceptance of the trip-report as part
f retrospective and combined feedback were not significantly
ifferent (p > 0.05). However, first drive resulted in a lower level
f acceptance when compared to following drives. This suggests
hat drivers’ acceptance of the trip-report increased with expo-
ure. The acceptance data for the concurrent feedback (presented
s part of combined feedback) could not be included in this anal-
sis because only the combined feedback group received this
ype of feedback and comparison with another condition was
ot feasible.

When the participants were asked whether or not the
econdary task worsened their driving performance, the major-
ty indicated that it did (Table 5). Most of the participants
lso thought that both retrospective and concurrent feedback
nhanced their driving performance.

. Discussion

This study assessed the effects of retrospective only and
ombined concurrent and retrospective feedback on driving per-
ormance and driver engagement in distracting activities. The
esults showed that driving performance improved from the first
o last drive for all conditions, suggesting a learning effect,
hich was enhanced by feedback. As assessed by the difference
etween the last and first drive, driving performance improved
ore for the feedback conditions (retrospective only and com-

ined) when compared to the no feedback condition. Donmez et
l. (2007b) showed that this same secondary task delayed accel-
rator release by 0.4 s on the average. For the last drive in this
urrent study, where drivers had already been exposed to feed-

ack several times, both feedback types resulted in significantly
aster reaction to lead vehicle braking events. Specifically, ret-
ospective feedback resulted in 0.34 s and combined feedback
esulted in 0.41 s faster accelerator release response compared to

d
a
r

16 31 0

o feedback. In terms of driving performance measures, no sig-
ificant differences were found between the two feedback types:
oth retrospective and combined feedback enhanced driving
erformance.

As participants completed more drives, their glance duration
o the in-vehicle display increased and their glance duration to
he road decreased across all conditions. This was also accompa-
ied with increased number of button presses. This suggests that
rivers became more comfortable performing the task. However,
he no feedback condition resulted in a larger increase in glance
uration to the in-vehicle display from first to last drive when
ompared to both retrospective and combined feedback. This
uggests that both of these feedback types can induce positive
ehavior in terms of how long the drivers look at the in-vehicle
isplay. Moreover, combined feedback resulted in longer on-
oad glances than both no feedback and retrospective feedback.
pecifically, there was a 0.46 s average difference between com-
ined feedback and no feedback. Donmez et al. (2007b) also
howed that, given concurrent feedback in one drive, drivers’
lance duration to the road was on average 0.18 s longer than no
eedback. This suggests that the longer on-road glances found in
he current study may be partially driven by the concurrent com-
onent of combined feedback. However, the additional benefit
rom 0.18 to 0.46 s may be attributed to the interactions between
etrospective and concurrent components, or increased exposure
o feedback with multiple drives, or both. Further research is
eeded to differentiate between the effects of these three under-
ying mechanisms. Based on these findings, combined feedback
ppears to be more promising than retrospective feedback. Even
f a direct statistical comparison cannot be made to the concur-
ent feedback investigated by Donmez et al. (2007b), this current
tudy shows that combined feedback does combine the benefits
f retrospective feedback and concurrent feedback (i.e., faster
eaction times and longer glances to the road, respectively).
Subjective driver responses were aligned with the objective
ata. Drivers, who received no feedback, perceived more risk and
lso had worse driving performance compared to drivers who
eceived feedback. The logistic regression results also showed



sis an

a
e
p
d
i

t
(
f
t
f
s
u
t
f
c
e
t
d
t
T
f
p
t
i
t
p
c
a
t
u

f
i
f
r
w
e
q
u
v
t
d

f
t
f
i
C
t
d
i
i
o
p
s
m

b
s
e

e
t
(
a
c

A

u
D
o
n
a
t
G

R

A

A

B

C

C

D

D

D

D

F

L

M

M

M

B. Donmez et al. / Accident Analy

relationship between perceived risk, driving performance and
ye movements. However, it is unclear what determines driver’s
erceived level of risk. The relation between perceived risk and
riving behavior and how feedback affects this relationship mer-
ts further research.

Most of the participants felt the secondary task impaired
heir driving performance. Participants also felt that feedback
retrospective only and combined) enhanced their driving per-
ormance. Drivers also seemed to accept the feedback. The
rip-report, which is included in both feedback conditions, was
ound to be useful and satisfactory. Concurrent feedback as a
upplement to retrospective feedback was also perceived to be
seful. The acceptance of concurrent feedback is also consis-
ent with findings from Donmez et al. (2007b). Acceptance of
eedback is important because driver acceptance plays a criti-
al role in the use of discretionary systems and hence in their
ffectiveness. If feedback is provided retrospectively, it is par-
icularly important to consider driver acceptance to ensure that
rivers attend to feedback. Otherwise, once a trip is completed
he drivers can leave their cars without receiving feedback.
oledo and Lotan (2006) investigated feedback on driving per-
ormance presented on a personal web page over a 5-month
eriod. Drivers could access the information on all previous
rips and compare their performance with other drivers. The
nitial exposure to feedback had a positive effect on safety, but
his effect diminished over time as drivers accessed their web
ages less frequently. Acceptance and frequent use of feedback
an be encouraged by an interface that is aesthetically pleasing
nd easy to use. Including positive feedback, as it was done in
his study, may also have a powerful effect on acceptance and
se.

This study represents an initial attempt to investigate different
eedback timings, and has limitations. Retrospective feedback
mplemented in a driving simulator can be substantially different
rom retrospective feedback in the real world. In this experiment,
etrospective feedback was provided after each 7 min drive,
hich artificially increased driver exposure to feedback. How-

ver, in a real-world situation, feedback may not be encountered
uite so frequently. Therefore, the effectiveness of prolonged
se of retrospective feedback will need to be investigated. The
isual presentation of feedback may also need to be redesigned
o facilitate the debriefing of multiple incidents over longer
rives.

The retention of feedback after days or months and under dif-
erent scenarios should also be investigated. One possible way
o enhance the retention of feedback is to provide cumulative
eedback, which is a comprehensive summary of past driv-
ng performance and driver behavior (Donmez et al., in press).
umulative feedback integrates driving data over many trips

hat might span several weeks or months. This can also help the
rivers assess their overall driving performance by highlight-
ng those persistent behaviors that lead to errors. As an initial
nvestigation, McGehee et al. (2007) explored the effectiveness

f feedback in modifying the behavior of teenage drivers. The
reliminary results of 26 teenage drivers over a 6-month period
uggest a significant decrease in the number of incidents for the
ore at-risk teenage drivers. However, because there was no
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aseline group (i.e., drivers with no feedback) observed in the
ame time period, more research is still needed to assess the
xact benefits of cumulative feedback.

One should be cautious in generalizing the results of this
xperiment to longer exposure. Drivers may adapt to these sys-
ems in unforeseeable ways with extended exposure to feedback
e.g., over months). Future research should investigate such
daptation issues before implementing these systems in the vehi-
le.
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