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86 Driver Distraction: Theory, Effects, and Mitigation

7.1 INTRODUCTION

In modern vehicle cockpits, drivers have access to a range of entertainment, infor-
mation, communication, and advanced driver assistance systems (e.g., navigation 
systems). Whether or not these technologies distract drivers depends in large part on 
the way they are designed and used. Assessment methods and metrics that are sensi-
tive to the effects of different in-vehicle technologies on driving performance are 
needed to inform the safe design, deployment, and use of these devices.

Many methods and metrics are available for evaluating the impact on driving 
performance of driver interaction with secondary tasks. However, the selection of 
measurement methods for driver distraction research, as in other areas of research, 
should be guided by a number of general rules related to the nature of the task under 
study and the properties of the method itself. To be considered an appropriate mea-
surement technique, a method must be valid (i.e., it measures what it claims to mea-
sure) and reliable (i.e., the results obtained are consistent across administrations) and 
have high sensitivity (i.e., be likely to detect the effect of an activity or technology on 
driving performance even when that effect is small). The results obtained must also 
have external validity; that is, they should be able to be generalized to real-world 
situations or to situations and individuals beyond the scope of a specifi c study.1

This chapter reviews a range of assessment methods and metrics that have been 
used to assess the impact of distraction on driving performance. The available evi-
dence regarding the reliability, validity, sensitivity, and generalizability of these is 
discussed. The focus of the chapter is on “direct” driving performance methods and 
metrics; that is, methods and metrics that directly assess objective measures of driv-
ing performance. Surrogate measurement methods, which simulate and assess par-
ticular aspects of the driving task (e.g., the lane change test and the visual occlusion 
technique), are discussed in Chapters 9 through 11 of this book.

7.2 DRIVING PERFORMANCE MEASUREMENT METHODS

7.2.1 ON-ROAD AND TEST-TRACK STUDIES

One of the most realistic, and ecologically valid, ways of measuring the potentially 
distracting effects of tasks that compete for the driver’s attention is to conduct an 
on-road study. Using this method, drivers are required to drive an instrumented vehicle 
on real roads for a specifi ed period while various driving parameters are recorded 
using data loggers. Driving performance while engaging in a secondary task is then 
compared against a baseline or reference condition, such as driving when not inter-
acting with any device.2 On-road studies include naturalistic driving studies, fi eld 
operational tests (FOTs), and more highly controlled on-road experiments.

FOTs and naturalistic driving studies are conducted over a period of weeks, months, 
or years and involve drivers driving an instrumented vehicle (sometimes their own 
vehicle) as part of their normal, everyday driving activity. These studies are less obtru-
sive than on-road experiments as they do not involve the presence of an experimenter 
and drivers are free to drive whenever and wherever they wish. The main difference 
between FOTs and naturalistic driving studies is the level of experimental manipula-
tion involved. FOTs are designed to measure, under  natural driving  conditions, drivers’ 

CRC_7426_Ch007.indd   86CRC_7426_Ch007.indd   86 8/26/2008   7:21:08 PM8/26/2008   7:21:08 PM



Measuring the Effects of Driver Distraction 87

interaction with one or more in-vehicle systems of interest and usually involve these 
systems being activated and deactivated over the course of the study. The Australian 
TAC SafeCar project is an example of a FOT, where drivers interacted with a suite of 
in-vehicle intelligent transport systems (ITS) during their everyday driving.3 In FOT 
studies, the effectiveness of the systems in optimizing driving performance and safety 
(relative to nonuse of the systems by the same drivers or relative to a control group driv-
ing vehicles not equipped with ITS technologies) is usually the main focus of research. 
However, naturalistic driving studies involve no experimental manipulation and sim-
ply gather, using video cameras and other on-board sensors, data on drivers’ everyday 
driving behavior and activities, which may or may not include interaction with ITS 
and other technologies Original Equipment Manufacturer (OEM)-fi tted, retrofi tted, or 
nomadic). In the latter studies, the impact of everyday driver interaction with various 
sources of distraction on driving performance and crash risk (e.g., a mobile phone) 
is more the focus of research and can be observed and determined post hoc from 
analysis of the logged driving and video data. The largest naturalistic driving study 
conducted to date is the 100-car study (for more detail on this and other naturalistic 
driving studies, see Chapters 5 and 17 of this book).

On-road experiments involve relatively shorter time periods, of minutes or 
hours, and a higher level of experimental manipulation. The drivers follow a speci-
fi ed route (usually with the experimenter present) and are required to perform one 
or more tasks during particular segments of the drive, the timing of which is usually 
controlled by the experimenter.

On-road studies yield vast amounts of driving performance data under condi-
tions that are relatively representative of actual driving. However, on-road studies, 
and particularly FOTs and naturalistic driving studies, are time consuming (often 
taking months or years to complete), are expensive to conduct, and require the stor-
age and analysis of enormous amounts of data. In FOTs and naturalistic studies, 
researchers also have little or no experimental control over factors such as weather 
and traffi c conditions. On-road experiments afford a higher level of experimental 
control, but the presence of the experimenter can also cause drivers to behave differ-
ently than they normally would.

Test-track studies, conducted on closed roads or dedicated test circuit, closely 
approximate real-world driving and have been used extensively to examine the dis-
tracting effects of secondary tasks that compete for the driver’s attention.4–6 Here, 
participants are required to drive an instrumented vehicle along the test track. Infor-
mation on participants’ driving performance while engaging in secondary tasks 
is collected by a data logger or an observer, or even instrumentation embedded in 
the roadway. These data are compared with a baseline condition to determine the 
level of distraction imposed by the secondary task(s). This method approximates 
real driving conditions while affording the experimenter greater control over factors 
such as traffi c signal timing (see, e.g., Ref. 7). Driving under the more controlled 
conditions of a test track also minimizes the safety risks associated with  conducting 
distraction research on real roads.8 However, the nature of the test-track course can 
affect the data collected. If the course is relatively short and there is little or no 
traffi c or obstacles on the track, then drivers may not assign as much priority to the 
driving task (and greater priority to the secondary task) as they would on real roads. 
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Drivers may, for example, spend a greater amount of time glancing away from the 
road than they would under real driving conditions, and this could alter the infl uence 
of the secondary task on driving performance. In addition, safety considerations 
make it impossible to expose drivers to demanding situations, where the conse-
quences of driver distraction may be most critical.

7.2.2 DRIVING SIMULATORS

Driver distraction research often makes use of driving simulators, as they allow for 
the examination of a range of driving performance measures in a controlled, rela-
tively realistic, and safe driving environment. Driving simulators, however, vary 
substantially in their characteristics, and this can affect their realism (or fi delity) and 
the validity of the results obtained. A distinction is often made between low-level, 
mid-level, and high-level driving simulators. High-level, or high-fi delity, simula-
tors offer a realistic driving environment, complete with a vehicle cab with realistic 
components and layout, advanced graphics with close to a 360° fi eld of view, and a 
sophisticated motion base. Mid-level simulators have a realistic cab or vehicle, large 
projection screens, and sometimes a simple motion base. Low-level, or low-fi delity, 
simulators offer less realistic driving environments and usually consist of a PC or 
desktop workstation and a simple buck with controls.9–11

Driving simulators have a number of advantages over on-road and test-track 
studies. First, they provide a safe environment in which to conduct research that 
might be otherwise too dangerous to be conducted on-road.8 Although test tracks 
can be used to evaluate the distracting effects of in-vehicle systems on driving using 
single-vehicle scenarios, using multiple-vehicle scenarios in such situations is poten-
tially hazardous. Driving simulators, in contrast, provide a safe environment for the 
examination of distraction issues using multiple-vehicle scenarios, where the driver 
can negotiate very demanding roadway situations while engaging in secondary 
tasks.8 Second, greater experimental control can be applied in driving simulators 
compared with on-road studies, as they allow for the type and diffi culty of driv-
ing tasks to be precisely specifi ed and any potentially confounding variables, such 
as weather, to be eliminated or controlled for.11 Third, the cost of modifying the 
cockpit of a simulator to allow for the evaluation of new in-vehicle systems may be 
signifi cantly less than modifying an actual vehicle.11 Finally, a large range of test 
conditions (e.g., night and day, different weather conditions, or road environments) 
can be implemented in the simulator with relative ease, and these conditions can 
include hazardous or risky driving situations that would be too diffi cult or dangerous 
to generate under real driving conditions.11–13

The use of driving simulators as research tools does, however, have a number of dis-
advantages. First, data collected from a driving simulator generally include the effects 
of learning to use the simulator and may also include the effects of being directly 
monitored by the experimenter.2 Second, driving simulators, particularly high-fi delity 
simulators, can be very expensive to install and manage and require a higher level of 
expertise to operate than other equipment used to measure driver distraction (e.g., sur-
rogate measures such as visual occlusion goggles or the lane change test), particularly 
because they also often require the experimenter to operate peripheral equipment such 
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as eye tracking systems.11 Simulator discomfort is another problem encountered with 
simulators and is particularly common among older drivers and females, who expe-
rience higher dropout rates than younger, male drivers.8,14,15 In addition, simulator 
discomfort can undermine driving performance and confound the measurement of 
distraction-related performance decrements.16 However, one of the most problematic 
aspects of driving simulator research that has major implications for driver distrac-
tion research is the effect of the simulator on drivers’ priorities in relation to the 
performance of primary (i.e., driving) and secondary tasks. The cognitive resources 
that drivers devote to the primary and secondary tasks while in the simulator may 
differ signifi cantly from those deployed on actual roads because driving errors in the 
simulator do not have serious consequences.8 Thus, drivers may glance away from 
the road for a greater length of time when dialing a phone in the simulator than they 
would in the real world because they know their safety will not be compromised. 
This is a contentious issue in driving simulator research and raises the question as to 
how valid are driving simulators as tools for conducting driver distraction research.

7.3 SIMULATOR FIDELITY AND VALIDITY

7.3.1 FIDELITY

As discussed earlier, a simple description of driving simulators places them on a 
continuum that ranges from low to high fi delity. Fidelity refers to the level of realism 
inherent in the virtual world. The closer a simulator approximates real-world driv-
ing, in terms of the design and layout of controls, the realism of the visual scene, 
and its physical response characteristics, the greater fi delity it is reported to have.9,13 
Numerous dimensions of fi delity have been proposed, many of which relate to the 
simulator’s technical or physical characteristics, but these characteristics may not 
necessarily correspond to the degree to which the simulator replicates the driving 
experience.

Rehmann et al.17 proposed that there are four interrelated dimensions of sim-
ulator fi delity: equipment fi delity, environmental fi delity, objective fi delity, and 
perceptual/psychological fi delity. Equipment fi delity refers to the degree to which 
the simulator replicates the appearance and feel of the real-world system, in terms 
of the layout of the vehicle cockpit and the size, shape, color, and position of the 
vehicle/system controls. Environmental fi delity concerns the extent to which the 
simulator replicates motion and visual cues, and other sensory information from 
the real-world environment. Objective fi delity refers to the degree to which a simu-
lator replicates its real-world counterpart in terms of dynamic cue timing and syn-
chronization (e.g., timing of the visual cues matching steering inputs). The fourth 
dimension, perceptual or psychological fi delity, is concerned with the degree to 
which the driver perceives the simulation to be a believable reproduction of the 
real driving task, and the degree to which the driver’s pattern of interaction with 
the driving environment and system controls corresponds to real-world driving.17 
Simulator fi delity is a complicated issue with many factors to consider, and simula-
tors cannot always be accurately described using a three-tier classifi cation system 
of low, medium, and high fi delity.

CRC_7426_Ch007.indd   89CRC_7426_Ch007.indd   89 8/26/2008   7:21:08 PM8/26/2008   7:21:08 PM



90 Driver Distraction: Theory, Effects, and Mitigation

The level and type of fi delity required by a simulator depends on the type 
of research being conducted. It has been suggested that higher fi delity levels are 
required for research where the results of the simulation are used to draw conclu-
sions about real-world driving performance, as when assessing whether interaction 
with an in-vehicle device distracts drivers.13 In terms of the specifi c aspects of simu-
lator fi delity that are most important for distraction research, little research exists 
that can be used to guide this decision. However, knowledge regarding what driving 
performance measures are affected by distraction can provide some useful insights 
into what aspects of simulator fi delity might be important. For example, distraction, 
particularly visual distraction, has been shown to affect drivers’ ability to maintain 
lateral position.18,19 In turn, a lack of motion and visual cues has been shown to affect 
the precision of lateral position control to a greater extent in simulators than actual 
vehicles, because the absence of visual and kinesthetic feedback leads to a decreased 
ability to select appropriate steering corrections.11,20 Thus, it appears that environ-
mental fi delity, and the precise replication of motion and visual cues in particular, 
is important for the accurate measurement of the effects of distraction on lateral 
control. Distraction has also been shown to affect drivers’ visual scanning patterns 
and their ability to detect events occurring in the periphery,18,21 suggesting that a dis-
play screen with a wide fi eld of view is important to be able to capture the effects of 
distraction on the detection of objects or events occurring in the driver’s peripheral 
fi eld of view. A simulator’s fi delity can thus affect how sensitive it is to the effects of 
distraction. This issue is explored further in Sections 7.3.3, 7.4, and 7.5.

The location of the in-vehicle system under evaluation, relative to the driver and 
the roadway, and the type and layout of its controls are also important. The location 
of the system in the simulated vehicle and its visual angle from the road should match 
precisely its placement in real vehicles because its distance from the forward view 
directly contributes to the degree of distraction it imposes on drivers. For example, a 
study on monitor location within the vehicle revealed that as the downward viewing 
angle of the display increased, the drivers’ ability to detect that they were closing 
in on a lead vehicle decreased.22 In addition, the types of controls used and their 
layout should be consistent across the simulated and real systems. Discrepancies in 
the location and design of the in-vehicle system between simulated and real vehicles 
may lead drivers to interact with the system differently in the simulator and, thus, 
lead to driving performance being differentially affected across the simulated and 
real-world environments.

These are but a few examples of simulator fi delity dimensions that may be 
important for distraction research. It is likely that there are many more aspects that 
are important for this type of research. Identifying the specifi c aspects and levels of 
simulator fi delity that are required for distraction assessment should be a focus of 
further research.

7.3.2 VALIDITY

Simulator validity typically refers to the degree to which behavior in a simulator cor-
responds to behavior in real-world environments under the same conditions.10,20 The 
validity of a simulator can be affected by its level of fi delity. This, and the following, 
section will explore the issue of simulator validity and its relationship to fi delity.
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The best method for determining the validity of a simulator is to compare driv-
ing performance in the simulator to driving performance in real vehicles using the 
same driving tasks.20 A number of studies have examined driving simulator validity 
and have generally found good correlations between simulated driving performance 
and driving performance on real roads.10,18

There are two types of validity: absolute validity and relative validity. If the 
numerical values for certain tasks obtained from the simulator and actual vehicles 
are identical or near identical, absolute validity is said to have been achieved.9,23 
Relative validity is achieved when driving tasks have a similar affect (e.g., similar 
magnitude and direction of change) on driving performance in both the simulator 
and real vehicles.23 Although limited, research has generally found that simulators 
demonstrate good relative behavioral validity for many driving performance mea-
sures, although absolute validity has rarely been demonstrated.9,11,20,23–25

7.3.3 RELATIONSHIP BETWEEN SIMULATOR FIDELITY AND VALIDITY

High-fi delity simulators offer a more realistic driving environment and generally 
support greater validity than lower-fi delity simulators; however, they can be much 
more expensive to build and operate than lower-fi delity simulators and can be less 
sensitive to the effects of distraction.18 An important consideration for simulator 
users is whether the increased costs of high-fi delity simulators are offset by their 
greater validity and whether the decreased validity of low-fi delity simulators is off-
set by their greater sensitivity.

Several driving simulation studies have examined how the level of fi delity of a 
simulator affects driving performance and the validity of the results obtained. Early 
research suggested that the presence of a moving base and higher image resolution 
may increase the absolute validity of driving simulators.10,20,25 For example, the perfor-
mance of certain driving tasks, such as speed control and lane-keeping performance, 
are less precise in low-fi delity, fi x-based simulators than in high-fi delity, motion-based 
simulators or real vehicles, because of the absence of haptic and motion cues.11,20,25 
However, some recent research has found that lower-fi delity simulators demonstrate 
levels of validity comparable to those of their higher-fi delity counterparts.11,18

A study conducted by Reed and Green11 assessed the validity of a low-cost driv-
ing simulator, in high- and low-fi delity mode, for use in measuring the distracting 
effects of using a mobile phone. The simulator used was the Driver Interface Research 
Simulator located at the University of Michigan Transportation Research Institute 
(UMTRI). This comprised a 1985 Chrysler Laser with an instrumented steering 
wheel and brake and accelerator pedals. The visual scene was projected onto a 
screen that gave a 22 × 33 degree fi eld of view. Participants were tested under 
two fi delity conditions: high and low. In the high-fi delity mode, the visual scene 
included a colored, textured background and roadside objects, whereas in low-
fi delity mode, the scene was black with white road edge and center lines.

Twelve participants drove an instrumented car along a freeway route and a simu-
lated highway route while periodically dialing a mobile phone. Measures of lane 
position, speed, steering wheel angle, and throttle position were recorded and com-
pared for the simulator and actual driving conditions. Results revealed that only 
one signifi cant difference was found between fi delity conditions: the effect of visual 
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fi delity on the standard deviation of steering wheel angle was in the opposite direc-
tion for males and females. Given the lack of differences observed between the two 
fi delity conditions, the validity of the simulator was evaluated for the high-fi delity 
condition only. When the simulator and on-road results were compared, it was found 
that mean speeds were similar in the simulator and instrumented vehicle; however, 
lane keeping was less precise in the simulator than in the instrumented vehicle. More 
specifi cally, the variation in lane position was twice as large in the simulator as in 
the instrumented vehicle under the phone task condition, which may refl ect drivers’ 
tendency to be less cautious about making driving errors in the simulator because the 
consequences for doing so are far less severe than those in actual vehicles. Reed and 
Green concluded that the simulator demonstrated good absolute validity for speed mea-
surements and good relative validity for the effects of the phone task on lane keeping.

More recently, a study by Engström et al.,18 conducted as part of the HASTE 
project, compared the effects of visual and cognitive demand on driving perfor-
mance in a range of test environments, including static and moving-base simulators. 
The fi xed-base simulator was the Volvo Technology (VTEC) simulator located at 
Volvo Technology Corporation in Sweden. This simulator comprises a Volvo S80, 
with a 135° horizontal fi eld of view without rear projection. The moving-base simula-
tor was the Swedish National Road and Transport Research Institute (VTI) simulator, 
located in Lidköping, Sweden, which is a high-fi delity, dynamic simulator. The VTI 
simulator consists of a Volvo 850 vehicle and a 120° visual view with no rear projec-
tion. Drivers drove along a motorway in either the fi xed- or moving-base simulator, 
once while performing no secondary task and once while performing either a sur-
rogate visual IVIS task (the arrows task) or a surrogate cognitive-auditory IVIS task 
(the Auditory Continuous Memory Task). The diffi culty level of the surrogate tasks 
was varied during the drive. Results revealed that the effects of visual and cognitive 
load on driving were largely consistent across the static and moving-base (dynamic) 
simulators. One point of difference was that the effect of the surrogate tasks on lateral 
vehicle control was greater in the fi xed-base than in the moving-base simulator, which 
suggests that the lower-fi delity simulator may have been less valid but more sensitive.

It is important to note that although the aforementioned research is promising in 
terms of the ability of a low-fi delity simulator to accurately measure the effects of 
driver distraction on driver performance, demonstrating that one simulator’s being 
valid for the assessment of a particular driving task does not assure that all simula-
tors will be equally valid. In general, the validity of simulator results will depend on 
the degree to which the simulator replicates the confl uence of driving and in-vehicle 
task demands that occur in actual driving situations. The absolute degree of simula-
tor fi delity may be less important than its specifi c characteristics. It is recommended 
that the validity of individual simulators be established separately for each driving 
situation they are used for.13

7.4  THE RELATIONSHIP BETWEEN SENSITIVITY 
AND TEST METHODS

A general fi nding that has emerged from driver distraction and workload research 
is that the different assessment methods or test environments demonstrate varying 
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levels of sensitivity to the effects of secondary tasks. In particular, a number of 
studies have shown that as the realism of assessment methods or test environments 
increases, the less sensitive they become to the effects of secondary tasks on driving 
performance. Sensitivity refers to the ability to detect even small changes in driving 
performance due to, in this case, the performance of a secondary activity. Blaauw20 
demonstrated that a fi xed-base driving simulator was able to differentiate between 
experienced and inexperienced drivers on secondary tasks with greater sensitivity 
than an instrumented vehicle during an on-road test. Reed and Green11 also found 
that the effects of dialing a mobile phone on lane-keeping performance were more 
pronounced in a low-cost driving simulator than on the road. Age effects on lane-
keeping performance while performing the concurrent dialing task were also of a 
greater magnitude in the simulator than in the on-road test.

More recently, the results of the CAMP Driver Workload Metrics project revealed 
that the laboratory tests generally generated larger or more discernable effects than 
the test-track or on-road tests, and for some driving measures, effects were observed 
in the laboratory tests that were not observed in the on-road and test-track studies. 
For example, a number of event detection measures in the laboratory were capable of 
discriminating between the effects of high- and low-workload auditory-vocal tasks 
on driving, whereas these measures were not able to distinguish between the effects 
of high- and low-workload tasks on driving on the test track. The effect sizes found 
in the on-road and test-track studies were largely comparable across tasks and driv-
ing performance measures.26

The studies conducted as part of the HASTE project also revealed differences 
in the discriminability of test environments; however, the results were more diverse. 
These studies examined the effects of surrogate and actual in-vehicle tasks on driv-
ing performance in the laboratory, in a range of driving simulators and on real roads. 
Overall, the results revealed that, in line with the CAMP results, the effects of the 
surrogate visual and cognitive in-vehicle tasks were generally larger in the labora-
tory than in the driving simulators or the on-road tests. The effect sizes found in the 
driving simulator and on-road studies were, however, largely comparable across the 
driving performance measures examined. One difference that was observed across 
the fi eld and simulator trials was that physiological workload and steering activity 
was higher in the fi eld than in the simulators, which the authors believed refl ected 
an increase in effort and a lower error tolerance in real traffi c, possibly due to the 
increased risk associated with this environment.18

The relative sensitivity or discriminability of testing environments was more 
varied when drivers interacted with actual in-vehicle systems (navigation and traf-
fi c information systems). In contrast to the CAMP project results, both the on-road 
tests and the driving simulators demonstrated larger effect sizes than the laboratory 
results. However, the effects of the actual in-vehicle systems on driving performance 
were larger in the simulator compared with the on-road tests.27 It is not clear why 
these discrepancies across the studies occurred, but they may relate to the different 
secondary tasks used.

A number of explanations exist for why less realistic test environments, such as 
low-fi delity simulators, provide larger secondary task effects than on-road or test-
track tests. First, drivers’ priorities and attention/effort allocation in laboratory tasks 
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and simulators may differ from real-world driving environments because the risk 
of injury or property damage is absent in these environments. Thus, drivers may be 
less concerned about missing hazardous events or drifting from their lane in labora-
tory and simulator tests because the consequences for doing so are far less severe 
than they are on real roads, or even test tracks. Second, task effects may not be as 
apparent in on-road and test-track environments because of the greater amount of 
“measurement noise” present (e.g., uncontrolled variables such as traffi c density or 
weather conditions). Finally, the lack of vestibular and tactile cues or feedback in 
laboratory and simulator tests may make driving more demanding, leading to less 
spare capacity and, consequently, larger effects of secondary tasks. In particular, the 
lack of feedback may reduce drivers’ ability to choose appropriate steering correc-
tions when they deviate from their correct lane position, resulting in the observed 
larger lane-deviation effects.11,26

The ability of laboratory and simulator tests to detect small effects is further 
enhanced by the relatively low cost of testing. The relatively low cost of low-fi delity 
and laboratory tests makes it possible to collect data from many more participants 
than would be possible in a high-fi delity simulator. As a consequence the statistical 
power of comparisons is much greater.

Until the exact nature of this trend is better understood, system designers should 
not rely solely on laboratory tests to evaluate the safety implications of in-vehicle 
systems. Rather, it is advisable to include them to initially highlight potential prob-
lems with systems, or as part of a batch of evaluation tests that also include on-road 
or simulator trials.

7.5 FIDELITY, VALIDITY, SENSITIVITY, AND COST TRADE-OFFS

Choosing which method to use when evaluating an in-vehicle system is often a 
trade-off between level of fi delity, validity, sensitivity, and cost. On-road studies, 
for example, offer the greatest level of fi delity and external validity. They are, how-
ever, expensive and time consuming to conduct and do not offer the same level of 
experimental control as a driving simulator or laboratory tests, and thus may be 
less sensitive. One promising trend to emerge from the literature is that low-fi delity 
simulators offer a similar level of sensitivity and validity as high-fi delity simulators 
for evaluating the effects of secondary tasks on driving performance. Low-fi delity 
simulators can, thus, be used by in-vehicle system designers to evaluate the impact 
of in-vehicle systems on driving performance, without sacrifi cing any sensitivity to 
system effects and without incurring the high setup and operating costs associated 
with high-fi delity simulators. However, no simulator, regardless of its level of fi del-
ity, can completely replicate driving in the real world. In distraction research, the 
different attention allocation policies and patterns of secondary task interaction used 
by drivers in simulated and real driving environments is of particular concern. Thus, 
although simulators offer a relatively inexpensive test environment for initial assess-
ment of the distracting effects of a device, in-vehicle devices should also be evalu-
ated in an on-road setting before fi nal decisions are made regarding its suitability for 
use while driving.
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7.6 MEASURES OF DRIVING PERFORMANCE

Choosing appropriate driving performance measures or variables, which are com-
patible with the measurement technique(s) being used and sensitive to the particular 
aspect of distraction being evaluated, is just as important as using appropriate mea-
surement methods. Ideally, the selection of driving performance measures should 
be based on a consideration of the type of system being evaluated and theories or 
previous research fi ndings regarding how certain tasks infl uence driver behavior. In 
turn, the selection of assessment methods will often be informed by the particular 
driving performance measures being examined. A deliverable from the European 
Aptive Integrated Driver-vehicle Interface (AIDE) project (Deliverable 2.2.1) pro-
vides a comprehensive review of driving performance measures that can be used in 
the evaluation of in-vehicle systems.28 A brief review of some of the most common 
driving measures that have been used in distraction research is provided in the fol-
lowing section along with example research fi ndings.

7.6.1 LONGITUDINAL CONTROL

A range of longitudinal control measures can be examined in distraction research. 
Two of the most common include measures of speed and following distance. These 
are discussed in Sections 7.6.1.1 and 7.6.1.2.

7.6.1.1 Speed

The relationship between speed and crashes is widely recognized in the road safety 
community, and as such, speed is a commonly used dependent variable in trans-
portation human factors research, including driver distraction research. A number 
of speed-related measures can be calculated, including mean and 85th percentile 
speed, maximum speed, and the standard deviation, or variability, of speed. Sev-
eral on-road and simulator studies have found that drivers display greater varia-
tion in driving speed and throttle control when using a mobile phone, and this has 
been demonstrated for hands-free as well as handheld phones.5,11,29 It has also been 
shown that drivers display a tendency to reduce their speed when talking on a mobile 
phone, which is believed to be a form of behavioral adaptation to reduce primary 
task demand or increase the safety margin.29,30 In a driving simulator, Srinivasan and 
Jovanis12 found that mean speeds were lower when drivers manually operated a route 
navigation system. Operating a CD player while driving can also result in reduced 
simulated driving speeds31; however, the use of voice inputs to operate CD players 
has been shown to reduce the likelihood of traveling at speeds that are considered 
to be too low.32

7.6.1.2 Vehicle Following (Headway)

Vehicle following, or headway, measures are also commonly employed in driver 
distraction research. Several specifi c vehicle following measures have been com-
monly used, including mean headway (distance or time based), minimum headway, 
and standard deviation of headway. Headway is an indication of the safety margin 
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that drivers are willing to accept, and thus, short headways are often interpreted as 
being indicative of degraded driving performance and a measure of high secondary 
task load.

A number of studies have, however, found that drivers tend to adopt longer head-
ways when interacting with secondary tasks, particularly visual tasks.19,33,34 In a 
simulator study, Greenberg et al.19 found that drivers increased their headway when 
engaging in a visual secondary task and that this effect was particularly pronounced 
for older drivers. Also, as part of the HASTE project, Östlund et al.34 found in a 
series of laboratory, simulator, and on-road studies that both time and distance head-
way increased when drivers were performing a visual surrogate IVIS task, but not 
during cognitive IVIS operation.

7.6.2 LATERAL CONTROL

Lateral control measures commonly examined in distraction research include lane 
keeping and steering measures. These are discussed in Sections 7.6.2.1 and 7.6.2.2.

7.6.2.1 Lane Keeping

Lane keeping, or lateral position, refers to the position of a vehicle on the road in 
relation to the center of the lane in which the vehicle is traveling. Decrements in lat-
eral position control are used as a measure of secondary task load when evaluating 
the effects of in-vehicle systems on driving performance. The most commonly used 
lateral position metrics are mean lane position, standard deviation of lane position, 
and number of lane exceedences (LANEX).

Research suggests that drivers’ ability to maintain their lateral position on real or 
simulated roads is adversely affected when performing secondary tasks, particularly 
tasks requiring large amounts of visual attention.18 Drivers make a greater number of 
lane position deviations and exceedences while dialing or talking on either a hand-
held or a hands-free mobile phone, even when driving on straight roads with little 
traffi c.5,11 Research also suggests that drivers make a greater number of lane devia-
tions and exceedences when manually entering details into a route guidance system 
or when following navigation instructions presented visually, rather than through 
voice guidance.35,36 Tuning the radio, interacting with a CD player, or listening to 
radio broadcasts can also degrade driving performance, as measured by lane posi-
tion deviation.31,37,38

An interesting fi nding with respect to lateral control is that moderate levels of 
cognitive load have been shown to lead to more precise lateral control, by reducing 
lane-keeping variation. Visual load, in contrast, has been shown to increase lane-
keeping variation.18,19

7.6.2.2 Steering Wheel Metrics

Measures of steering wheel movement have been used extensively in many forms of 
driving research. These include standard deviation of steering wheel angle, steering 
wheel reversal rate, steering wheel angle high-frequency component (HFC), steer-
ing wheel action rate, and steering entropy (less predictable steering behavior).34 In 
driver distraction and workload research, steering wheel movements are considered 
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to be an indicator of secondary task load. When driving under normal conditions 
(i.e., when not performing a secondary task), drivers will make a number of small 
corrective steering wheel movements to maintain lateral position. When engaging in 
a secondary task, however, particularly a visual-manual task, drivers will often make 
a number of large and abrupt steering wheel movements to correct heading errors.

7.6.3 EVENT DETECTION AND REACTION TIME MEASURES

Event detection and reaction time metrics have become increasingly popular in 
in-vehicle system research and evaluation, primarily because of the relationship 
between these measures and risk of crash involvement. A range of event detection 
and response time measures can be examined, including number of missed/detected 
events, number of incorrect responses made, and response time and distance (e.g., 
distance from event when detected).

Drivers’ ability to detect and react to external events or objects has been shown 
to be impaired by the use of in-vehicle devices, particularly when these devices are 
complex. A number of studies have found that using either a handheld or hands-free 
phone can increase drivers’ reactions to hazards and common road events (e.g., traffi c 
light changes) by up to 30%.29,34,39–41 In a driving simulator study, Srinivasan and 
Jovanis12 found that drivers’ reaction times to vehicles crossing their path or to traffi c 
light changes increased when they were listening to navigation instructions from a 
route guidance system that issued turn-by-turn navigation instructions. Accessing 
and reading e-mails using a voice-based in-vehicle e-mail system while driving has 
also been found to increase drivers’ reaction times to a braking lead vehicle by up to 
30% in a simulated driving environment.42

7.6.4 GAP ACCEPTANCE

Negotiating gaps in traffi c is a complex task requiring considerable visual guidance 
and attention. Gap acceptance measures that have been used in distraction research 
include number of collisions initiated and size of gaps accepted. Research shows 
that when using in-vehicle devices such as a mobile phone, drivers tend to accept 
shorter gaps in traffi c when turning than when not using a phone.43 A test-track study 
by Cooper and Zheng4 also found that when using a mobile phone, drivers do not 
consider weather or road surface conditions when making a decision to turn across 
oncoming traffi c. In particular, when using the phone and the road surface was wet, 
drivers initiated twice as many collisions as when not using the phone.

7.6.5 SUBJECTIVE MENTAL WORKLOAD

Subjective, or self-reported, workload measures require the participant to rate his/her 
perceived level of workload shortly after completing a task. Several simple subjective 
mental workload scales have been developed to measure an individual’s perceived 
workload. Some of the main scales used in the driving domain include the NASA 
Task Load Index (NASA TLX), the Subjective Workload Assessment Technique 
(SWAT), the Modifi ed Cooper Harper Scale (MCH), and the Rating Scale Mental 
Effort (RSME). The NASA TLX and SWAT scales are multidimensional scales 
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designed to address several different dimensions of workload, such as performance 
and mental effort. However, ratings from the subscales are frequently combined in 
an equally weighted average.44 Another multidimensional workload scale that has 
recently been developed to assess the level of workload associated with in-vehicle 
tasks is the Driving Activity Load Index (DALI). The DALI is a modifi ed version 
of the NASA TLX that has been specifi cally tailored to the assessment of in-vehicle 
systems/tasks in the automotive environment and has been validated as part of the 
AIDE project.45 The MCH and RSME scales, in contrast, are unidimensional scales 
that rely on just one dimension (e.g., invested effort) to assess workload. Subjective 
mental workload measures are appealing because of their low cost, ease and speed 
of administration, and the fact that they are nonintrusive. Subjective assessment 
techniques do have a number of drawbacks, however, including participants forget-
ting aspects of their performance posttrial and diffi culties in determining whether 
participants are reporting overall workload levels averaged over the entire task or to 
specifi c peaks in workload.46 The reader is referred to Stanton et al.46 for more detail 
on subjective workload measures.

Research has demonstrated that using a mobile phone of any type to talk, dial, or 
answer while driving on real roads results in increased workload and greater levels 
of frustration, particularly when the conversation is complex or highly emotional.6,47 
Entering destination details into a route guidance system while driving also increases 
drivers’ subjective workload, particularly if the system is operated manually rather 
than through voice activation.12,36 Finally, accessing and reading e-mail using an 
in-car e-mail system, even when it is voice activated, has been found to increase 
drivers’ subjective workload, and this increase is further heightened as the system 
becomes more complex.42

7.6.6 CHOOSING DRIVING PERFORMANCE MEASURES

Driver distraction is a multidimensional construct, which means that no single driv-
ing performance measure will capture all the effects of distraction. A large num-
ber of driving measures exist, making it diffi cult to know which ones to include 
in an evaluation. Of course, the decision regarding which set of measures to use 
should be guided by the specifi c research question under examination. However, 
recent research offers insights into what measures are most appropriate for particular 
evaluations.

A number of on-road and simulator studies, for example, have found that visual 
and cognitive distraction differentially affect different driving performance mea-
sures.18,19,21 Specifi cally, visual distraction has a greater effect on lateral control mea-
sures, whereas cognitive distraction affects visual scanning behavior to a greater 
degree than visual distraction. Thus, the type of competing task being assessed 
should guide measurement selection. The HASTE and CAMP projects have also 
attempted to identify a set of valid and reliable driving measures that should be used 
when assessing distraction.24,26 Although this research offers some guidance regard-
ing what driving performance measures to use, there does not exist a universally 
agreed set of driving performance measures to use in distraction evaluations. All 
researchers and system evaluators can do is use a range of driving measures that are 
valid, reliable, and sensitive to the type of distraction being evaluated.
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Another challenge in relation to driving performance measures is the absolute 
versus relative interpretation of evaluation results. Driving performance measures do 
not always have a monotonic relationship with safety or crash risk, and this makes 
absolute interpretation of the effects of distraction on driving performance diffi cult 
(see Chapter 4 for further discussion of the nonlinear relationship between driv-
ing performance and crashes). For example, if engagement in a secondary activity 
increases the standard deviation of lateral position by a certain amount, this does not 
mean that crash risk will be increased; crash risk may increase, remain unchanged, 
or decrease, depending on the prevailing driving conditions at the time. An absolute 
interpretation of driving performance results requires a clear relationship between 
the driving performance measure in the test environment and the consequences for 
safety outcomes and a clear criterion for determining what a safe system is. The 
challenges associated with defi ning an “acceptable” level of driving performance 
and establishing performance criteria are discussed in Section 7.7.

7.7 REFERENCE TASKS AND PERFORMANCE CRITERIA

When evaluating the effect of in-vehicle systems on driving performance, researchers 
sometimes employ a reference task. A reference task is a task that is used as a bench-
mark for defi ning the maximum level of secondary task demand that is deemed 
acceptable for a driver to cope with when driving.48 Driving performance when per-
forming the reference task is compared with driving performance while interacting 
with the in-vehicle device under examination. If the level of driving performance 
when concurrently performing the secondary task under evaluation is poorer than 
that associated with concurrent performance of the reference task, then the second-
ary task is deemed to be unsafe to perform while driving. Currently, there is no 
single agreed “best” or standardized reference task to use when evaluating in-vehicle 
systems. Nor is it always clear what constitutes an “acceptable” level of driving per-
formance degradation. The development of standard reference tasks that can be used 
in the evaluation of in-vehicle systems is the focus of a Preliminary Work Item cur-
rently being developed by Sub-Committee 13 of Technical Committee 22 of the 
International Organization for Standardization (ISO).

A number of different reference or criterion tasks have been used previously 
in driver distraction research. One approach is to assume that the criterion task is 
no task. Here, any driving performance degradation deriving from interaction with 
a competing secondary task is regarded as an unacceptable level of degradation. 
Several studies examining mobile phone use have compared phone use while driv-
ing with simply driving while engaging in no secondary task (e.g., Ref. 8; see also 
Ref. 49). However, a number of researchers have questioned whether driving on its 
own is a suitable reference activity when comparing secondary tasks. It is possible 
that just driving is too stringent a benchmark given that most secondary tasks can be 
expected to impose at least some additional demand on drivers. This is a particularly 
important argument when the IVIS task replaces one that is currently performed in 
the car through a different means, such as navigation with a paper map.35

The Alliance of Automobile Manufacturers (AAM) in the United States has 
included, in their guidelines, time-based criteria stating that visual-manual tasks 
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performed while the vehicle is in motion should require no more than 20 s total 
glance time and that single-glance durations should not exceed 2 s. In-vehicle tasks 
that comply with these criteria are considered safe to perform while driving. Data 
from the 100-car study provide support for the 2 s criterion. Klauer et al.50 found that 
single-glance durations of greater than 2 s increased near-crash/crash risk by at least 
two times, whereas glance durations of less than 2 s were not associated with increased 
crash risk. However, there is a lack of evidence to support the criterion that tasks requir-
ing less than 20 s total glance time can be safely performed while driving.51

Some studies examining the distracting effects of mobile phones have used 
manual radio tuning (e.g., tuning into a specifi ed radio station using buttons, dial, 
or toggle switch) as a reference task, claiming that if using a mobile phone degrades 
driving performance to a comparable or lower degree than tuning a radio, then it is 
an acceptable task to perform while driving. The AAM also advocates the use of 
manual radio tuning as a criterion task against which to compare telematics device 
use. The adoption of the radio tuning task as a benchmark is based on the assumption 
that tuning the radio imposes only a moderate and socially accepted level of risk, 
and its impact on driving is reasonably well understood. Research suggests, however, 
that even radio tuning can degrade driving performance to an extent that safety may 
be compromised.38,52 The type of host radio device used when performing the radio-
tuning task can have a profound infl uence on the degree of workload deriving from 
performance of the task. Several studies, for example, have examined the effects of 
the radio-tuning task on driving performance using a continuous tuning dial rather 
than the preset buttons found on many modern radio systems. Use of this type of 
interface is likely to require a greater amount of time to tune a station than simply 
pressing a preset button. Similarly, radio control position and display size can have 
substantial effects on the demands of radio tuning, making it surprisingly diffi cult 
to ensure uniform implementation of this reference task. This may have the effect 
of increasing the distracting effects of the radio-tuning task and, thus, may lead 
to erroneous conclusions regarding the acceptability of performing certain second-
ary tasks while driving. More generally, a visual-manual reference task may affect 
driving performance in a quite different manner than a cognitively demanding task. 
A cognitive task, for example, might not degrade lane position maintenance to the 
same degree as a given reference task, but it might undermine event detection to a 
much greater degree. As a consequence, comparisons to a single-reference task can 
underestimate the safety consequences of distracting tasks.

Other studies have compared the effects of using mobile phones with driving 
under the infl uence of alcohol. Burns et al.29 compared the driving impairment 
caused by using handheld and hands-free mobile phones to that caused by having a 
blood alcohol concentration (BAC) over the U.K. legal alcohol limit (80 mg/100 mL 
or 0.08). Twenty participants were tested using the Transport Research Laboratory 
(TRL) advanced driving simulator. Drivers’ reaction times to hazards were, on aver-
age, 30% slower when conversing on a handheld mobile phone than when driving 
under the infl uence of alcohol. Drivers also demonstrated reduced speed control 
when using a mobile phone, but not when under the infl uence of alcohol. However, 
drivers’ standard deviation of lane position when they were under the infl uence of 
alcohol was signifi cantly higher than when they were talking on the phone or when 
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driving with no phone or alcohol. The authors concluded that certain aspects of driv-
ing are impaired to a greater extent when using a mobile phone than when driving 
while intoxicated.29

Strayer et al.53 also compared, using a driving simulator, the driving performance 
of mobile phone users with drivers who were intoxicated by alcohol (BAC of 0.08) 
to establish a benchmark for assessing the relative risks of phone use while driving. 
They found that although the impairments associated with mobile phone use may be 
as great as driving with a BAC of 0.08, the exact nature of these impairments differed 
across the two conditions. When using the mobile phone, drivers were involved in 
more rear-end collisions, their reaction times to a lead braking vehicle were reduced, 
and their following distance variability increased by 24%. When intoxicated, drivers 
displayed a more aggressive driving style. They followed the pace car at a closer dis-
tance than they did in the baseline condition, and they braked with 23% more force 
than they did in either the mobile phone or baseline conditions.

A number of problems have been identifi ed with using alcohol intoxication as a 
benchmark for establishing the risks associated with various distracting tasks. First, 
although both alcohol and mobile phone use have been shown to impair driving per-
formance, they have been shown to affect different driving performance measures—
or to affect the same driving performance measures to different degrees or even in 
the opposite direction—suggesting that the mechanisms underlying degraded driv-
ing performance differ between the two forms of impairment. Second, distraction 
tends to be relatively transient (i.e., lasting only as long as the driver is engaging in 
the distracting activity), whereas alcohol impairment persists over prolonged periods 
of time (i.e., usually over the entire length of a drive). Consequently, the time frame 
for exposure to risk is relatively greater for alcohol impairment than for impairment 
deriving from distraction. It is important to note that this issue is relevant to all refer-
ence tasks, not just alcohol. Selecting a reference task that is as similar as possible 
to the task under evaluation in terms of its duration and the mechanisms by which it 
affects driving is fundamental for obtaining valid results.

Some researchers have suggested that a more appropriate reference task may 
be an alternative application of the particular secondary function under evaluation. 
For example, fi nding a point of interest on a paper map may be used as a reference 
task against which to compare the effect of an in-vehicle route guidance task.26 One 
problem with this approach is that the alternative application of the task may itself 
impose a high level of demand on the driver and, as such, would not be deemed an 
“acceptable” benchmark against which the task of interest is compared. Another 
problem is that for some new tasks, such as iPod interactions, there is no alternative 
application of the task because the device is so novel.

It is clear that the development of distraction reference tasks is in its infancy, and 
as such, there is no universally agreed “best” reference task against which to compare 
the effects of new in-vehicle systems. It is likely that the most appropriate reference 
task will differ depending on the type of in-vehicle system and, hence, the specifi c 
type of distraction being evaluated (e.g., a reference task that imposes visual-manual 
load on the driver when evaluating a visual-manual task). Ideally, a reference task is 
one that is unambiguously defi ned, is repeatable across different test environments, 
and induces distraction in a manner similar to the task under evaluation.
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7.8 CONCLUSION

This chapter has provided a review of the various methods, driving performance 
measures, and reference tasks that can be used to directly assess the effects of sec-
ondary tasks on driving performance. The performance of secondary tasks has a 
wide range of effects on driving performance, and a number of methods and driv-
ing performance measures exist to quantify these effects. Each of the assessment 
methods has advantages and disadvantages. Deciding which method to use is often 
a trade-off between cost, validity, and experimental control. Driving simulators, 
for example, provide a safe and controlled environment for conducting distraction 
research and evaluation; however, they lack the realism that on-road evaluations 
offer, particularly if they are lower-fi delity devices.

One promising fi nding that has emerged from driving simulation research is 
that lower-fi delity simulators offer similar levels of sensitivity and validity as high-
fi delity simulators for evaluating the impact of distraction on driving performance. 
This suggests that system designers can, therefore, use lower-fi delity simulators to 
evaluate the impact of in-vehicle systems on driving performance, without sacri-
fi cing sensitivity and without incurring the high costs associated with high-fi delity 
simulators.

There are still a number of areas of distraction assessment that require fur-
ther development or understanding, particularly in relation to the relative sensi-
tivity of test environments and reference tasks. First, a number of studies have 
found that, paradoxically, the more realistic is a test method or environment, 
the less sensitive it is to the effects of secondary tasks on driving performance. 
The mechanisms underlying this trend are not currently understood, and as such, 
system designers should not rely solely on one assessment method to evaluate the 
safety implications of in-vehicle systems. Second, it is important that appropriate 
reference tasks be developed to provide a benchmark against which the impact on 
driving performance of in-vehicle tasks can be established. Appropriate reference 
tasks are ones that are unambiguously defi ned, are repeatable across different 
test environments, and impose a similar type of demand or distraction as the task 
under evaluation.

Finally, there is currently little consensus regarding which assessment method 
or driving performance measures should be used for the evaluation of particular 
tasks. As such, in the past, evaluation studies tended to use a large range of methods 
and driving measures. Efforts are under way in a number of projects (e.g., HASTE, 
AIDE, and CAMP), however, to defi ne a set of assessment methods and driving 
measures that can be used to assess different categories of in-vehicle systems. The 
outputs of these projects should be closely monitored.

Given the high rate at which technologies are proliferating the vehicle market, 
it is important that a set of standardized assessment methods and reference tasks, 
which are valid, reliable, inexpensive, and sensitive, are identifi ed to inform the safe 
design and use of these systems. The remaining chapters in this section discuss the 
various surrogate methods that are being used to evaluate the potentially distracting 
effects of in-vehicle systems.
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