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Abstract. This paper presents an overview of methods used when measuring driver 
behavior and performance. Simulators, test-track, on-road, field-operational-trials, 
and naturalisitic methods are described. Useful driver measures are described. Three 
examples are provided of the application of driver measurement in product design 
and evaluation. 
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1   Methods 

The objective of this paper is to provide an overview of methods used for measuring 
driver behavior and performance.  Driver behavior refers to tasks or actions, including 
both driving-related activities as well as non-driving-related activities. Driver 
performance refers to the human perceptual and physical capabilities and limitations 
that affect safe driving.  In the second section of the paper, a set of applications are 
presented to illustrate types of driver measurement and how they are used. 

1.1   Study Methods 

Methods used to study driver behavior can be considered on a continuum. At one end 
are the controlled studies.  These are studies of driving that follow the methods used 
in traditional experimental research. In these driving studies, two or more conditions 
are created (manipulated), while as many extraneous factors as possible are 
controlled, and measures are collected to evaluate the driver’s response to the 
conditions. The controls present in these studies can limit the ability to generalize to 
the complete set of conditions that occur in the real world. At the other end of the 
continuum, minimal or no instruction is given to drivers and they are measured as 
they perform the things they normally do while driving. In these naturalistic studies, 
fidelity to real world driving is high, but isolating relationships between factors is 
more difficult. Driver measurement in simulators, on test tracks, on-road, in field-
operational-trials, and in naturalistic driving studies describes the range of control and 
realism found in most driving studies.  

Simulators. Simulators range in fidelity from desktop driving simulators to multi-axis 
motion simulators with 360 degrees of display and a range of visual, auditory, and 
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tactile feedback to the driver [1]. The value of simulators in driving research is that 
conditions can be controlled precisely and the driver can be tested in conditions which 
would be hazardous if not created through simulation. The disadvantage of simulators 
is the difficulty in quantifying how well simulator results will transfer to real driving 
results. 

Test Track. Test tracks provide some of the realism of on-road driving, while still 
permitting experimental and safety controls. Test tracks can be used to measure 
general driving behavior or to present scripted scenarios and measure performance. 
When controlling the vehicle on a test track, the driver must remain involved in the 
driving task. As with simulators, however, the degree to which test-track driving 
creates the same driving burden as real road driving depends on execution. Factors 
such as the expectations of participants, presence of experimenters, level of traffic, 
and test track design should be considered along with the research question. For 
example, if the research question requires that the participant maintain a thorough 
visual scan around the vehicle, it may be necessary to include other traffic or 
pedestrians in the experimental protocol. 

On-Road. Some tests relating to driving do not require the safety controls or 
experimental controls provided by a test track or simulator.  When the system being 
tested and the testing methodology have minimal impact on the participant’s normal 
driving, testing on public roadways is possible.  Examples of these situations include 
testing simple center stack interfaces or testing design iterations that are only a small 
change from currently common in-vehicle systems.  In these cases, on-road protocols 
provide increased face validity because the driver is aware that the typical driving 
hazards are present, and so must maintain vigilance and control during the study.  In 
some cases, a confederate vehicle is used to create a specific driving scenario of 
interest.  For example, an experimenter in a lead vehicle might gradually reduce 
speed, and in doing so, elicit a pass maneuver from the participant.  

Field Operational Trial. A Field Operational Trial (FOT) is a study in which a 
developmental system is incorporated into a vehicle and the vehicle is put into normal 
use in the field as measurements are collected related to the system of interest. FOTs 
often involve different design alternatives.  The Advanced Collision Avoidance 
System (ACAS) FOT provides a good example of an FOT [2].  In this FOT, 11 Buick 
LeSabres were provided to 96 participants, accumulating approximately 137,000 
miles of driving with development ACASs installed on the vehicles.  For most FOTs, 
data collection for one participant might last for two to six weeks.  In many cases, the 
vehicles used in an FOT will not be the participant’s personal vehicle.  This is 
generally due to logistical reasons.  The systems being tested are new systems which 
are difficult to add to someone’s current vehicle.  Additionally, until recently, 
instrumenting a personal vehicle for a short period was cost prohibitive. The 
advantage of the FOT is that the driving environment is real.  FOTs provide an 
excellent approach for investigating driver behavior with specific systems of interest. 
The FOT driving is likely different from everyday driving due to the presence of the 
test system, newness of the vehicle, and lack of ownership of the vehicle. The 
duration of the driving time for a participant may not create exposure to a complete 
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set of driving scenarios.  For example, some participants might only experience 
summer driving during the study, while others might only experience winter driving.  
Additionally, for participants to use a system on the open road, it must be at the final 
stages regarding safety testing.  For this reason, FOTs are generally not feasible until 
somewhat late in the product development process.   

Naturalistic. Naturalistic driving studies involve instrumenting participants’ own 
vehicles and measuring driver behavior and performance over extended periods. In a 
naturalistic study, no specific instructions are given to the participant and disturbance 
of their daily routine is minimized.  Instrumentation is generally inconspicuous and 
includes multiple video views, forward radar, accelerations, speed, pedal actuation, 
latitude and longitude. The first driving study of this type recorded approximately 2 
million miles of driving from more than 100 vehicles for 12-13 months [3]. In this 
study, data were recorded continuously.  In some studies, triggering is used which 
attempts to retain only events of interest, and so reduce data storage requirements. 
The advantages of naturalistic studies are that the driving data that are collected 
represent real world driving and any situation in which a driver finds himself or 
herself. In the Dingus et al. study, 69 crashes of various types and severities were 
captured. When continuous data are collected, data describing routine driving are 
available for use in quantifying exposure to different conditions.  This tends to be of 
value in determining event rates, estimating risk, or for comparing what occurs in 
challenging events to more routine situations. The disadvantages of naturalistic 
driving studies are that conditions are uncontrolled and project setup and management 
can be fairly complex compared to other approaches. 

1.2   Measures 

Within the four study methods, many different driving measures can be used. The 
next sections of the paper introduce these measures and provide some background on 
their use. 

Glance. Due to the highly visual information content employed in driving, monitoring 
the eyes is considered valuable for making a number of inferences. Wickens [4] 
begins his discussion of the selective nature of attention with discussion of our visual 
field and visual sampling behavior. He indicates that gaze direction is indicative of 
direction of attention.  Different search behaviors are also indicative of the nature of a 
task.  An ordered movement of the eyes from fixation to fixation is indicative of a 
supervisory level of attention where the operator has a developed mental model of the 
task and associated expectancies about where the most useful information will occur. 
A more random search pattern is indicative of a target search where the location of 
information is unknown. Glance locations generally include driving-related locations, 
including the forward road scene, mirrors, and depending on the method of 
monitoring the eyes and reducing data, can include specific exterior objects or gaze 
location measured on some coordinate system. When approaching curves, drivers 
look to the tangent point of the curve and the proportion of glances to the curve 
tangent increases rapidly in the 1-2 seconds before it is reached [5]. Glance behavior 
has also been investigated in terms of driver experience [6, 7], driver route familiarity 
[8], night versus day [9], mirrors and driving tasks [10], and in-vehicle tasks.  
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When specific in-vehicle interfaces are of interest, measurements of the gaze to 
these interfaces or locations in the vehicle are also collected [11]. More time looking 
ahead is clearly of value. Longer glances and frequent glances to in-vehicle locations 
increase risk. In measuring glance behavior while driving and in the presence of 
secondary tasks, total glance time, mean single glance time, and number of glances 
are considered surrogate measures of safety. In other words, because safety is difficult 
to measure directly, they are measured to provide an indication of safety.  In-vehicle 
tasks should not require glances away from forward longer than approximately 1.6 
seconds [12]. Tijerina [13] used glance behavior in a unique way by exploring car-
following measures at the instant drivers look away from the forward scene.   

Task. A frequent part of driver measurement involves collecting information about 
tasks that drivers perform.  These may be driving-related tasks, such as turning across 
traffic at an intersection, or analyses of secondary tasks, such as selecting a song from 
a music player. When investigating some in-vehicle system, driving performance 
measures are monitored for degradation. In addition to the visual measurements 
described in the previous sections, driving-related task measurements generally relate 
to safety measures, such as unplanned lane departures, abrupt maneuvers, or late 
reactions. Task measurement can also use many of the techniques used for task 
analyses in non-driving applications, such as counting the number of steps, errors, 
task duration, etc. In some cases, due to the difficulty of monitoring a driver’s 
readiness to respond to critical events, a peripheral detection task [14] is used in 
which the driver’s ability to detect events outside the vehicle is measured while 
interacting with some in-vehicle system. 

Speed and Braking. Speed is an obvious indicator of many aspects of driver 
behavior and performance. Drivers tend to reduce speed as workload increases [15]. 
How drivers adjust speed is considered indicative of a number of factors. Summala 
[16] indicates that speed adjustment can relate to motivation level, including 
motivations other than transportation related, or subjective risk perception. Speed is 
the main variable that captures the kinematics of the driving situation. Abrupt 
decelerations tend to indicate late recognition of a situation or insufficient monitoring 
of speed and distance. Comfortable decelerations on surface streets range from 
approximately 0.15g to 0.4g [17].  However, naturalistic driving studies indicate that 
braking at 0.6g or higher is common, depending on the driver and the driving 
situation [3]. On freeways, where speeds are higher, decelerations of  0.1g to 0.2g can 
be considered high [17, 18]. 

Range, Range Rate, and Time-to-Collision. Forward measures to a lead vehicle are 
of value in a number of investigations.  In general, the range to lead vehicles, when 
considered simultaneously with the range rate (i.e., closing or separating speeds), 
provides an indication of severity, aggressiveness, or criticality.  Range also provides 
a coordinate system on which the interaction between the participant’s vehicle and 
other vehicles, objects or pedestrians can be analyzed for many different driving 
investigations.  The addition of range rate permits kinematic analyses of events, the 
timing of actions, and estimation of alternative outcomes. A short range with a high 
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closing range rate tends to be a risky situation.  As drivers close on lead vehicles, they 
must either decelerate or overtake. More aggressive drivers will demonstrate these 
interactions more frequently than a more conservative driver. When range is divided 
by negative range rate, it indicates the time-to-collision (TTC) if path or speed is not 
altered.  Note that the TTC calculation does not include acceleration of the lead or 
following vehicle.  For this reason, it only provides an instantaneous assessment of 
TTC. If the lead vehicle is braking hard, and the following vehicle is not, the time 
available will be shorter than this TTC computation indicates. Investigations 
involving this type of braking should include acceleration in the computation of TTC. 

Following. When measuring more steady state following situations, headway is 
generally used.  If one vehicle is following another and range is divided by the speed 
of the following vehicle, the value indicates headway.  Similar to TTC, headway is a 
time-based measure which accounts for speed.  Headway is the value often provided 
in driver training, in which a time-based following distance is recommended for 
safety (e.g., 2 seconds or 1 car length for every 16 km/h (10 mi/h)). Headway is 
different from TTC in that it indicates the time available for the following driver to 
match a deceleration of a lead vehicle. Forbes [19] indicated that drivers are 
following, i.e. responding to lead vehicle speed and distance, when headway is 
between 0.5 and 4 seconds.  At longer headways, the following vehicle is involved in 
overtaking and not directly adjusting speed to match the lead vehicle.  Brackstone et 
al. [17, 20, 21] have done considerable work describing how drivers adjust to and 
follow a lead vehicle. 

Steering. Steering provides a good measure of driving performance. Smooth and 
continuous inputs are considered indicative of driver preview of the roadway. When 
steering is smooth, no error has been allowed to build up between where a driver 
wants the vehicle to track and where it is tracking. When an error in lateral position is 
detected or anticipated by a driver, a correction is made. These corrections, often 
referred to as “steering reversals,” can be used as a measure of the difficulty a driver 
is having in maintaining lateral position [22, 23]. Measurement of steering has also 
been used to monitor workload or attention of the driver when additional task 
demands are present, either from driving conditions or secondary tasks [24, 25]. 

Lane Keeping. As introduced in the description of steering, the layout of the road 
lines and edges are essentially a display that drivers are tracking. When a vehicle 
exceeds a lane boundary, it is generally considered an indication of poor driving 
performance.  The standard deviation of lane position is a measure of the lateral range 
within which a driver is holding the vehicle. A limitation of lane position as a 
measure is that there is discussion around the objectives drivers employ in tracking 
and what to judge as poor performance. For example, wandering left from one lane 
into a lane in the same direction on a highway with no other cars around may be 
acceptable and is probably more acceptable than wandering to the right onto the 
shoulder.  Related to this, it is likely that the experienced driver does not continuously 
pursue some precise lane position, but instead seeks to maintain the vehicle within 
some satisfactory range [26]. 
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Lateral Acceleration. Lateral acceleration is used in a similar manner as longitudinal 
acceleration. Percentiles are typically used to quantify what is comfortable for drivers, 
but variability in driving situations restricts the use of this measure alone. Lateral 
accelerations at one speed may be comfortable, while at higher speeds they would not 
be. Observed lateral accelerations exceeding some level are considered a possible 
indication of failure to select an appropriate speed for a given situation. 

Incident or Event. While much of driving is routine, at times an unexpected event 
will occur. Measures of driver performance in these situations provide both system 
design guidance and a method for evaluating the readiness of drivers to respond to 
unexpected situations. Response is considered to be composed of detection, 
recognition, decision, and movement. In the actions of drivers, these phases of 
response are often not clearly defined. For example, as a driver detects something 
ahead, he or she may begin a movement, such as reducing pressure on the gas pedal, 
before fully determining what the object is, what path it may be following, and what 
the best final response would be.  Olson and Sivak [27] measured perception time as 
time to release the accelerator, reaction time as time from releasing the accelerator to 
pressing the brake, and the total time (perception response time) for drivers detecting 
an object in the road ahead.  Lerner [28] measured response time of different age 
groups when a barrel was released into the road.  Measurements of driver braking and 
steering response while using anti-lock braking systems have been collected in the 
simulator [29] and on the test track [30].  Response effectiveness and timing vary with 
factors including driver expectations, stimuli and number of alternatives [4]. 

2   Applications 

The following three applications provide examples of how some of the measurements 
that have been described can be used to guide product design. 

2.1   Navigation System Evaluation  

In the early days of in-vehicle navigation systems, a number of safety-related 
questions were posed regarding different design alternatives. An on-road study was 
conducted to determine if any of the navigation configurations would result in an 
unsafe driving behavior [11]. Driving was measured in the presence of five different 
navigation system alternatives, as well as use of a conventional paper map. Driving 
performance measures included the number of crashes, assessment of crashes causal 
factors, eye glance duration, abrupt lateral maneuvers, abrupt braking maneuvers, 
unplanned lane deviation, dangerously close headways, turn tracking errors, unsafe 
intersection behavior, late/inappropriate reaction to an external event, unplanned 
speed variation greater than 16 km/h (10 mi/h), and stopping in unsafe circumstances. 
This research was used by the system manufacturer for optimizing their system, and 
by the federal government to evaluate the safety of a new in-vehicle system. 

2.2   Risk Perception in Car Following  

While systems which warn or intervene in critical events have received attention for 
sometime, a number of vehicle systems are in development that are intended to  
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Fig. 1. Range, Range Rate, and TTC shown over time (x-axis). As range decreases, a negative 
range rate is created, and TTC approaches some minimum until range stops decreasing. 
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Fig. 2. The distribution of time spent at TTCs between 0 and 10 seconds are shown for younger 
and older drivers 

support drivers in a more ongoing manner. As with most human-centered systems, a 
good reference point for design is to measure how people currently do things. To 
develop this type of understanding in relation to TTC, previously collected 
naturalistic driving data were used [31]. In Figure 1, the two component measures of 
TTC are shown over time (i.e. range and range rate), followed by the computed value 
of TTC in the third plot. 
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In the figure, between approximately 29 sec and 32 sec, as the instrumented 
following vehicle approaches a lead vehicle, TTC decreases to some minimum as 
shown. When vehicles begin separating, TTC has a singularity as range rate passes 
through zero, and then TTC is negative as the vehicles separate. In 8203 trips from 
vehicles in the 100-Car Naturalistic Driving Study [3], following was first identified 
by locating oscillations in following distance behind a lead vehicle. Then, TTC 
measures were collected at each 0.1-sec time sample. These intermediate data were 
used to create a distribution of the amount of time spent in 0.5-sec time bins for a 
younger age group (19-24 yrs) and an older age group (56-68 yrs) (see Fig. 2). 

Though not exactly how a driver would want an automated system to operate, these 
curves provide guidance as to the frequencies these two groups of drivers experience 
TTCs between 10 sec and 0 sec. Due to individual differences, it is likely that 
different drivers have different comfort levels and preferences. 

2.3   Target Detection with Swiveling Headlamps  

Headlamps that swivel have been of interest for many years as a potential way of 
putting light on the vehicle’s path of travel earlier than is possible with non-swiveling 
headlamps. In a study conducted on public roads, McLaughlin et al. [32] placed 
18 cm × 18 cm targets along the roadway and measured the distance at which 
participants detected the targets with swiveling and with non-swiveling high intensity 
discharge headlamps. The targets were placed in right and left curves of radii between 
20-50 m (e.g., intersections) and 215 m. In addition to target detection distances, 
driving performance measures including speed, speed variance, longitudinal and 
lateral acceleration, steering variance, and yaw rate were collected.   

The first iteration of the study indicated that while target detection distances were 
greater with the swiveling lamps in left hand turns, in right hand turns the detection 
distances where shorter. These results, particularly when identified with the curve 
radii in which the differences were found, provided guidance to system engineers. 
After modifying the algorithm that controlled the swiveling, the study was repeated. 
With the modifications, the benefits found in left hand turns were maintained and 
performance in right hand turns was equivalent to performance without swiveling 
headlamps. 

3   Summary 

The measures described here provide a starting point for quantifying driver behavior 
and performance. Selection of the best measures depends on the questions that must 
be answered.  Similarly, a range of methodologies are available to researchers and 
practitioners. For most questions, a trade-off is present between control of conditions 
and fidelity to real world driving. Controlled methodologies are more powerful for 
identifying differences between conditions, but it may be difficult to determine how 
well the results reflect real world outcomes.  Naturalistic studies capture what occurs 
in real world driving, but may have difficulty isolating what factors are influencing 
behaviors and performance.   
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