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1.0 BACKGROUND

Introduction

Several high technology in-cab devices have been proposed for use in heavy trucks. Many of these
devices introduce subsidiary tasks which may compete with the driver’s primary task of safely
controlling the vehicle. Inattention of the driver to a crash hazard is assumed to play a role in 30 to
50 percent of accidents (Treat, et. al., 1977; Sussman, et. al., 1985). The challenge is to determine
the efficiency, effectiveness, and safety of such devices from the driver’s perspective.

In this research program, the Battelle team (which includes members from Battelle and R&R
Research, Inc., a truck driver consultant, and various university consultants) will develop a workload
assessment protocol. This protocol will be able to assess the safety implications of high technology
systems that might be introduced into heavy trucks.

Objective

This report’s major objective is to review pertinent workload and driver performance evaluation
research and to develop a theoretical basis for relating driver workload to highway safety. The team
conducted a selective review of literature that concerned driver performance evaluation, workload
evaluation in a driving context, and risk taking and risk adaptation. An approach for assessment of
in-cab devices was devised from these data and models to establish the safety relevance of workload
measurement.

Organization of the Report

This report is organized in the following way:

. Section 1.0 provides a ftamework for considering driver workload induced by high-
technology in-cab devices and sets out a number of key assumptions.

l Section 2.0 introduces a driver resources approach to in-cab device evaluation. It
provides a review of key references on visual, manual, and cognitive loads induced by
various classes of in-cab devices. It presents a model of visual allocation. It also
includes a taxonomy of in-cab tasks, which is useful for organizing an evaluation
protocol.

l Section 3.0 provides definitions of various classes of driver-vehicle performance
measures which may be suitable for workload assessment. Prototypic in-cab tasks are
presented and then related to various driver-vehicle performance measures with
varying degrees of safety relevance. The likely sensitivity of candidate driver-vehicle
performance measures is inciuded in a matrix to guide selection of measures for
preliminary testing.

l Section 4.0 discusses of risk-taking and risk adaptation associated with high
technology in-cab device use. Section 4.0 also addresses the usefulness of the concept
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of risk-taking and methods to assess risk-taking and risk-adaptation when using in-cab
safety devices.

A General Model of Driver Workload Management

Traditional workload literature, such as Donchin and Gopher (1986); O’Donnell and Eggemeier,
(1986); Hart and Wickens (1990),  addresses the issues of “spare capacity” and the extent to which a
person can do two things at once. There is still no generally agreed upon definition of workload,
despite over 25 years of work. Different researchers find conflicting results; many studies remain
theoretical or methodological in nature rather than oriented toward system development applications.

Hart (1989, cited in Adams, Tenney, and Pew, 1991) attributes this to the artificiality of the
laboratory methods employed in such research. These methods include: pushing people to work to
their limits without opportunity to adopt realistic coping strategies; using trials measured in minutes
rather than realistic intervals of hours; forcing people to respond in particular ways (e.g., immediately
and consistently); and imposing homogenous demands, as opposed to introducing more realistic
sequential as well as overlapping demands of various magnitudes with various costs and benefits.
Hart concludes that such workload assessments do not provide a realistic assessment of what people
can actually do and how they cope with various demands that may sometimes exceed what can be
done.

This led the team to consider the safety implications of driver workload differently. Instead of asking
how many things the driver can do at once, the team became interested how a driver manages
workload by prioritizing and scheduling both driving tasks and in-cab device tasks. This approach
was influenced by  the recent work of Adams, Tenny, and Pew (1991). Adams, et. al. presents a
model of human performance based on a synthesis of literature that concerns human perception,
cognition, text comprehension, memory, and skill. In this model, what the operators perceive is
strongly driven by their understanding of the current situation (schema); their actions are prioritized
and scheduled for execution because of this understanding and their goals. The driver’s schema of
the current situation, then, shapes what is perceived and attended to by a top-down process. Sensory
cues also shapes the current schema by a bottom-up process. A central tenet is that human behavior
is goal oriented and that task scheduling and execution is subordinated to the driver’s goals and
understanding of the current driving situation. Thus, whether a driver focuses on an in-cab task or on
the driving task depends on an understanding of the driving situation, the importance to the driver’s
goals of working on one or the other at the next time interval, and the ease with which the driver can
complete a task, interleave tasks, abruptly halt then smoothly resume an uncompleted task, or delay
task initiation. The following text introduces this approach in order to draw performance predictions.

Figure l-l presents a general model of driver workload, introduces several important points that
relate workload to highway safety. This model attempts to integrate Wickens and Flach’s (1988)
model of decision making with Adams, Tenny, and Pew’s (1991) model of strategic workload and
cognitive management of multiple tasks It also incorporates findings from Task 3 of this project
(Kiger,  et al., 1992). In general, environmental demands (driving conditions, in-cab device demands,
and the effects of operating practices and delays to a schedule) represent the world of the driver on
the road. The driver processes cues from these elements of the world and makes sense of them based
on an understanding of the current situation (schema). This understanding then provides inputs to a
process of task scheduling and driver resource allocation that, when suitably modified by the driver’s
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goals, ultimately determines where the driver next attends and interacts. If all goes well, this process
results in safe driving and safe in-cab device use. However, there are a number of biases or
heuristics a driver may use that can lead to misjudgments about the current driving situation and the
appropriateness of in-cab interactions. Each of the components in the model are presented next.

Operating Practices and Delay. In Task 3 of this project (kiger, et al., 1992), it was found
that heavy vehicle drivers do not think of workload in terms of the momentary demands placed on
them by driving tasks, in-cab device transactions, or other driver activities while on the road. Instead,
they consistently consider workload primarily in terms of time stress caused by delays to their planned
schedule. This finding is consistent with the situational characteristic labeled “management/operating
practices” reported in Clarke, Leasure, Radlinski, and Smith (1987).

The reasons why drivers consider delays to their schedule so stressful are understandable.
If the driver arrives late at a destination, several costs may have to be paid. The driver may be
censured by a dispatcher or warehouse manager. The driver’s pay may be penalized. There may be
a further delay while the driver waits for an available space at the loading dock. The consignee may
not unload a shipment until the next day, forcing the driver to wait and delay the loading of the next
shipment. This is especially troublesome for irregular route drivers who must move from one
destination to the next under tight time constraints. There may be additional physical work if the
driver must do all loading or unloading because warehouse workers or personnel who would have
done this are no longer available. All of these factors create stress in the driver who is behind
schedule.

Delays to schedule can impact the driving condition demands. If the driver tries to make up lost
time, greater demands may be encountered in the driving task perhaps because the driver drives
faster, accepts shorter headways, makes more frequent lane changes, and so on. These adaptations in
driving will reduce driving tolerances and minimize the resources available for in-cab activities. Thus,
tight schedules or delays to schedule may increase the difficulty of the primary task of safely
wntrolling the vehicle at all times.

Delays to schedule can impact in-cab device demands as well. Management practices may require
more voice communications systems use for status reports when a delay occurs. The driver may take
a different route, which perhaps increases the need to interact with a land navigation and routing
system. The driver may be sent more information on a text on a text display about a new route or
change in procedure that will occur at the destination. As these examples illustrate, delays to
schedule can affect in-cab device workload by increasing the frequency or complexity of in-cab device
transactions for communication systems, vehicle routing systems, text messaging systems, and the
like.

Driving Demands. In-cab Device Demands. Driving demands are those placed on the driver
from prevailing driving conditions such as traffic density, roadway type, lighting, roadway geometry,
traction, and visibility. Vision is the prime element in safe driving and the road scene, therefore,
makes unrelenting demands on visual attention. Driving places response demands on the driver as
well. The driver usually has two hands that can be used to perform various tasks. For instance, the
driver can keep one hand on the steering wheel while using the other to manipulate the controls of an
in-cab device. Even so, there are instances where both manual hands must be allocated to driving,
e.g., two-handed steering around a sharp curve or to perform an evasive maneuver.
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Many manual tasks have a visual component. The driver may need to use a visually-guided
movement to acquire a control, even though that control can then be manipulated without visual
feedback (e.g., flipping a light switch on the instrument panel). Alternatively, a driver may need
visual guidance for more or less continuous adjustment of a control until a desired setting is reached,
such as tuning a radio to a specific frequency.

Other effector systems, such as foot pedal adjustments and voice wmmands, play a lesser role in
determining driver workload. Finally, cognitive resources play a role. A driver must continually
interpret visual and other sensory information in order to react to and anticipate driving events, and
keep track of the stream of on-going tasks.

The central thesis of this project is that in-cab devices may demand the same set of driver resources
as the driving task. Resources are limited, however, and the driver largely allocates these resources
to one task at a time. Though the driver may do several things at once, thoughtful or conscious
attention is focussed on one thing at a time. Safety is compromised when in-cab tasks demand
resources and the driver allocates them at inopportune times, relative to the primary task of safety
wntrolling the vehicle at all times.

Explicit Focus; At any moment, the driver is inundated with many sensory cues which wme
from both without and within the cab of the heavy vehicle. There is so much information potentially
available that drivers attune themselves to those cues which are most appropriate to their interests and
knowledge about the current situation (Gibson, 1966). Adams, et al., (1991), adapting theory from
text comprehension, call this focus “explicit focus”. From explicit focus, a limited number of cues
from the world and a rich set of associations that make other knowledge from the operator’s memory
available, are passed on. These contribute to driver understanding, or schemas, of the current
situation.

Explicit focus implies that cues that are relevant to driver’s current tasks and understanding of the
driving situation will be processed readily. Since this focus is attuned to different cues based on
drivers goals and understanding, a salience bias (S in Figure l-l) may arise (Wickens, 1992).Thus,
only a small number of cues are focused on, even though others may be more critical or necessary to
guide action. For example, a driver on an open highway may notice a slow-moving vehicle ahead (a
salient cue) but fail to notice in the west coast mirror, that a motorcyclist has entered onto the
roadway and is closing from behind (au important, but unnoticed cue). The driver may then make a
lane change to overtake the slow-moving vehicle without sufficiently checking the adjacent lane.
Safety is clearly compromised if the motorcyclist is in that adjacent lane.

Implicit Focus. Adams, et al., (1991) present implicit focus as a more or less activated part of
long-term memory which overlaps with explicit focus. Together with explicit focus, this is the locus
of a driver’s schemas. As mentioned earlier, environmental information is selectively processed with
respect to this understanding; it also updates and determines task priorities and scheduling. Adams, et
al. point out that visual attention is largely determined, not by physical characteristics of the stimulus,
but by the perceivers' intentions and goals. Exceptions in peripheral vision are given by sensitivity to
movement and the abrupt onset of display elements (e.g., blinking lights at a railroad crossing).
Nevertheless, busy people show shrinkage in tbe functional field of view such that even these physical
features may be ignored.
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Given that implicit focus (together with explicit focus) is where the driver’s impression of the driving
situation is formed, it is the source of as-if bias (A, in Figure l-l), The as-if bias is a tendency to
proceed “as if” the situation is what it seems to be. For example, the driver passes a parked car
without slowing or making a lane change “as if it will remain parked and not start entering the
traffic lane. The driver diverts attention to an in-cab device “as if” there is nothing ahead on the
roadway to be concerned about. This is believed to be a significant part of the driver inattention
problem which has been reported in crash statistics (e.g., Hendricks, et al., 1992). In this sense the
crash causal factor “driver inattention” is a misnomer; the driver involved in such a crash was
inattentive to the crash hazard, but was attentive to something else.

A related bias in human performance based on a person’s understanding of or hypothesis about the
driving situation, is known as the confirmation bias. Thii is the bias that causes people to seek out
information that confirms their expectations and to ignore diswnfirming evidence. While this bias
was originally found in decision making and fault diagnosis (Wickens, 1992), it may be applicable to
driver workload as well. That is, drivers will seek to affirm, not falsify, their understanding of
driving conditions and allocate resources according to that expectation, whether it is true or not. For
example, a driver who is convinced that the roadway ahead is clear for highway speeds may seek out
additional visual data to confirm that it is safe to continue to drive faster than 45 mph during snow
(e.g., other vehicles are traveling at this speed) and fail to check outside ambient temperature (which
might indicate freezing and ice).

Long-Term Memorv (LTM). Long-term memory may be thought of as being either episodic
or semantic in nature. Episodic memory represents knowledge about specific events: for example,
what happened on the last haul through this intersection or this route. Semantic memory represents
memory for meaning, e.g., how to steer out of a skid. Both kinds of memory are important for
driver situation assessment and Adams, et al., (1991) explain that knowledge in long term memory is
largely latent and can be accessed only with considerable effort or particularly strong cues.

In general, people make use of a ‘representativeness” heuristic (R in Figure l-l) in which people try
to understand a current situation by finding a typical or representative pattern in episodic memory
(Tversky and Kahneman, 1974). For example, the driver who recalls that people have a tendency to
sometimes run a particular stop sign will probably proceed through that intersection with caution.

Task Scheduling. Drivers schedule tasks based on their understanding of the current situation
and their goals. Drivers’ goals and plans determine their actions, direct their attention in certain
directions, define the relevance of certain cues, and so on (Gibson, 1966; Neisser, 1976; Adams, et
al., 1991). It is not possible to discern the nature of the scheduling “table” that the driver uses to
start, stop, interleave, delay, and drop tasks. However, there are two effects associated with
scheduling which may be of particular importance to the evaluation of in-cab device workload. The
first is known as the Zeigamik effect (Zeigarnik, 1965); the second is known as the problem of
framing (Tversky and Kahneman, 1981).

The Zeigamik effect (Z in the figure) states that, when people are interrupted before task completion,
they are strongly motivated to wme back and finish it. In addition, the memory for the task is quite
strong and persists even when the individual knows that the task will not be resumed (Zeigamik,
1965). This suggests that one goal drivers may have is to finish in-cab tasks which they started, Thii
may prompt them to continue to interact with the device and when it is perhaps ill-advised and the
inwmpleted in-cab task will occupy space in working memory when they are not working on it,
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The problem of framing (F in the figure) relates to deciding between two alternatives, one a risk and
the other a sure thing, and the way in which those alternatives are perceived, i.e., as losses vs. gains.
Insurance buying notwithstanding, Tversky and Kahneman (1981) found that people are biased to
choose the risky loss rather than the certain loss, even when the expected loss from the former is
greater. In heavy vehicle operation, drivers might choose between turning back in the face of bad
weather (with the certain delay that will cause) and continuing on (with the risk that they may have an
accident vs. the chance they may get through safely). These options are framed as a choice between
two losses. The framing bias predicts the risky choice (carry on).

On the other hand, when the problem is framed as a choice between gains, the sure-thing is preferred.
Thus, if the driver perceives the same choice as one of ensuring that property and his life are safe vs.
possibly staying on schedule or possibly having an accident, the bias would be toward the former
option. The implication of this for in-cab device workload and highway safety is that, if device
interaction is perceived as a risk with loss consequences (maybe lose data, time and effort) if the
transaction isn’t completed) in the face of certain loss (e.g., have to slow down, have to stop and pull
off the road to be sure the transaction is safely completed), the driver will likely be attracted to the
riskier option.

Recent research into how people schedule tasks has possible applicability to in-cab device use. Tulga
and Sheridan (1980, reported in Sheridan, 1991) had people work on multiple tasks which varied in
importance and duration. Under high stress, subjects tended to do whatever needed to be done in a
hurry regardless of the fact that some other long-term very important task could be worked on ‘ahead
of schedule”. This suggests that, if the driving task is perceived as the most time-limited process,
drivers should attend to it regardless of what in-cab device tasks need to be done. This is evident by
the limits drivers tend to put on glance durations to in-cab tasks (see Section 2-O of this report). On
the other hand, if the in-cab task is considered time-limited and is important to the driver’s goals, the
driver may attempt to finish it and give the driving demands fewer resources. In either event, time-
limiting in-cab devices (or managerial policies on their use) pose a special risk for highway safety
which deserve careful scrutiny.

Action: Resource Allocation and Execution. Once drivers decide on what to do next, they
allocate their resources acwrdmgly. They devote perception and attention to particular aspects of
driving or in-cab device demands, and manual or psychomotor inputs to those demands as well. The
perception-assessment-scheduling-execution cycle then begins again. Subsequent sections of this
report discuss the nature of these resources aud how they may be allocated. It is self-evident that
visual resources are of primary importance to driving.

Hart (1989) has correctly pointed out that pilots (and presumably drivers) will perform
according to the following guidelines:

. Complete tasks within a time window or by a deadline rather than immediately.

l Complete tasks with an acceptable (rather than an optimal) level of performance, and

l Trade-off less important for more important tasks.
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Thus, measures of timeliness are more appropriate than measures of speed, and measures of
acceptable performance are appropriate and specific deviations within that range are irrelevant.
Understanding how tasks are traded off and scheduled becomes highly relevant.

Implications of the Model. The framework presented above leads to the following
implications:

l Drivers will act consistent with their goals and their understanding of the driving
situation (Adams, Tenny, and Pew, 1991). This means that most in-cab technologies
may be used safely most of the time if they are quick and easy to work with.
Otherwise they may not be used at all (Rockwell, 1987), unless operational practices
do not make such device use optional.

l Safety is most likely to be compromised when a driver believes it is appropriate to
work within in-cab device and, in fact, safety hazards exist on the roadway.

l Delays to schedule represent a pervasive stressor which cau increase driving wndition
demand and in-cab device demand.

l Drivers may be able to do many things at once, but they can focus wnsciously on
only one task at a time. Generally, this focus is visual in nature for driving
(Wierwille, 1992).

. Once a driver begins a task, if it is not completed, there is a tendency to want to go
back and finish it (Zeigamik, 1965). Thii impulse to return to the interrupted task
grows with the relevance of the task to current goals and subgoals of the driver.
Inwmpleted tasks take up space in working memory.

l If device interaction is perceived as a risk with loss consequences (possibly lose data,
time, or effort in the transaction isn’t completed) in the face of certain loss (e.g., have
to slow down, pull off the road, or stop to be sure transaction is safely completed),
the driver may tend toward the riskier option which keeps the vehicle on the road and
moving to the next destination.

. Switching one’s attentional focus from task to task can take time and effort. As
Adams, et al., (1991) stated, what a person is thinking about determines the contents
of focal memory and the contents of focal memory determine what the person is
prepared to think about.

. Measures of timeliness, acceptable performance, and tradeoffs among driving and in-
cab tasks are preferred for workload assessment. Some examples of tradeoff strategies
a driver may use are listed in Table l-l.
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Table l-l
Driver Strategies for Coping with High Workload

and the Use of In-cab Devices

When confronted with high workload, drivers are likely to do one or more of the
following:. delay the start of an in-cab interaction

l finish an in-cab interaction before entering a ‘high’ workload driving
condition

l stop an in-cab interaction

. increase attention to one of the concurrent tasks. increase the headway to the vehicle ahead. slow down the vehicle to decrease driving demand

. turn off onto a side road, access road, or other less congested roadway. pull off the road to avoid driving workload altogether. delegate some tasks, perhaps to a team driver or to automation (e.g., turn
on the headway detection system, cruise control)

. accept poorer performance on one or perhaps both tasks [e.g., miss some
information coming in on voice communications, increase lane deviation). narrow the field of attention (e.g., ignore more driving condition factors
in the periphery). rely more on expectations and assumptions than feedback processing. monitor the road scene less often because of attention to the in-cab device
(or vice versa). pursue possible explanations less thoroughly (e.g., while making
decisions about unexpected events).
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Approaches to Establishing the Safety Relevance of Driver Workload

Workload measures must be correlated to safety-critical changes in driver-vehicle performance in
order to relate driver workload demanded by in-cab devices to highway safety. There appear to be
two general approaches to establishing this correlation. The first is termed an actuarial approach,
which attempts to relate in-cab loads to crash incidence. The second is an inferential approach; in-cab
measures are correlated  with driver-vehicle performance measures that have prima facie safety
relevance. A discussion of each of these approaches follows.

Actuarial Approach. This approach to problems occurring with in-vehicle controls (first
applied by Perel (1976), attempts to relate crash statistics to in-vehicle workloads. Perel found,
through a review of detailed accident reports, the proportion of crashes in a North Carolina data base
caused, for example, by lack of attention while tuning the in-car radio. One might use this approach
to determine how several classes of in-cab distractions with different levels of workload relate to
crash incidence.

Figure l-2 presents a block diagram of a refinement to Perel’s approach. The refinement relates
workload to the increased likelihood of crash occurrence:

l First, a data base must be selected with records of sufficient detail to determine the
probable cause of the crash event. The data base must also allow for searches by key
words and phrases related to in-cab tasks (e.g., “attending to radio”, ‘reading a
map”, “taking eyes off the road”, etc.).

l Second, a list of search terms must be developed and refined.

l Thiid, retrieved citations must be screened for those that are not workload-related.
The workload-related citations are then placed in categories, which will likely be
device specific, such as CB, cellular  phone, radio, HVAC, lighter, instrument panel,
map reading, etc.

l Fourth, the relative exposure of device categories (i.e., the base rates of use) must be
estimated. For example, the instrument cluster is used frequently whereas map reading
is performed infrequently. The workload-related citations will reflect both frequency
of use and driver workload. To complicate matters further, some devices in the
vehicle fleet are common (e.g, radio), while others are less so (e.g., cellular phone).
It may be that rank ordering of frequency of use and availability in the fleet will, over
time, be feasible even if more exact estimates are not.

l Fifth, the device workloads must be estimated (e.g., determine visual, manual, or
wgnitive load). Given that a range of in-cab devices with a range of workload
demands are uncovered in the data base, average values of workload (perhaps drawn
from the scientific literature) may be sufficient to characterize the different demands
associated with different crash incidence rates.

l Sixth, a regression analysis must be performed to relate the product of a given
workload level and exposure rating to its associated crash incidence.
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Figure l-2
Block Diagram of the Steps Involved in Relating Accident Data to Workload

I.
Select  Data Base

II. III.

>  Perform Data > Screen-Retrieved
Base Search Citations

IV.
Estimate Relative

Exposure

V.
Estimate
Workload

VI.
Perform> Regression
Analysis
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This actuarial approach has a number of challenges associated with it. These include the availability
of sufficient crash reports which span a range of in-cab device types, the ability to estimate exposure
rates, reporting biases in the database citations, and so on. However, such a model, if constructed,
would represent a substantial stride forward in developing the relevance of workload measures to
highway safety. In fact, this approach is being pursued as part of this contract. More details of the
method employed and results obtained will be provided in a special report once that effort is
completed.

Inferential Approach. The second approach tries to correlate device workload measures to
safety-relevant driver-vehicle performance. Rather than relate workload to crash incidence, workload
is correlated with lanekeeping, gap acceptance, headway maintenance, obstacle detection, or other
measures which are prima facie safety-relevant. The inference is that degraded performance does not
always lead to a crash, but does increase the likelihood of a crash by reducing safe driving tolerances
and the ability to recover in the event of unexpected events.

An example of the approach is provided here. It can be assumed that lane crossings are safety-
relevant. Some lane crossings occur without incident. However, crossing a centerline increases the
risk of a collision with a car traveling in the adjacent travel lane. Crossing the fog line increases the
risk of roadway departure and/or colliding with roadside appurtenances. Therefore, the inferential
approach may lead to an attempt to correlate a workload measure such as glance frequency demanded
of in-cab devices with the occurrence of lane crossings while working with that device. An example
of such a relationship is given in Figure l-3, taken from Burger, Smith, and Ziedman (1989).

Another version of this approach dispenses with correlating device workload measures and
driver-vehicle performance, and looks at performance directly. For example, McKnight and
McKnight (1991),  using an open-loop simulator, looked at the effects of cellular phone use on drivers
reaction to traffic conditions such as stopped cars, traffic signal changes, lane terminations, and
pedestrians stepping into the travel lane. They unobtrusively measured the frequency and correctness
of driver brake, accelerator, and steering inputs. They found that hands-free and eyes-free voice
communication led to slower response and more missed events than did driving without the distraction
of the conversation. The safety implications of this method are obvious.

There are several benefits to using device-related workload measures to correlate with driver-vehicle
performance measures. First, measures like glance duration or glance frequency may be more
diagnostic than driver-vehicle performance in uncovering a workload-related device problem.
Second, such measures may be more reliable (in the statistical sense), sensitive, or responsive to
transient workload. Third, device-specific measures might be combined into a measure of merit (see
Section 2-O) which can be used in a predictive model. Note, however, that if in-cab device workload
is to be considered deleterious to highway safety, driving performance degradation with device use
must be demonstrated under realistic conditions. Therefore, the inferential approach requires both
device-specific measures of workload as well as driver-vehicle performance measures taken during
in-cab device use.

Use of Subjective Workload Measures & Secondary Task Techniques

In subsequent sections of this report, various classes of driver-vehicle performance measures and
device specific measures will be introduced. This subsection briefly mentions the uses to which
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Rgure l-3
Relation Between Average Glance Frequency and Lane Crossings

(Source: Berger, Smith, & Ziedman, 1989)
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subjective assessments might be put. It also presents some reservations associated with the use of
secondary tasks for this project.

Appendix 1A presents a review of selected subjective assessment techniques available in the workload
literature. Subjective methods may be taken during an in-cab device interaction or afterward (perhaps
with the use of a memory aid such as a videotape of the transaction to prompt the driver.).
Furthermore, they can be either absolute assessments or relative assessments (e.g., comparing two
alternative designs, comparing two different transactions with the same device). These measures are
relatively easy to obtain. However, subjective assessments are not necessarily easy to interpret as
reflections of the demands incurred by use of a device. This is because subjective workload
assessments sometimes dissociate with performance and the relationship between the two is not well
understood (Gopher and Donchin, 1986).

One area where subjective assessments are expected to have high value as well as high validity is in
the area of driver acceptance of an in-cab device. Some driver responses to an unacceptable system
include (from Ramsey and Atwood, 1979):

l Dis-use: defeating, ignoring, or otherwise failing to employ the device as its designers
intended;

l Mis-use: shortcutting operational difficulties by means which may undermine system
integrity or intended effectiveness and induce unexpected device demands;

- Partial use: use of only a subset of the full system capabilities;

l Modification of the task: changes in (driving) task behavior to match the needs of the
system.

l Frustration and Apathy: if a device’s use is mandated by operating policy, drivers
who experience frustration and apathy may evidence poor performance (e.g., in
device interaction or driving performance) which can negatively affect efficiency of
operations and highway safety. Frustration and apathy can also be manifested in acts
of sabotage or damage to poorly designed equipment by frustrated drivers.

Subjective methods may best be considered a structured means to gauge how the driver who uses it
feels about the device being evaluated. This can lead to valuable marketing inputs and design
improvements of such devices. Driver subjective workload ratings may also lend some insights into
the driver’s mood or sense of confidence in working with a device. There is considerable recent
empirical evidence in the literature that suggests that one’s affective state can influence such things as
organization in memory, risk-taking tendency, utilities of losses in gambling, and likelihood
judgments for “good” and “bad” outcomes independently (see Isen, Nygren, and Ashby, 1988;
Nygren and Isen, 1985; Nygren and Morera, 1987). Subjective workload measures could be explored
in this project as indicators of the potential affective biases that may actually influence judgments of
mental workload or changes in the dynamic decision making strategies used by drivers. Thus,
subjective assessments merit consideration for inclusion in a workload assessment protocol; they
provide complementary data to other data on driver resource loads and driver-vehicle performance.
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Traditional dual- and multi-task tools (e.g., Damos, 1991) were created to measure workload in a
relatively simple laboratory situation. Subjects perform a clearly-defined primary task. Performance
on a secondary task is treated as an index of primary-task demands. (Only objective methods are
herein discussed-subjective and physiological tools have other problems.) There are at least two
critical assumptions behind this methodology:

(1) Performing the secondary task does not alter primary-task performance (Kantowitz,
1974).

(2) The subject devotes sufficient attention or capacity to the primary task.

The validity of the first assumption can be tested by incorporating appropriate single-task and other
control conditions (Kantowitz, 1985), although there are many potential pitfalls associated with this
methodology (e.g., Kantowitz & Weldon, 1985). In a laboratory environment it is assumed that
subjects performing a dual-task are capable of following instructions (especially with feedback and an
appropriate pay-off matrix) and attending first to the primary task. The likelihood is further increased
by training subjects on the primary task. Performance is always scored on the primary task so that
any failure of this second assumption would be revealed by a performance decrement.

This logic, while still valid for real-world and simulator tasks, depends upon the two assumptions
listed above. These assumptions are less likely to be satisfied in the real world or even in a medium
fidelity simulation of reality, in which case the methodology fails. The issue is even more
complicated because there is no universal secondary task. Any selected secondary task can only be
partially diagnostic, even if the assumptions above are valid.

There is yet another difficulty associated with the use of secondary task workload measures for in-cab
device assessment. This difficulty is namely that use of the to-be-evaluated device is itself a
secondary task relative to the primary driving task! Thus, introducing a workload protocol secondary
task to assess the demand of the in-cab device reflects putting a third level of concurrent tasking on
the driver. The confusion and interpretive difficulties associated with such an approach are easy to
imagine. Secondary task methodology was originally developed from an attempt to determine the
“spare capacity” of the operator. Yet for this project, how many more things the driver could do is
not so important as how many things the driver must be able to do at any given instant. With a given
in-cab device, a safety relevant workload protocol would ideally measure whether primary driver-
vehicle performance and safety is degraded during device interaction under the demands of realistic
driving conditions and driving tasks.

One possible means to productively make use of workload secondary task methods is to distinguish
between unembedded and embedded tasks (see Appendix 1A). An unembedded secondary task is an
extraneous task which has no natural place in the driver’s normal task ensemble. On the other hand,
an embedded task is defined here as one which is a naturally occurring component of the primary
driving task. For example, while the driving task involves lateral and longitudinal control, legitimate
components of the driving task also include object and event detection and wayfinding. Evaluation of
an in-cab device might therefore be augmented in the following way:
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. Assess driver performance on such tasks as object and event detection or wayfinding
in a baseline condition, i.e., under normal conditions (no high technology in-cab
device interaction). Examples of the object and event detection might be driver
response to sudden lead vehicle braking, an object in the roadway, pedestrian stepping
onto the travel lane, traffic signal changes, etc. Examples of the wayfinding might be
measured by driver performance on road sign reading, correct vs. incorrect turns,
lateness in merging into an exit lane, time-of-arrival to the destination, etc. These
types of measures would have safety relevance, operational effectiveness relevance, or
both;

l Collect the same types of measures but during device interaction while driving.
Presumably protocol scenarios would synchronize at least some of the events and in-
cab transactions to insure that comprehensive measurements were taken;

. Compare the baseline data with the in-cab device data to assess the extent to which the
in-cab device introduces subsidiary tasks which compete with driver resources which
otherwise would be devoted to driving tasks.

The details of this embedded task approach have not yet been developed. However, the difficulties
associated with introducing an unembedded workload-secondary task during in-cab device interaction
while driving have been introduced. As will be discussed in subsequent sections, there is value in
introducing embedded tasks which are a natural part of driving into a safety relevant workload
assessment protocol for in-cab devices.

1-16



APPENDIX 1 A

WORKLOAD MEASURE REVIEWS:

TABULATIONS FOR SELECTED SUBJECTIVE AND
SECONDARY TASK MEASURES
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Table 2.1: Modified Cooper-Harper (MCH)

HIGH

VARIED

Intrusiveness: VARIED r subjective and secondary  task measures might compromise safety when
y spaced regular intervals (vs. intermittent during lulls or after task

nvasiveness:

Validity: MODERATELY
HIGH

Hill et al. (1992) support this rating as TLX and other subjective measures have somewhat
higher factor validaties.

intensive electronic and
by a variety of non instrumentation

Ease of Data
Reduction/Analysis: LOW

Rating derived from Lysaght et al. (1989).

Theoretical Basis: HIGH
(ii) the argument that workload is best accessed subjectively (She
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Table 2.2: Overall Workload (OW)

Criteria for Workload Explanation
Measurement Selection

Sensitivity: HIGH Hill et al. (1992) have shown OW to have greater sensitivity than other subjective
measures that Lysaght et al (1989) generally rate as ‘HIGH’.

Diagnosticity: LOW Rating follows Lysaght et al. (1989) for global ratings.

Timing of Measurement: Can be taken more regularly than other subjective measures as it is quickest to obtain (Hill
VARIED et al., 1992). But often must be taken during lulls or after task completion to avoid

intrusiveness.

Intrusiveness: VARIED OW and other subjective and secondary task measures might compromise safety when
taken at closely spaced regular intervals (vs. intermittent during lulls or after task
completion).

Invasiveness: LOW Operators frequently ‘like’ to give their subjective ratings. OW is more liked than MCH and
SWAT as reported by Hill et al. (1992).

Operator Acceptance: HIGH This will be generally high when intrusiveness is kept low, because invasiveness is low.

Reliability: HIGH Rating supported by factor validity findings of Hill et al. (1992).

Validity: HIGH Hill et al. (1992) support this rating (only TLX generally has a consistently higher factor
validity).

Relevance for Safety: HIGH Predicated upon (i) the hypothetical workload-performance relationship (e.g., Lvsaght et al.
1989) and (ii) high sensitivity as indicated by Hill et al. (1992).

Implementation: HIGH OW and other subjective ratings can be recorded by a variety of non instrumentation
intensive electronic and paper means.

cost: LOW Rating is consistent with assessments of Lysaght et al. (1989).

Ease of Data Generally easier than other subjective scales so rating by Lysaght et al. (1989).
Reduction/Analysis: HIGH

Flexibility: HIGH

Theoretical Basis: HIGH

Hill et al. (1992) found that users had least difficulty making OW ratings.

Predicated upon (i) the hypothetical workload-performance relationship (e.g., Lysaght et al.,
1989) and (ii) the argument that workload is best accessed subjectively (Sheridan 1980,
P.11.
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Table 2.3: Task load Index (TLX)  and Raw Variant (RTLX)

Criteria for Workload
Measurement  Selection

Explanation

Sensitivity: HIGH Hill et al. (1992) have shown that TLX appears to have greater
subjective measures that Lysaght et al (1989) generally rate as HIGH. RTLX is highly
correlated (r=.97) with TLX (Byers  et al., 1989).

Diagnosticity: HIGH
I

Rating follows Lysaght et al. (1989) who note that it accesses six scales.

Timing of Measurement:
VARIED

Intrusiveness: VARIED

Can be taken less regularly than most other subjective measures as it takes longer to obtain
(Hill et al., 19921. Often must be taken during task lulls (or afterward) to avoid
intrusiveness.

These other subjective and secondary task measures might compromise safety when taken
at closely spaced regular intervals (vs. intermittent during lulls or after task completion).

II Invasiveness: LOW I Operators frequently ‘like’ to give their subjective ratings. TLX was more liked than OW,
MCH and SWAT as reportedd bv Hill et al. 119921.

Operator Acceptance: HIGH This will be generally high when intrusiveness is kept low, because invasiveness is low.
Operators consistently rated this as ‘Best description of workload’ (Hill et al., 1992).

Reliability: HIGH Rating supported by high TLX factor validity findings of Hill et al. (1992).

Validity: HIGH Hill et al. (1992) support this rating with TLX generally has having consistently highest
factor validity. RTLX was highly correlated with TLX, supporting this rating for it (Byers et
al.. 19891.

Relevance for Safety: HIGH Predicated upon (i) the hypothetical workload-performance relationship (e.g., Lysaght et
1989) (ii) high sensitivity as indicated by Hill et al. 119921, and (iii) high diagnosticity (see
above).

Implementation: HIGH TLX and other subjective ratings can be recorded by a variety of non instrumentation
intensive electronic and paper means.

cost: LOW Rating is consistent with assessments of Lysaght et al. (1989). RTLX will be less costly
than TLX as it avoids a paired comparison step (Byers et al., 1989).

Ease of Data TLX rating by Lysaght et al. (1989). RTLX will be easier than TLX as it avoids handling
Reduction/Analysis: HIGH paired comparisons weights (Byers et al., 1989).

Flexibility: HIGH
I

Hill et al. (1992) found that users found only OW ratings easier.

Theoretical Basis: HIGH

I

Predicated upon (i) the hypothetical workload-performance relationship (e.g., Lysaght et al.,
1989) and (ii) the argument that workload is best accessed subjectively (Sheridan 1980,
0.1). TLX and RTLX are representatives of a six dimensional model of ooerator workload.
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Table 2.4: Subjective Workload Technique (SWAT)

Criteria for Workload
Measurement Selection

Explanation

Sensitivity: MODERATELY
HIGH

Lysaght et al. (19891 rated this “HIGH”. But, Hill et al. (1992) have shown that other
subjective measures appear to have greater sensitivities (based upon larger factor
validaties).

Diagnosticity: HIGH

Timing of Measurement:
VARIED

Rating from Lysaght et al. (1989) as SWAT accesses time-load, mental effort load, and
psychological stress load.

SWAT has been collected at regular intervals during a task when this was not invasive, but
often must be taken during lulls between tasks or after task completion (c.f., Gidcumb,
19851.

Intrusiveness: VARIED SWAT and other subjective and secondary task measures might compromise safety when
taken at closely spaced regular intervals (vs. intermittent during lulls or after task
completion).

Invasiveness: LOW ‘Operators frequently ‘like’ to give their subjective ratings. SWAT less liked than OW and
TLX as reported by Hill et al. (1992).

Operator Acceptance: HIGH This will be generally high when intrusiveness is kept low, because invasiveness is low.,

Reliability: MODERATELY Rating supported by factor validity findings of Hill et al. (19921.
HIGH

Validity: MODERATELY
HIGH

Relevance for Safety:
MODERATELY HIGH

Implementation: HIGH

cost: LOW

Hill et al. (1992) support this rating as TLX and other subjective measures often have
somewhat higher factor validities.

Predicated upon (i) the workload-performance relationship (e.g., Lysaght et al. 1989) and
(ii) moderately high sensitivity.

SWAT and other subjective ratings can be recorded by a variety of non instrumentation
intensive electronic and paper means.

Rating based on Lysaght et al. (1989).

Ease of Data
Reduction/Analysis: LOW

Flexibility: MODERATE

Rating derived from Lysaght et al. (19891. Scaling of ratings adds only marginally when
computer-based analyses are used.

Hill et al. ( 1992) found that many low verbal users had difficulty producing satisfactory
card sorts (a SWAT scaling step). Lysaght et al. (1989) report earlier anecdotal evidence.

Theoretical Basis: HIGH Predicated upon (i) the hypothetical workload-performance relationship (e.g., Lysaght et al.,
1989) and (ii) the argument that workload is best accessed subjectively (Sheridan 1980,
p. 1). SWAT is based on a formal measurement model (Nygren, 1991).
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Table 3.1: Embedded Secondary Task (EST)

Sensitivity: GENERALLY
HIGH (BUT CAN VARY). is focus, e.g., Kahneman,

MODERATE

Invasiveness: LOW

discussion above.

: GENERALLY HIGH

TO HIGH ask. Instrumentation should also be most accommodated for

Ease of Data Rating is based upon the possible complexities o

relationship and (ii) arguments that ESTs provide a direct measure of relevant reserve
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Table 3.2: Choice Reaction Time (CRT)

Criteria for Workload
Measurement Selection

Explanation

Sensitivity: MODERATE Lysaght et al. (1989) rated this as ‘moderate* based upon Bortolussi et al. (1986; 1987),
who did not use cast in slope-intercept form. CRT (1 and 4 choices) exhibit moderately
high reliability efficiencies (Bittner  et al., 1986), supporting this rating.

Diagnosticity: LOW Rating is in contrast with ‘moderate’ rating of Lysaght et al. (1989), who based their’s on
diagnostic use of the slope and intercept measures (following Wickens et al , 1986). But,
questions of the statistical reliability of CRT (and other) slope measures leads to the
modified rating (cf., Carter et al., 1988, Bittner et al., 1986).

Timing of Measurement:
VARIED

CRT has been collected at regular intervals during a task when this did not interfere with
safety but, as Schiflett 11980) found with the Sternberg item recognition task, may be
abandoned if this is the case.

Intrusiveness: VARIED Safety not a question when CRT is used in simulator. But may interfere with primary task
safety in operational (e.g. experienced by Schiflett, 1980 with Sternberg).

Invasiveness: VARIED Operators may see CRT as part of the job in a laboratory setting, but feel encroached upon
in operational setting (per informal comments following Schiflett’s analogous task).

Operator Acceptance:
VARIED

Lysaght et al., rate this as ‘MODERATE’. But this may be either “HIGH” when
intrusiveness and invasiveness are low (lab settings), or ‘LOW’ when either or both are
low.

Reliability: MODERATELY
HIGH

Biiner et al. (1986) support this rating.

Validity: MODERATE Supported by historical definition (Donders,  1868) but instability of slope scores 1986)
under extended practice is troublesome (ca., Teichner and Krebs, 1974).

Relevance for Safety: Predicated upon (i) the hypothetical workload-performance relationship (e.g., Lysaght et al.
MODERATE TO HIGH 1989), and (ii) application to access remaining capacity.

Implementation: MODERATE CRT procedures and instrumentation should be accommodated in most settings, but could
be troublesome in some high display environments.

Cost: MODERATE Rating consistent with assessment of Lysaght et al. (1989).

Ease of Data
Reduction/Analysis:
MODERATE TO HIGH

Rating is based upon the possible complexities of differential tradeoffs between the CRT
and primary (analogous to speed-accuracy tradeoffs).

Flexibility: MODERATE

Theoretical Basis:
MODERATELY HIGH

CRT may be troublesome to use an on-road studies.

Predicated upon (Lysaght et al., 1989): (i) the hypothetical workload-performance
relationship, and (ii) arguments that the CRT would provide a measure of reserve
capacities (but not as relevantly as with ESTs).
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Table 3.3: Sternberg Memory Task (SMC)

Criteria for Workload
Measurement Selection

Sensitivity: MODERATE

Diagnosticity: LOW

Lysaght et al. (1989) rated this as ‘moderate’ based largely on the review of Wickens et
al. (1988). SCM 1, 2, and 4 item tasks exhibit moderately high reliability efficiencies
(Bittner et al., 1986), supporting this rating for separate measures.

Rating is in contrast with ‘moderate’ rating of Lysaght et al. (1989), who based their’s on
diagnostic use of the slope and intercept measures (cf., Wickens et al , 1986). But,
questions of the statistical reliability of SCM (and other) slope measures leads to the
modified rating (cf., Carter et al., 1986, Bittner et al., 1986).

Timing of Measurement:
VARIED

SMC has been collected at regular intervals during a task when this did not interfere with
safety but, as Schiflett (1980) has found, may be abandoned if this is the case (Wickens  et
al. 1986 also note problem of operators “shunning* task in high workload settings).

Intrusiveness: VARIED ‘Safety not a question when SMC is used in simulator. But may interfere with primary task
safety in operational settings (cf., Schiflett, 1980).

Invasiveness: VARIED Operators may see SCM as part of the job in a lab setting, but feel encroached upon in
operational setting (per informal operator comments following Schiflett, 1980).

Operator Acceptance:
VARIED

Lysaght et al. (1989) rate SCM as ‘MODERATE”. But this may be either ‘HIGH” when
intrusiveness and invasiveness are low gab settings), or ‘LOW’ when either or both are
low.

Reliability: MODERATELY Bittner et al. (1986) support this rating for individual item scores, but not either for slopes

Cost: MODERATE Rating consistent with assessment of Lysaght et al. 11989).
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Table 3.4: Time Estimation Task (TET)

Criteria for Workload
Measurement Selection

Explanation

Sensitivity: MODERATE
(BUT CAN VARY)

Lysaght et al. (1989) rated this as ‘MODERATE’ on combined results of Wierwille et al.
(1985) and Bortolussi et al. (19861. But, Bittner et al. (1986) summarize results that
indicate cross-day instability that can reduce sensitivity in cross-day studies.

Diagnosticity: LOW Rating is in contrast with ‘MODERATE’ rating of Lysaght et al. (1989) who did not
consider measures limited content.

Timing of Measurement:
VARIED

TET has been collected at regular intervals during a task when this did not interfere with
safety but, similar to the Sternberg experiences of Schiflett (1980) and Wickens et al.
(1986), may be ‘shunned” during respectively hazardous or high workload conditions.

Intrusiveness: VARIED Safety not a question when TET is used in simulator. But may interfere with primary task
safety in operational settings (as indicated above).

Invasiveness: VARIED Operators may see TET as part of the job in a lab setting, but may feel encroached upon in
operational setting (albeit perhaps less than with other secondary tasks as indirectly
suggested by Hart, 1986).

Operator Acceptance:
VARIED

This may be relatively higher than all but embedded secondary tasks. But the potential
exists to be either ‘HIGH’, when intrusiveness and invasiveness are low (lab settings), or
‘LOW’ when either or both are high.

Reliability: MODERATE (BUT Bittner et al. (1986) support this rating based upon modest reliabilities compounded by
CAN VARY) cross day instabilities.

Validity: MODERATE Supported by historical definition (cf., Vroon, 1976) but cross-day instability is
troublesome.

Relevance for Safety:
MODERATE TO HIGH

Implementation: HIGH

Predicated upon (i) the hypothetical workload-performance relationship (e.g., Lysaght et
1989), and (ii) application to access remaining capacity.

TET’s simple procedure and low instrumentation requirements will result in it all being
accommodated in almost all settings.

Cost: MODERATE Rating consistent with assessment of Lysaght et al. (1989).

Ease of Data
Reduction/Analysis:
MODERATE TO HIGH

Rating is based upon the possible complexities of differential tradeoffs between the TET
and primary task (analogous to speed-accuracy tradeoffs).

Flexibility: MODERATE

Theoretical Basis:
MODERATELY HIGH

TET may be troublesome to use an on-road studies.

Predicated upon (Lysaght et al., 1989): (i) the hypothetical workload-performance
relationship, and (ii) arguments that the TET would provide a measure of reserve
capacities (but not as relevantly as with ESTs).
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2.0 A DRIVER RESOURCE ALLOCATION MODEL OF IN-CAB DEVICE WORKLOAD

Introduction

The problem to be solved in an inferential approach to safety relevance is to develop the relationship
between workload and safety (if it exists). The difficulty with developing such an approach is that the
highway transportation system of the U.S. (as well as elsewhere) is usually a forgiving one. There
are many examples of this. A few are indicated:

l Interstates and improved U.S. highways are much wider than cars and usually wider
than heavy vehicles (HVs).. Thus, some weaving or lane deviation can be tolerated.

l Other drivers can evade or otherwise compensate for a problem created by a specific
driver by using the direct visibility and mirror systems that are currently available.

l Vehicles are equipped with safety devices such as horns, stop-lights,
center-high-mounted tail lights and marker-lights which increase the likelihood of a
driver detecting an impending conflict with another vehicle. Presumably, Intelligent
Vehicle Highway System (IVHS) crash avoidance countermeasures (e.g., headway
detection and warning systems, near object detection systems) will increase this hazard
detection potential further.

l Roadway shoulders are designed so that, if a driver does deviate from the roadway,
the driver can usually recover control.

Because of this forgiving design, there are probably many workload-induced problem situations which
occur that do not result in accidents. For example, a driver who diverts attention to a cellular phone
may not maintain adequate visual scan of the forward scene or may not maintain adequate
lateral-directional control of the vehicle. Nevertheless, the occurrence of an accident remains unlikely
because of the forgiving nature of the system. However, the margin of safety is reduced in such
situations. If the appropriate accident records were available, they would probably reflect greater
accident frequency in the accident population at large. Thus, the inferential approach does not link
workload measures with accidents but rather with increased hazard exposure (the increased likelihood
or severity of a crash).

Because the highway system is fault-tolerant, it is difficult to develop safety-relevant criteria for
workload. The highway system absorbs driver errors so that workload-related difficulties  do not
necessarily map into a one-to-one relationship with accident statistics, particularly for small samples.
This suggests that some other method must be developed for generating safety-relevant criteria. A
new approach must necessarily be based on assumptions about the relationship between safety and the
use of driver resources. These assumptions would probably be considered acceptable if they were
reasonably conceived.

The resource allocation approach is a new method of developing safety-relevant criteria. This concept
specifies the general categories of resources that HV drivers require, excluding in-vehicle tasks, and
then determines or assesses the degree to which the in-vehicle tasks-of-interest encroach on the
driving task. In other words, the driver performs both the primary task of driving the vehicle and a
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secondary task that is the specific in-cab task being analyzed. The in-cab task uses some of the driver
resources needed to perform the primary task, and thereby reduces the margin of safety but only if
excessive resources are used.

The driver is represented by a pool of resources. When the driver performs only the primary task of
driving, these resources can be dedicated to the driving task. On the other hand, when the driver
performs an in-cab task, some of the driver’s resources must be diverted to the in-cab task, thus
leaving a less-than-full complement for driving. It can be assumed that, the greater the incursion into
driver resources caused by the in-cab task, the greater the risk associated with performing the task.
Risk can be minimized and safety can be maximized by reducing incursions into driver resources
caused by in-vehicle tasks. Through a process of evaluating device demands for driver resources,
improvements to device design can be made in a more informed manner.

Review of Driver Resources

The resources that the driver brings to the driving task are relatively easily stated and can be
reasonably well specified. This section reviews these resources and provides a ranking
in terms of importance.

Visual Resource. It has been estimated that about 90 percent of all information that a driver
uses for the primary task of driving is obtained visually (Rockwell, 1972). Auditory and
proprioceptive/tactual  cues play a small role, but are not essential for driving. Deaf drivers generally
have little difficulty in performing the driving task. Similarly, ordii drivers are able to drive
fixed-base simulators that have physical motion cues deleted. However, it is impossible to drive a
vehicle with eyes closed because the driver performs the loop closure operations, hazard detection,
and navigation using visual inputs. Thus, visual loading caused by in-vehicle tasks must be given
careful consideration.

There are, in fact, two forms of visual resources: foveal and peripheral. Foveal vision, which
provides high resolution capabilities, allows the driver to gather detailed information. Peripheral
vision is important because it provides motion impressions (flow cues) and can be used to detect
potential hazards, particularly those that are in motion relative to the driver.

It has been demonstrated in different settings that, as the load imposed by the foveally fixated task
increases, the functional field of view shrinks (Ma&worth, 1976). Therefore, although the driver
must often foveally fixate towards a source at the edge of the peripheral field to attend to it, the
likelihood that this source will attract attention is reduced the more the driver uses foveal attention
(Rockwell et. al., 1977).

Normal drivers have only one foveal resource. Human eyes work as a system and cannot be
decoupled from one another and used separately (for example, to observe the forward view and an
in-vehicle display at the same time). The only way that the driver can gather detailed visual
information from sources at different positions is to move the foveal resource about in time, that is, to
sample or time-share. This fact has profound ramifications for the design of in-vehicle displays. If
the displays require that the driver extract detailed information, then they will create a demand on the
driver’s foveal visual resource.

2-2



One means to reduce the distance between the road scene and instrument panel visual displays is to
project that same information via a Head-Up Display (HUD). A HUD is a virtual-image display in
which the symbology typically appears located at some distance beyond the cockpit, cab, or
workstation (Weintraub and Ensing, 1992). HUD applications for cars or trucks are currently being
developed. From the standpoint of driver workload, there are at least two major issues surrounding
HUD applications which deserve mention here.

One potential problem with Head-Up Displays is known as cognitive capture. Studies of dynamic
visual attention have indicated that selection between two spatially overlapping objects (e.g., HUD
image vs. background road scene) is often complete. For example, Neisser and Becklen (1975)
simultaneously presented films of a handgame and a ballgame on the same screen. Subjects instructed
to count the number of exchanges in, say the handgame showed very little awareness of the irrelevant
ball game, or of unexpected events (e.g., a girl with a parasol promenading behind the ballgame
players). That this is not just a laboratory artifact comes from an analogous study by Fischer,
Haines, and Price (1980) of a HUD in a flight simulator. Pilots making a landing approach by means
of the HUD were slow to detect an object (e.g., simulated aircraft which appeared to taxi onto the
same runway for takeoff) because they did not attend to the object, even though they “saw” it. Given
the much greater visual demand of driving vs. flying, any non-trivial application of HUD technology
to cars and trucks deserves significant evaluation. It is possible that cognitive capture occurs only
with complex or compelling displays. If so, this is especially of concern for HUD applications which
might project visually complex or compelling images such as terrain maps or frequently moving
gauges or icons. Furthermore, edges and displayed images on LCD displays and HUDS may obscure
vision though they are otherwise transparent (Chong and Triggs, 1989; Iavecchia, Iavecchia, and
Roscoe, 1988). Thus, HUD technology may induce perceptual loads of its own.

A second potential source of driver load with HUDs is primarily visual rather than perceptual in
nature. Weintraub and Ensing (1992) discuss at length HUD symbology parameters and
recommendations for symbol contrast, symbol size, font design, spacing, resolution, and the like. It
is important to insure that HUD symbols or images do not provide a visual mask to critical road
scene information. An example might be a pedestrian stepping onto the driving lane who is not
noticed early on by the driver because the HUD symbology effectively obscured that portion of the
road scene. Clearly, there are many issues associated with this aspect of HUD evaluation as well.

The technical challenges to evaluating HUD displays are formidable. It is quite possible that
attentional affects might be uncovered using more sophisticated eye movement techniques than visual
allocation. Examples of possibly sensitive workload measures might be vergence eye movements or
reduced visual scanning. There are substantial difficulties associated with collecting such measures in
a heavy truck on the road. Thus, such an assessment will be of lower priority than visual allocation
in the face of time or budget constraints. This is in keeping with the greater applicability of other
assessment procedures to be developed in this project and the currently low incidence of HUD
applications in heavy vehicle applications. However, as HUD use grows, the importance of
developing appropriate measures of the loads imposed on the driver grow as well.

Given the importance of visual allocation to safety and interface evaluation, it is not surprising that a
good deal of work has been done on assessing the visual demands of conventional and advanced
technology in-vehicle devices. Research has shown that the driver ordinarily employs a visual
sampling strategy to complete in-vehicle tasks. The driver samples between the forward view and the
in-vehicle device as shown in Figure 2-l (Wierwille, 1987; Wienville, 1992; Kiger, et. al., 1992).
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in-vehicle device as shown in Figure 2-1 (Wierwille, 1987; Wierwille, 1992; Kiger, et. al., 1992).
The driver samples the in-cab task, returns to the driving scene, samples the in-cab task once again,
returns to the driving scene, and so on until the in-cab task is completed.

Senders, Kristofferson, Levison,  Dietrich, and Ward (1967) showed that, on a closed section of new
highway, a driver could drive a vehicle with samples only, that is, using a helmet with a visor that
periodically occluded the forward view.

They concluded that:

l A driver can drive with samples of the forward view.

. Between samples, the driver becomes uncertain.

. When the uncertainty reaches a threshold, the driver needs new samples of the
forward view.

Of course, it can be assumed (and later work has indeed shown) that more closely-spaced samples are
necessary when roadways are sharply curved or there is traffic. Time-to-Line Crossing (TLC) is a
measure developed by Godthelp, Milgram, and Blaauw (1984) that is closely related to the Senders, et
al. work. TLC assumes that uncertainty is directly related to the amount of time it would take for the
vehicle to cross the center line or fog line assuming the steering wheel is held constant. TLC does
not yet account for traffic, emergencies, crosswinds, or transverse roadway disturbances (Tijerina, et
al., 1991) so the Senders et al. concept might be more robust. This work shows that in-vehicle
devices must be designed so that the driver can get enough samples per unit time of the forward view
to insure safety. In other words, the length and number of samples per unit time that a driver must
spend on an in-vehicle device cannot be excessive.

Research characterizing the nature of driver visual sampling began quite recently. One of the earliest
studies that examined sampling of in-car displays and controls was by Mourant, Moussa-Hamouda,
and Howard (1977) (also Mourant, Herman, and Moussa-Hamouda, 1980). Their study compared
five different types of stalk controls and three different types of panel controls. The results of the
study indicated that the frequency of direct looks increased as the reach distance increased, and that
direct looks were slightly longer for stalk controls than for panel controls.

In pioneering studies, Rockwell (1988) examined the in-car glance durations and number of glances
for radio and mirror tasks. He used a cross section of drivers in traffic. He found that individual
glance times into the car clustered around 1.25 seconds, and, that for radio tasks such as tuning, four
or five glances were required (See Table 2-l). Based on the results of the experiments, Rockwell
concluded that there was a fairly consistent time-sharing strategy for performing instrument panel (IP)
tasks while driving, that individual glance length was relatively consistent, and, that for complex
tasks, more glances were required.

Bhise, Forbes, and Farber (1986) extended Rockwell’s work to a greater variety of tasks. In
summarizing their results, they indicated that single glance times to the IP do vary somewhat with the
type of task, and number of glances varies greatly with the type of task (see Table 2-2).
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Table 2-l
Summary of Glance Duration Data for Conventional Tasks (Rockwell, 1987)

LEFT MIRROR l B 100 1.22 1.15 .28 .94 1.80

C 72 1.10 1.10 .33 -70 1.70

‘Commanded mirror looks of discrimination

Note: All data given in seconds.
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Table 2-2
Summary of Results Presented by Bhise, Forbes, and Farber (1986)

Summary of Results Presented by Bhise, Forbes, and Farber (1986).

Tasks Requiring a Single Glance

Task Mean Glance Duration (Seconds)

Read Analog Speedometer
l Normal   0.4 to 0.7.   check.  Exact Value

0.8
1.2

Read Analog Fuel Guagc 1.3

Read Digital Clock 1.0 to 1.2

Tasks Requiring Several Glances

Number of Mean Glance

Task
Tum on Radio, Find Station, Adjust Volume

Read all Labels cm a 12-Button Panel

Glances Duration (Seconds)

2to7 1.1

7tol5 1.0
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Recently, Dingus, Antin,  Hulse, and Wierwille (1989) performed a study in which in-car conventional
and navigational tasks were compared in terms of visual glance times and number of glances. This
research was performed in an instrumented vehicle on public roads with an operational, computerized,
moving-map navigation display. The results of their study (Tables 2-3 and 2-4) showed very clearly
that total visual demand (the sum of individual glance lengths into the car) varies markedly with the
task.

It ranged from 0.78 second for reading speed up to 10.63 seconds for determining the name of the
roadway where the next turn was to be made. Single glance lengths varied somewhat more than
previous studies had indicated, with a range of 0.62 to 1.66 seconds. The average number of glances
ranged from 1.26 to 6.64. This latter result agrees with earlier work, but is more comprehensive.

The results of these studies demonstrate several important relationships. First, they show the
relatively narrow range of single glance times and the relatively broad range of number of glances.
The results also show that gathering information for several navigation tasks and certain other
conventional tasks such as radio tuning, demand much visual attention. Most importantly, the driver
does not, on the average, allow single glance times to exceed about 1.6 seconds in normal highway
driving conditions, even for complex information gathering tasks. Instead, the driver returns to the
forward scene, attends to the driving task, and then returns to gather additional in-car information.
This process continues until the task is completed.

A model for visual sampling can be developed as shown in Figure 2-2 (Wierwille, 1992). This is a
logic model and is based on the experimental data just cited. The model is normative and
deterministic. As shown in Figure 2-2, when a driver begins to perform an in-vehicle task, the driver
does so by glancing to the appropriate location. Information extraction (chunking) begins as time
passes. If the information can be chunked at about 1 second or less, the driver will do so and will
then return glance to the forward scene. On the other hand, if chunking takes longer, the driver will
continue to glance at the location for a bit longer. However, in doing so, the driver senses time
pressure to return to the forward scene. If the glance to the in-car location continues up to about 1.5
seconds and the information cannot be chunked, the driver will return glance to the forward scene
anyway, and will try again later. On the other hand, if chunked information can be obtained within
about 1.5 seconds, the driver will extract the information and return to the forward scene. Additional
samples would be handled in exactly the same way, until the driver obtains required visual
information. Note, this process uses working memory of the previous glance to guide a subsequent
glance. Furthermore, working memory must be allocated to concentrate all chunks into a single
coherent “message”.

The model depicted in Figure 2-2 is admittedly too deterministic. Drivers do not measure elapsed
time accurately and they do not consciously decide whether the available information. can be chunked.
Furthermore, they do not use the logic flow as specifically as it is shown. Nevertheless, the model
does explain the processes that must be taking place that limits the lengths of glances to in-cab
displays and controls.
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Table 2-3
Total In-car Glance Times for a Variety of Conventional and Navigation Tasks

(Dingus et al, 1989)

Task
Standard

Mean* Deviation

Speed 0.78 0.65

FolIowing Traffic 0.98 0.60

Time 1.04 0.56

Vent 1.13 0.99

Destination Direction

Remaining Fuel 1.56 0.95

Tone Controls 1.59 1.03

Info. Lights

Destination Distance 1.83 1 .09

Fan 1.95 1.29

Balance 2.23 1.50

Sentinal 2.36 1.71

Defrost 2.86 1.59

Fuel Economy 2.87 1 .09

Correct Direction 2.96 1.86

Fuel Range 3.0 1.43

Cassette Tape 1.59 + 1.64” 1 0.96 (0.59)”

Temperature 3.50 1.73

Heading 3.58 2.23

Zoom Level 4.00 2.17

Cruise Control 4.82 3.80

Power Mirror 5.71 2.78

Tune Radio 7.6 3.41

Cross Street 8.63 4.86

Roadway Distance 8.84 5.20

Roadway Name 10.63 5.80

* Time required to search for and orient cassette tape.--* * Mean total glance time is the product of mean glance duration times mean dance frequency.

Note: All times given in seconds.
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Table 2-4
Average Length and Number of In-car Glances for a Variety of Conventional

and Navigation Tasks (Dingus  et al, 1989)

In-car Single Glance
Length

Number of Glances

Standard Standard
Task Mean Deviation Mean Deviation

Speed 0.62 0.48 1.26 0.40

Following Traffic 0.75 0.36 1.31 0.57

Time 0.83 0.38 1.26 0.46

Vent 0.62 0.40 1 .83 1.03

Destination Direction 1.20 0.73 1.31 0.62

Remeining Fuel 1.04 0.50 1.52 0.71

Tone Controls  0.92  0.41  1.73  0.82

Info. Lights 0.83 0.35 2.12 1.16

Destination Distance 1.06 0.56 1.73 0.93

Fen 1.10 0.48 1.78 1.00

Balance 0.86 0.35 2.59 1.18

Note: Glance length given in seconds.
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One of the major questions for in-cab device-use concerns the limits on sample lengths and the
number of samples that should be considered acceptable. Zwahlen, Adams, and DeBald (1988) in
performing work on simulated touch entry devices (TEDs) have suggested that in-vehicle devices
should not require mean single glance lengths greater than about 1 second and number of glances
greater than about three. Wierwille (1992) believes that mean single glance lengths of 1.25 seconds
should be considered acceptable, although values shorter than this are preferred. In terms of number
of glances, a limit of about six is probably acceptable, particularly when mean single glance times do
not exceed 1.25 seconds. Yet longer glance durations and greater glance frequencies were observed
for the subjects in Task 3, suggesting that perhaps under certain low demand driving conditions these
kinds of looking behaviors do not compromise safety. Clearly, what is needed at present is better or
more objective information on which to base such judgments. Additionally, information is needed on
how to design advanced-technology devices so that they do not require mean glance durations or
number of glances above specified criteria. Such information does not presently exist.

Given a free choice, drivers would prefer not to glance at the appropriate location for more than
about 1 second. They will do so, however, under many circumstances if they must. They will not
usually glance away from the road for more than about 1.6 seconds. While it varies somewhat with
the individual driver and the driving conditions, each driver has an upper bound. Time pressure and
forward scene uncertainty build to the point that the driver is compelled to return glance to the
forward scene. Wierwille, Hulse, Fischer, and Dingus (1988) and Kurokawa and Wierwille (1990)
have found that drivers behave as might be expected from the model presented in Section 1.0 of this
report:

l As roadways become more difficult to drive, the probability that the driver’s eyes will be on
the roadway increases and the probability that the driver’s eyes will be on an in-car navigation
display decreases by about the same amount.

l Glance length to the forward driving scene increases with increased traffic density and the
possibility of an impending conflict. Under similar conditions, the probability that the
driver’s eyes will be on an in-car navigation display decreases.

l As crosswind disturbance levels increase while the driver performs various conventional m-car
tasks, single glance length to the roadway increases and single glance length into the car
decreases.

All of these results and those reported by Rockwell and others indicate that, as predicted by the model
given in Section 1 .O, drivers adapt their task scheduling strategies according to their assessment of the
driving situation and emphasize the driving task as appropriate. This important result is well captured
by Rockwell (1987):

Our driver is generally resistant to the electronic temptations placed before him on the
instrument panel and limits his excursion from the road to less than 1 l/2 seconds.
As long as these temptations are optional . . .,, he will pay the price in more glances but
not longer glances- Hopefully, his visual frustration will be paid for in the
marketplace where poor ergonomic designs will meet rapid obsolescence. (p. 324).

A significant caveat for the commercial vehicle operator is that in-cab device use may not be
perceived as optional (e.g., replies to a dispatcher).
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Manual Resource. Ordinarily drivers have two hands with which to perform the driving task.
One hand is generally sufficient to maintain steering input and make small corrections. Viano,  Patel,
and Ciccone (1989) analyzed arm position from films of nearly 2,000 vehicles and reported that the
average driver used an armrest 34.4 percent of the time on the open road and the driver’s left hand
was on the steering wheel 69.6 percent of the time when stopping at intersections. The manual
activity analysis reported in the Task 3 interim report for the current project (Kiger, et al, 1992)
indicated that, in a field study of heavy vehicle drivers, both hands were on the wheel less than half
the time. This suggests that drivers often can drive with only one hand, as appears to be the case,
based on intuition.

Larger corrections and turns generally require the use of both hands. If the vehicle has a manual
transmission or requires the use of additional levers or controls, the driver must time-share one hand
between that extra task and the steering wheel task. Experienced drivers generally learn to perform
such time-sharing proficiently, and seldom think about the process. There are nevertheless occasions
when part of the manual task must be delayed slightly. When turning a sharp comer, for example, a
driver will try to delay shifting gears while the steering wheel is in motion, so that both hands can be
used on the wheel to obtain more complete control.

For in-vehicle tasks, most of which are performed on straight or only slightly curved sections of road,
the driver can ordinarily make a hand available for in-cab device use. Hand-off-wheel time has been
measured in at least two studies (Kurokawa and Wierwille, 1990; Hayes, Kurokawa, and Wierwille,
1989). Their results show that, for conventional tasks, mean hand-off-wheel time ranges from about
1.25 seconds (press one of three buttons on a radio) to about 12.5 seconds (press AM/FM, then tune
to a specific frequency using a digital dial and rate change tuning control). However, it is also
important to note that the steering wheel is not always “a home base” for the hands (Kiger,  et. al.,
1992).

In many cases, hand-off-wheel time “tracks” (follows the same time course) as task completion time
since more complex in-car tasks combined visual-and-manual tasks. For target acquisition tasks
(primarily manual tasks in which the driver must position his hand to a discrete control such as a two
state button or switch), the relationship between hand-off-wheel and visual allocation is likely to be
predicted well by Fitts’ Law (Jagacinski, 1989). That is, the smaller the control and/or the further
the travel distance to reach that control, the longer the hand is off the wheel and the eyes are off the
road. For continuous adjustments which are visually guided (e.g., tuning a radio, tabbing to a
desired menu option) both of these values increase substantially. An exception to the rule that visual
allocation and manual allocation track together may be for highly overlearned adjustments where non-
visual feedback is available (e.g., shifting gears, engaging turn signals).

It is probable that while the hand is attending to the in-vehicle task, the driver has somewhat less
capability in maneuvering the vehicle in the lateral-directional mode. However, assuming detection of
a hazard has occurred, it does not take long to bring the hand back to the wheel to perform an
emergency maneuver. Thus, manual demand of in-vehicle tasks has a cost in terms of driver
capability, but it is relatively small. It must be recognized, however, that the manual demand of an
in-vehicle task cannot be treated in isolation. As discussed above, eye-hand coordination is necessary
for most manual inputs to the IP (instrument panel) which creates additional visual load. This is an
important consideration in the design of electronic in-vehicle controls, since control usage usually
includes a visual cost.
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Cognitive Resource. There is a cognitive component associated with the primary task of driving
as well as with most in-vehicle tasks. This can be relatively small, as in the case of driving on a
good road with low traffic density, or in adjusting the volume of a radio. There are other cases where
cognitive load can be high; such as when the driver attempts to interpret confusing route or direction
signs in the forward view, or complex visual displays in the cab.

It might appear that cognitive load is not very important because a driver can easily shift attention to
the primary task of driving if the driver detects a hazard either by visual or auditory means. If this is
so, then it would appear that cognitive load, though high, has little bearing on safety or accident rate.
Closer examination indicates otherwise. Cognitive load can result in perceptual narrowing and
temporary rejection of apparently irrelevant stimulus information (Broadbent, 1958; Moray, 1981).
Cognitive load is also likely to draw foveal vision to a specific area or device, thereby temporarily
suppressing visual scanning, which may be needed for hazard detection. Thus, sharing cognitive
resources can reduce the margin of safety.

Cognitive load is also difficult to assess, because, unlike visual and manual load, it cannot be directly
measured. Ordinarily a researcher must resort to workload estimation procedures, such as opinion or
response measures, which are subject to inaccuracies. In general, one can usefully relate cognitive
load or attention with foveal vision (Wierwille, 1992). However, there are instances where the in-cab
device has no visual display and requires no manual input, e.g., hands-free voice communications
systems. Here, three studies have been conducted whose methods show promise for indicating the
level of cognitive load. These three studies are similar in that no visual or manual loads are present
for the telephoning task, i.e., manual dialing or handset holding are excluded (cf. Stein, Parsegian,
and Allen, 1987).

Brown, Tickner, and Simmonds (1969) conducted one of the earliest on-the-road assessments of
cognitive load in the absence of device-induced visual or manual loads, i.e., the use of hands-free
mobile telephones. In this study, drivers actively listened to logical propositions (A follows B) and
applied the propositions to test cases (BA), after which the driver had to vocally respond "true” or
“false”. Results indicated that when engaged in such a “telephoning” task, the drivers errors in gap
acceptance judgements increased (they more frequently tried to drive through gaps smaller than the
car and slightly fewer gaps that were larger than the car compared to a no-device control condition).
Drivers also slowed down while engaged in the telephoning task. Thus, gap acceptance might be
considered an indicator of cognitive load. It would be important to extend this work to real-world
distance estimation needed for freeway entrance maneuvers.

Alm and Nilsson (1990) more recently conducted a simulator study of hands-free mobile telephones
using a combined logical reasoning and memory test as the telephoning task. Sensical or non-sensical
sentences were presented over an intercom (e.g., “The boy brushed his teeth”, ‘The train bought a
newspaper”) and a driver had to respond “yes” if the sentence was sensible, “no” if not, within a
three second deadline. In addition, after five sentences had been presented, the driver had to recall
the last word in each sentence. This telephoning task led to longer driver reaction times to an
unexpected visual stimulus (a red square simulating a car parked on the roadside) when the driving
task was easy (i.e., relatively straight route); drivers also drove more slowly in this condition. The
telephoning task also increased variability in lane position, but only when the driving task was hard
(i.e., very curvy route). Subjective workload was uniformly higher when telephoning than when not
(using TLX scales). Interestingly, no differences in telephoning performance (either in correct
decisions for the logical reasoning task, or for recall) were found across hard vs. easy driving tasks.
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While this lack of a primary task difficulty effect may indicate a flaw in the study design (Kantowitz
& Knight, 1978), overall results suggest that object detection and lanekeeping performance may be
both sensitive and safety-relevant indicators of cognitive load. .
Most recently, McKnight and McKnight (1991) completed a simulator study on cellular phone use for
the AAA Foundation for Traffic Safety. In a novel approach, drivers were presented with a 25
minute video driving sequence containing 47 situations to which drivers would normally respond
either by braking, slowing, or turning. Instead of asking drivers if they saw what they were supposed
to respond to, the occurrence and latency of appropriate responses were recorded. Simple
conversations were created by chit-chat with the experimenter while complex conversations were
created by presenting mental arithmetic or short term memory span problems to which the driver
responded. Considering hands-free telephoning only, results indicated that complex conversations
resulted in the longest average latencies and the highest proportion of non-responses; simple
conversation had the smallest effect on responding. These effects were most pronounced among older
drivers, with the likelihood that some driving situation will go unnoticed roughly twice that of
younger drivers. These results indicate the viability of yet another means to assess cognitive load;
object and event detection in driving conditions such as lane termination, vehicles stopping or turning,
route changes (turns), stop signs or lights, and the like. It also indicates the viability of using driver-
vehicle performance measures with highway safety implications to assess cognitive load directly.
Note that in this case, the level of cognitive resources given to the telephoning task by the drivers is,
on average, somewhat greater than that given to the driving task. Thus, the framework given in
Section 1.0 of this report predicts that when drivers perceive the value of in-cab transactions to be
greater than that for the primary driving task, object and event detection will decrease.

In general, there is a need to extend these results to more realistic communications tasks. One
approach might be to record and analyze a set of dispatcher communications for average length,
content, degree of driver interaction, and so forth. These could be used to form more realistic
messages for use in protocol scenario development.

Auditory Resource. Drivers do ordinarily use auditory capabilities to help them drive, even
though such capabilities are not absolutely essential. In-vehicle devices may require auditory
resources as well. Examples include most communications systems and many types of warnings.
Auditory inputs to the driver must generally be received serially to be easily understood. While
time-overlap can be tolerated, in some cases it may create increased cognitive load in deciphering
messages and may increase errors in reception. There is a possibility also that, while receiving
auditory messages, the driver may exhibit perceptual narrowing, as with cognitive load. This
resource can be equated with cognitive resources as described in the previous discussion.

Other Resources. There are other resources the driver uses that may be needed for in-vehicle
devices. Primary among these is speech, which is usually needed for communications and which may
become important for commanding in-vehicle devices, once speech recognition systems become
reliable for use in vehicles. Some use of this technology has already been implemented in cellular
telephone dialing.

Pedal (foot) usage is another resource that might possibly be used. However, in-vehicle technology
does not appear to be moving in the direction of foot usage, probably
because the feet are usually needed for longitudinal control.
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Finally, the proprioceptive (tactile) resource may be used. Research has been done on using a
hand-sensed display as an aid in car-following (Fenton, 1966). The driver uses the right hand (in
left-hand drive vehicles) to determine whether car following distance is safe. Again, recent trends do
not include the use of this resource.

. Resource Ranking. A review of these resources provides an intuitive insight into their
importance. It is quite clear that the visual resource must be given the highest weighting and that it
must receive the most careful consideration. The manual resource has some importance
because of its need in steering. Similarly, cognitive load is important, because of perceptual
narrowing and the need to draw on foveal visual resources for information gathering. Finally,
auditory and speech resources have some importance because the driver does gather some driving
information auditorily and because both auditory and speech resources may include a cognitive
component. It is unlikely that pedal and proprioceptive resources would be used to any appreciable
extent for in-cab devices, so they may be eliminated from further consideration. Conceptually, the
deployment of driver resources can be depicted as shown in Figure 2-3. When the driver performs an
in-cab task, that task must compete for resources that could be used for the primary task.

A Driver Resources-based Taxonomy of In-cab Tasks

Based on the driver resources needed, a taxonomy of in-cab tasks can be defined. This taxonomy is
taken from Wierwille (1992). Its usefulness is elaborated upon in Section 3.0 of this report.

The various classes of in-cab tasks can be defined in terms of their visual and manual aspects:

l Manual only (tasks performed without visual reference, e.g., pressing set or resume on
cruise control).

l Manual Primarily (vision used to find control, then task performed without further visual
reference, e.g., turning on radio, adjusting volume, changing fan speed on air conditioner).

l visual only (tasks that are completely visual, e.g., reading speedometer, determining current
mode of HVAC, determining from a map display whether vehicle is headed in correct
direction).

. Visual Primarily (some manual input required, e.g., determining the station frequency on the
radio when display is initially in time mode, changing modes and verifying change and then
completing the task).

l Visual-manual (tasks with interactive visual and manual demands,e.g., manually tuning a
radio to a specific frequency, operating a cellular telephone, making mirror adjustments,
zooming in or out on a map display).

Note that this taxonomy was taken from a paper which emphasized visual and manual loading. other
task types are possible (e.g., auditory feedback when adjusting radio volume). The issue of cognitive
demand (above and beyond visual or manual demand) deserves special mention. Generally, the driver
can shift cognitive resources quickly, provided that vision is in the appropriate direction, i.e., events
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3.0 DRIVER-VEHICLE PERFORMANCE MEASURES AND PERTINENT TASKS

Introduction

A key to establishing the safety relevance of in-cab device load measures is to correlate them to
driver-vehicle performance. In this way, one may draw a link between a device-driven measure such
as glance frequency with phenomena that affect highway safety (e.g., lane crossings). In this section,
a number of different driver-vehicle performance measures are introduced which are believed to be of
interest in protocol development. A selective review of many of these measures from the literature is
also provided. Finally, prototypical tasks from the in-cab task taxonomy are presented and these
relate to driver-vehicle performance measures likely to be sensitive to concurrent in-cab device loads.

Definitions of Driver-Vehicle Performance
Measures Potentially Sensitive to In-Cab Device Workload

Table 3-1 lists driver-vehicle performance measures. All measures are computed over an arbitrary,
specified time interval. These measures span several broad categories including:

. Lateral control measures: lane-related measures, steering-related
measures, and heading and lateral-acceleration
related measures.

l Longitudinal control measures: accelerator-related measures,
brake/deceleration-related measures, speed-
related measures, and vehicle following-related
measures.

Obstacle and event detection: probability of detection measures, detection
latency measures.

Driver response measures: stimulus-response measures.

Vision-related measures: visual allocation to roadway, visual allocation
to in-cab controls and displays.

. Manual-related measures: hands-on-wheel frequency, duration, and total
time.

These measures introduce a broad range of measurement options for possible use in driver-vehicle
performance assessment. No details about the instrumentation needed to collect such measures are
provided at this time, but some general comments can be made. Many measures (e.g., speed-related
measures) should be relatively easy to obtain using the electronic instrument package present in the
cab of a modem vehicle. Some measures (e.g., vehicle-following measures) may be captured with
off-the-shelf technology added to a test vehicle (e.g, VORAD headway detection system). Collection
of others (e.g., lane-related measures) will possibly depend on the availability of emerging
technologies (e.g., LaneLok) or may be most readily captured in a simulator setting.
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TABLE 3-l. DRIVER-VEHICLE PERFORMANCE MEASURES

lane reference. (Note that mean lane position is
dspendsnt on selection of the lane reference.)

Lane RMS Deviation The root-mean-square deviation of lateral lane
position as measured from a point on the
centerline of the vehicle projected downward to
the pavement and subtracted from lane
centerline or other  fixed lane reference. (Note
that since RMS co utations include the mean

deviation is dependent on selection of the lane

Lane Exceedences

vehicles, the longitudinal axis of the section in
which the driver is seated (the tractor) is

respect to time) of the angular
difference between the vehicle longitudinal axis
and the instantaneous tangent to the
roadway for lane) centerline. In articulated
vehicles, the longitudinal axis of the section
in which the driver is seated (the tractor) is to

Lateral Acceleration Standard The standard deviation of lateral acceleration as
measured along the vehicle’s
transverse axis. In articulated vehicles, the
transverse axis of the section in w
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TABLE 3-1. DRIVER-VEHICLE PERFORMANCE MEASURES (Continued)

Speed Standard Deviation The standard deviation of forward (longitudinal)
velocity of the vehicle.

Speed RMS Deviation The root-mean-square value of the difference
between forward (longitudinal) velocity of the
vehicle and instructed or reference speed.

Vision-Related Measures Mean Roadway Glance Duration The mean of glance lengths to the vicinity of
the forward roadway. A glance is defined as
one or more consecutive fixations to an object
or small area. (Very small changes in angular
eye position are included in the same glance.)

Number of Roadway Glances The number of glances to the vicinity of the
forward roadway. A glance is defined as one or
more consecutive fixations to an object or small
area. (Very small changes in angular eye
position are included in the same glance.)

Total Roadway Glance Time The total time that the eyes are directed in the
vicinity of the forward roadway.

Manual-Related Measures Hands-on-Wheel Occurrences The number of times that the driver places both
hands on the wheel without changing hand
positions. Hands-on-wheel is defined as having
both of the driver’s hands in contact with the
rim or spokes of the steering wheel.

Mean Hands-on-Wheel Duration The mean length of time that the driver places
both hands on the wheel without changing
hand positions. Hands-on-wheel is defined as
having both of the driver’s hands in contact
with the rim or spokes of the steering wheel.
(Note that this measure can only be computed if
hands-on-wheel time is nonzero.)

Total Hands-on-Wheel Time The total time that both of the driver’s hands
are in contact with ths rim or spokes of the
steering wheel.

Vehicle Following-Related
Measures’

Following Distance

Time Head way

Distance between a lead vehicle and the
driver’s vehicle

The following distance (see above) divided by
the rate of change of the following distance
(i.e., the closing velocity between the vehicle).

Following Distance Mean Error The mean value of error in following distance,
where error in following distance is defined as
the difference between actual following
distance and instructed or specified following
distance.

Following Distance Standard
Deviation

Standard deviation of the distance between the
lead vehicle and the driver’s vehicle.

Following Distance RMS Error The root-mean-square of error in following
distance, where error in following distance is
defined as the difference between actual
following distance and instructed or specified
following distance.

Minimum Following Distance
(Closest Longitudinal Approach)

The smallest value of distance between the lead
vehicle and the driver’s vehicle. (Zero  or
negatiw values indicate collision.)



TABLE 3-l. DRIVER-VEHICLE PERFORMANCE MEASURES (Continued)

zero or negative value

where closing velocity is defined as

Stimulus Response Measures3 Response Time (Type I) The time from presentation of a specified
stimulus (with specified start time) to the time
that the driver responds correctly, either
verbally or with appropriate hand or foot

Response Time (Type  II) The stimulus is assumed to be at a fixed
location in the forward scene.) The time from

Errors of Omission The numbsr of times that a driver fails to
respond to specified stimulus presentation.

Errors of Commission The number of times that a driver responds
incorrectly to specified stimulus presentations.

1 NOTE THAT THE MEASURES LISTED BELOW AND DEFINED IN OTHER SECTIONS MAY ALSO BE USED AS VEHICLE
FOLLOWING MEASURES:
ACCELERATOR REVERSALS BRAKE RESPONSE TlME
SMALL/LARGE ACCELERATOR REVERSALS PEAK LONGITUDINAL DECELERATION
ACCELERATOR RELEASES SPEED STANDARD DEVIATION
BRAKE APPLICATIONS MEAN ROADWAY GLANCE DURATION
MEAN BRAKE APPLICATION DURATION

2 NOTE THAT THE MEASURES LISTED BELOW AND DEFINED IN OTHER SECTIONS MAY ALSO BE USED AS
OBJECT/OBSTACLE MEASURES:
PEAK LANE DEVlATlON MEAN ACCELERATOR RELEASE DURATION .
LANE EXCEEDENCE DURATION MEAN BRAKE APPLICATION DURATION
PEAK LATERAL ACCELERATION BRAKE RESPONSE TIME
PEAK STEERING DEFLECTION PEAK LONGITUDlNAL DECELERATION
STEERING RESPONSE TIME MEAN ROADWAY GLANCE DURATION

3 NOTE THAT THE MEASURES LISTED BELOW AND DEFINED IN OTHER SECTIONS MAY ALSO BE USED AS STIMULUS
RESPONSE MEASURES:
STEERING RESPONSE TIME MEAN ROADWAY GLANCE DURATION
TOTAL ACCELERATOR RELEASE TIME ACCELERATOR HOLDS
BRAKE RESPONSE TIME ACCELERATOR RELEASES
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Other measures (e.g., object and event detection measures) will depend on special procedures and
instrumentation to be developed specifically under this program. Many measures will benefit by
software which supports data reduction of continuous data sampled at reasonably high data rates (e.g.,
steering wheel velocity). More specifics about measurement procedures will be provided in Task 5 of
this project.

Appendix 3A provides some indication of the use of these measures in the literature. In general,
some measures are more sensitive than others to at least some driver loads:

With the exception of mean lane position, lateral control measures show promising sensitivity to
variations in driving demand and driver interaction with in-cab tasks. Longitudinal control
measures provide mixed opportunities.

Accelerator-related measures do not seem to show much sensitivity (based on the two studies
reviewed in Appendix 3A), and their safety relevance is not clear.

Brake/deceleration measures have both high safety relevance and demonstrated sensitivity to
various experimental manipulations.

Speed-related measures are more safety relevant than accelerator pedal measures and have shown
sensitivity to at least some variations in driving conditions (e.g., driving through shopping area
versus residential area; wind gusts in a simulator setting). In a related vein, vehicle following
measures have high safety relevance (e.g., maintaining safe headway) and have shown
speed-related and subsidiary task-related sensitivity.

Obstacle and event detection has prima facie safety relevance and has been shown to be a
sensitive measure of in-cab device loads.

Driver response measures such as secondary task responses have shown sensitivity in some
instances but suffer the same problems associated with the methodology in general. That is, it is
an unrealistic task if it represents a load which may not be clearly interpretable either in terms of
the in-cab device characteristics or in terms of highway safety and it is presented in the presence
of an on-going in-cab transaction simultaneous with driving. On the other hand, embedded tasks
which are a legitimate part of driving (e.g., obstacle detection) are preferred.

The importance of vision and the sensitivity of vision-related measures to in-cab devices is
discussed in Section 2.0. Manual-related measures have not been studied extensively but, for at
least some complex interactions, might be expected to decrease lanekeeping performance.

The next step is to characterize prototypical in-cab tasks, as discussed in the next subsection. After
this, the applicability of the various driver-vehicle performance measures is assessed in terms of these
tasks.
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Likely Sensitivity of Driver-Vehicle Performance
Measures to In-Cab Device Workload

One of the difficulties associated with estimation of likely sensitivity of driver-vehicle performance
measures to in-cab device demands is that in-vehicle tasks always require a combination of driver
resources. For example, there is no such thing as an in-vehicle task that requires visual resources
only. Even the simplest task having a visual component, such as reading the speedometer, has a
cognitive component. Thus, it is unrealistic to assess likely sensitivity in terms of the major resources
(visual, manual, cognitive, and auditory/verbal) separately. They do not occur separately, and there
are no corresponding previous data on which to base sensitivity.

A better procedure is to specify tasks that draw upon differing amounts of the resources and then
subsequently to estimate the likely sensitivity of various driver/vehicle/roadway measures to such
tasks. Such a procedure provides a more realistic assessment and also provides a means of matching
future tasks to current ones for which there are data. In this section, nine tasks are defined that can
serve as benchmark tasks. They represent typical tasks that “exercise” the various
driver/vehicle/roadway measures and thus provide an indication of likely sensitivity. Once the tasks
have been defined, a sensitivity matrix can be developed for the various measures.

These benchmark tasks were selected on the basis of their visual, manual, and cognitive components.
The auditory/verbal components have been included only indirectly, because including them directly
would have resulted in too many tasks and because the auditory/verbal components are considered to
be least important in terms of competing with resources needed for driving.

The tasks consist of five classes of visual/manual components and two classes of cognitive
components (high and low). This would result in ten tasks; however, one of the ten (manual-only,
high cognitive load) is a null condition in which no known task could be found. Thus, nine
benchmark tasks are proposed.

Task 1: Visual Only, Low Cognitive Load

The driver performs a complete visual scan of all gages and indicators within the vehicle for
the purpose of checking vehicle operation. Because the driver already has a good
understanding of what normal indications are, the cognitive load consists of simple
comparisons of present values with memorized values or ranges.

Task 2: Visual Only, High Cognitive Load

The driver reads dispatching instructions from a text display. The instructions include a
description of items to be picked up or delivered, the location of the destination, and
directions for driving to the destination. Cognitive load consists of interpreting directions and
in memorizing items to be picked up or delivered.

Task 3: Visual Primarily, Low Cognitive Load

The driver accesses a specific page from a menu-type display and then performs a visual
check. For example, using either hard- or soft-keys, the driver accesses the HVAC page of
the display, and then reads the set temperature, the outside temperature, and the fan speed.
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Task 4: Visual Primarily, High Cognitive Load

The driver uses an in-vehicle moving-map display to determine the best route to a destination.
Present position, destination, and roadway network are shown, and the driver must determine
the route. Cognitive load consists of complex spatial reasoning. Manual inputs may be
required to select appropriate zoom settings.

Task 5: Visual-Manual, Low Cognitive Load

The driver grasps and inserts a cassette tape into a tape player, and then adjusts the volume
and balance controls. Because the cassette has several possible orientations, there is a
more-or-less continuous visual-manual load until the tape is correctly inserted. Thereafter the
driver must locate and adjust the volume and tone controls. This also requires visual and
manual load. Cognitive load is low because of the ease in identifying correct orientation and
locations.

Task 6: Visual-Manual, High Cognitive Load

This task is a navigation task using a moving map display. The driver shifts the map laterally
to examine the roadway system in an adjacent area. The objective is to determine an alternate
roadway to a destination by examination of nearby parallel routes. This task involves
complex spatial reasoning as well as manual adjustment of map lateral position as alternate
routes are examined.

Task 7: Manual Primarily, Low Cognitive Load

The driver manually tunes a radio to a station based on a specific type of program content,
such as country music. Once the tuning control has been located visually and accessed
manually, further visual input is usually unnecessary. The driver listens for program content
until a match with desired program content is found.

Task 8: Manual Primarily, High Cognitive Load

The driver requests and receives dispatching instructions via two-way radio, using a hand-held
microphone with talk switch for verbal output and a loudspeaker for receiving verbal
instructions. The instructions include a description of items to be picked up or delivered, the
location of the destination, and directions for driving to the destination. Cognitive load
consists of interpreting directions and in memorizing items to be picked up or delivered.

Task 9: Manual Only, Low Cognitive Load

The driver deflects the turn signal lever. The driver can usually accomplish this without
visual reference and with low wgnitive load.
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4.0 RISK TAKING AND DRIVER ADAPTATION IN THE USE
OF HIGH-TECHNOLOGY IN-CAB DEVICES

Introduction

Over the past three decades, the role of driver risk taking in highway safety has been the subject of
much study and debate in the human factors community. During this period, researchers have
attempted to relate risk perception as a primary determinantt of driver behavior leading to the
occurrence of traffic crashes. These efforts have been explored with the intent of identifying the
mechanisms for crash causation and methods for reducing the frequency and severity of crashes.

Few people would dispute that driving on today’s highways involves some element of risk. In a
highway driving context, one can define risk as the likelihood of being involved in a traffic crash with
its associated losses that include property damage, injury or death.

Before proceeding with a discussion of risk taking in driving, it is important to distinguish between
two types of risk. Objective risk is actuarial in nature. It refers to the probability of being involved
in a crash under given driving conditions. Objective risk can be quantified by an examination of
traffic crash data for a selected site, a specified set of conditions (i.e., highway, weather, lighting,
traffic, etc.) and over some defined unit of exposure.

Subjective risk is psychological in nature. It refers to an individual driver’s estimate of the likelihood
of being involved in a crash as the result of some action taken by the driver. Subjective risk is the
perceived risk, usually consciously assessed by a driver. It is influenced by several external factors
which include the vehicle state, highway state, environmental conditions, and traffic conditions in
effect at the time the assessment is made. Internal factors, such as fatigue, alcohol, motivations,
attitudes, and past experiences, can also influence perceived risk. Because of the combined effects of
these factors, perceived risk may or may not equal the objective risk for a situation encountered by
the driver. Further, two drivers may also not perceive the same risk when faced with identical
situations.

Subjective risk also implies that there is uncertainty about the outcome of the action taken by the
driver. That is, when making a decision involving the assessment of risk in a given situation, the
driver does not know whether a favorable outcome will result from a decision. Risk takers may
perceive the outcome as less uncertain than non-risk takers, the payoff as sufficiently high to make the
risk worthwhile, or both.

It is this latter type of risk (i.e., perceived or subjective risk) that is of primary interest in the study
of heavy vehicle driver workload. With the introduction of high technology electronic devices into
the cabs of heavy vehicles, there is a concern on the part of NHTSA that use of these devices could
potentially lead to increased driver risk taking. Such risk-taking behavior might be exhibited by an
increased willingness to engage in risky driving maneuvers in response to the improved safety benefits
offered by the device or to attend to in-cab device at an inopportune time. In turn, increased
risk-taking may result in a net reduction in highway safety despite the projected benefits of a device.

Before considering the subject of risk-taking it is worth noting that risk and risk adaptation are
complex topics, There are no universally agreed upon definitions, theories of risk-taking, or methods
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for assessing the effects of risk-taking on driver behavior within the research community. With this
in mind, the following sections present a selective review of the literature on driver risk taking and its
implications for the heavy vehicle driver workload project.

Driver Risk Taking Research

Concerns over driver adaptation to safety improvements in vehicles is not a new concept. In the late
193Os,  researchers (Gibson and Crooks, 1938) suggested that improved braking systems on cars
would not lead to increased safety because drivers would soon learn to modify their braking behavior
in response to the shorter stopping distances afforded by the improved brakes.

In recent years, a number of theories have been proposed to describe the relationship between risk
taking, driver behavior and highway safety. These theories are known, generally, as risk
compensation or risk adaptation models. They include, for example, Peltzman (1975),  Naatanen and
Summala (1976),  Fuller (1984),  and Adams (1983). While they espouse some variations, they are
common in the view that drivers consciously assess perceived risk while driving and alter their
behavior in response to changes in perceived risk. Usually, drivers execute behaviors to reduce risk.
For example, they slow down in fog.

When a new safety innovation is introduced into the vehicle-highway system, the driver, through
direct and observable feedback from the innovation, may perceive a reduction in the level of driving
risk. The theory proposes that the drivers may subsequently alter their behavior relative to their
current level of desired risk, offsetting some of the benefits of the innovation in the process. For
example, drivers may select higher cruising speeds when protected by air bags. In these theories, the
level of risk the driver is willing to accept changes over time in response to factors both internal to
the driver (e.g., motivation, attitude, stress) and external (traffic, weather, etc.). The driver is said to
compensate for the reduced perception of risk by changing driving behavior.

The risk homeostasis theory, proposed by Wilde (1982), is a special case of the compensatory
models. This theory postulates that an individual will maintain a more or less constant level of risk
over time. When the individual’s perceived level of risk differs from their desired level, the
individual will alter behavior to realign the perceived risk with the desired risk. Under this model,
the safety benefits of an innovation introduced into the vehicle-highway system will, over time, be
completely negated by increased risk taking on the part of the driver.

Numerous attempts to validate risk theories have been undertaken through the years, producing
inconclusive results. Taylor (1964), Rumar et al. (1976) and Peltzman (1975), for example, report
data that the authors concluded supported the theory of risk compensation. Others, including
McKenna (1988), O’Neill et al. (1985), and Evans (1985) cite data which lead to the opposite
conclusion. Evans (1984),  in a summary report, identifies data that are neutral, supportive, and
contrary to the theory. Thus, after 20 some years of study and vehement debate, the issue of risk
compensation and its role in determining driver behavior still has not been resolved. There is no
agreement on which performance measures are indicants of risk taking. Lund and O’Neill (1986), for
example, contemplate whether drivers consciously assess risk in every maneuver they execute while
driving.
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The major conclusion illustrated by this discussion is that risk taking is, at this time, seen as a
concept whose use must be thoughtfully applied when assessing the effects of novel in-cab devices on
highway safety. Several reasons for this exist. Risk-adaptation theory is applicable only to the
introduction of safety related devices, as only this class of device has the potential to produce benefits
that could lead to changes in a driver’s perceived level of driving risk and, subsequently, lead to
changes in driving behavior. If the new high technology in-cab device is not a safety device (e.g., a
satellite tracking system or driver’s electronic log book), then increased risk-taking due to the device
should not be expected on the basis of risk-adaptation theory. This prediction results because the
non-safety related device could not produce benefits which would influence the driver’s perceived
level of risk. Therefore, no change in behavior due to the risk compensatory mechanisms of the
driver would result. This is not to say that the driver’s behavior would remain unchanged, but only
that observed behavior change could not be caused by increased risk taking.

Moreover, the concept is of limited use because risk-taking is one of many intervening variables that
effect a driver’s decision making process. Whether the behavioral changes introduced by a device
were caused by risk taking, or one of the other factors (e.g., driver motivation, distraction, fatigue),
is really a moot point. The pertinent issues to be considered here are:

l How theintroduction of new devices affect driver behavior.
l Whether the behavioral changes have adverse implications for traffic safety.

For these reasons, the remaining discussion will focus on potential driver behavioral changes brought
about by the introduction of new in-cab devices.

Risk Adaptation Effects with the Use of New In-Cab Devices

Without knowing the specific characteristics of a new in-cab device (i.e., the display design, the
nature of warnings, the control activations required or the cognitive loads imposed on the user), it is
difficult to discuss the range and extent of the behavioral changes one might expect from heavy
vehicle drivers using a device. As a consequence, discussions included here are presented in general
terms. Examples of how behavior might change in drivers are provided to illustrate points raised.

If one considers the introduction of a device into the cab, such as an IVHS headway detection and
warning system, it is reasonable to expect some driver adaptation, i.e., behavior change on the part of
the driver. With the safety benefits provided by this device, one might expect to see changes in the
primary driving measures at the “maneuver” level of driving. The primary measures include the
vehicle’s speed, lane position, headway to the vehicle ahead, and control inputs made by the driver.
In the current example, one might hypothesize that the new device will lead drivers to visually sample
the road scene less often now that an automated “sentry” is available. The driver may follow at
shorter headways or overtake at higher relative velocities if the driver perceives that there is increased
margin for error available with the headway monitoring system. Shorter headways  and increased
closing velocity are not necessarily unsafe driving practices. But if the time headways fell to intervals
shorter than, say, 2 seconds, one could conclude that the device introduced a behavioral change with
adverse consequences on safety.

The introduction of a near object detection and warning system into heavy trucks serves to illustrate
another type of behavioral change that might occur. Before the introduction of the system, drivers
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could exhibit some baseline level of lane keeping ability (i.e., average lateral position and variability
over time). After the introduction of this warning system, one might speculate that the drivers would
reduce their lane keeping precision, relying instead on the warning system’s ability to monitor and
advise on lane excursions in the presence of traffic in the adjacent lanes.. Again, such changes do not
guarantee accidents but they presumably increase the likelihood of accidents, especially if the
automation malfunctions.

One might also hypothesize that mirror sampling prior to a lane change would decrease. If, after the
introduction of the device, drivers were observed to allocate fewer glances or less total time to the left
and right mirrors than before, then one’s initial reaction might be that the device introduced an
undesirable change in visual search behavior. But if the glances in question were reallocated to the
road scene ahead, the change might not represent unsafe driving, especially if the detection system
were functioning properly. Another concern regarding the above example might be whether the
change in the distribution of mirror glances represents a bad habit that would not be shed by the
driver if the near object detection system become inoperative, or if the driver moved from a suitably
equipped vehicle to an unequipped vehicle.

A second type of behavioral change can also be postulated with the use of a new in-cab device.
Here, the driver could become more willing to interact inappropriately with the in-cab device while
driving. Inappropriate interaction refers to using the device at au inopportune time (when attention
should be focused on the road) or attending to the device for longer time intervals than are prudent
for the driving conditions. In essence, the driver might mis-allocate driving resources (i.e., visual,
manual, auditory and cognitive resources) to the in-cab device to the detriment of the driving task.
The effect of the mis-allocation could ultimately lead to the increased incidence of traffic crashes.
However, given previous discussions it does not appear beneficial to consider such misallocation to be
risk taking per se, and so is not considered here.

A Proposed Methodology to Examine the Safety Criticality of In-Cab Devices

There are numerous hypotheses that can be proposed about driver adaptation to in-cab devices
considering (a) the range of driving condition observed, (b) the driving maneuvers undertaken in truck
driving and (c) the host of new devices projected for the future. It is clear that any methodology used
to assess the impact of new devices on driving behavior must necessarily be broad-based and able to
assess performance along many dimensions. The methodology would include a measurement system
that would ideally record data about many of the primary driving behaviors including:

1.
2.
3.
4.
5.
6.

Vehicle speed.
Headway to the vehicle ahead or to the rear, as appropriate for the driving maneuver.
Relative velocity between vehicles (front and rear).
Lateral lane position.
Braking time-locations in response to traffic control devices.
Control activations by the driver (i.e., steering wheel, clutch, brake pedal and
accelerator).

Knowledge of such measures would enable average value performance to be established as well as the
variability of performance.





















Further, the methodology must also incorporate measures of driver visual behavior, the manual
activities involved with driving and the auditory and cognitive loads placed on the driver. It should
be noted that although the allocations of manual, cognitive and auditory resources are important
considerations, the visual system will likely be the resource of most importance, given the
characteristics of the devices anticipated in the immediate future. What is required is the driver’s
allocation of vision to the right and left side mirrors, to the instrument panel, to any devices overhead
in the header area and to the road scene.

The measurement methodology needed to achieve these goals could be an adaptation of the data
recording system developed for Task 3 of this project and reported in the Task 3 interim report. This
system, using a two-camera video recording system, provided data on the duration and frequency of
glances to locations in the road scene, to the mirrors and to locations in the cab. From data reduced
from the video the visual allocation strategy used by drivers (as measured by the percent of time spent
in looking at specified locations) was identified and compared across selected driving conditions.

The assessment of behavioral changes would entail driver-vehicle performance and behavioral
measures taken in four phases:

l Before introduction of the in-cab device;
l During an initial period of use with the device;
l After some period of use with the device; and. After the device is removed or otherwise made unavailable to the driver.

The first phase establishes a baseline level of driver performance through on-the-road data collection
across selected highway, lighting, traffic, and weather conditions in a standard truck not equipped
with one of the new in-cab devices. In this data collection effort, subject drivers would be asked to
execute a series of selected driving maneuvers (e.g., open road driving, lane changes, close car
following, turns at intersections, etc.) under specified conditions and various driver-vehicle measures
are taken.

In the second phase, novelty and learning effects would be assessed. The same procedures used in
the first phase would be applied here too. Special attention, however, would be directed to assessing
the driver’s understanding of the device, its use, strengths and weaknesses. Care would be taken to
assess novelty effects by measures, say, additional interactions with the device even during periods
when such interaction is not called for.

In the third phase, after introduction of and some period of use with a new device in the cab, the data
collection procedure would be replicated with subjects performing the same maneuvers given above,
under similar conditions. The differences in driver performance before and after the introduction
would be identified to assess the effect of the device on the driver. At the same time, subjective
measures of relative risk could be made by the drivers to ascertain if their perceptions of risk, given
the device, are correlated with any compensatory behavioral strategy (as indicated by the objective
measures of resource allocation mentioned above).

In the fourth phase, the device would be removed some time after the driver had grown accustomed
to it. This manipulation is intended to mimic conditions where the device is unavailable or unreliable
because of road hazards (e.g., precipitation) or because a driver switches to a vehicle which is not
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equipped with the device. This manipulation will allow for an assessment of carry-over effects from
working with or relying upon the device.
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5.0 DISCUSSION

This report provides a selective review of literature on workload and driver performance to support
establishing a link between workload measures which might be included in a heavy vehicle driver
workload assessment protocol and highway safety. This link has been discussed by means of
referring to two kinds of approaches: actuarial and inferential. The actuarial approach seeks to
analyze crash records which involve attention to in-cab tasks, characterize these records according to
the putative workload involved with each of several classes of in-cab tasks, then correlate these
workload measures to crash incidence. Advantages and disadvantages associated with this approach
are discussed.

The inferential approach takes up the remainder of the report. This approach involves the following:

1)

2)

3)

4)

5)

Measure safety relevant driver-vehicle performance in “baseline” conditions (i.e.,
without the to-be-evaluated in-cab device). Note that the baseline can also involve use
of low-technology analogues to the in-cab devices (paper map use vs. electronic map
use).

Measure safety relevant driver-vehicle performance while the driver is using the in-cab
device to be evaluated.

Measure driver loads imposed by the device itself.

Relate the results of 2) and 3). A stable relationship which shows driver-vehicle
performance degradation during in-cab device use would be used to infer safety impacts.

Test for significiant differences between 2) and 1). This will allow for an assessment,
for example, that an electronic map is or is not more workload intensive than working
with a paper map.

Liig workload to safety is a difficult task for several reasons which have not yet been fully
resolved. A number of important issues which bear upon the link between safety and workload
measurement which are discussed below.

The Importance of Approximate Science. The theoretical framework which has been presented
in this report is a very approximate model: of driver interaction with in-cab devices. Approximate
models are common in human factors work. For example, human working memory can be
approximately modeled as consisting of seven slots, each capable of holding one item (or chunk),
having a decay rate with a half-life of 7 seconds, information being lost due to interference from new
information that takes up available slots. Approximate models like these are often clearly wrong in
all their details and open to criticism at the theoretical level, yet can be very useful for applied work
(Norman, 1988). The models presented in this report need to be verified, to be sure, and changed or
enriched with additional theoretical detail as needed. However, it is expected that the framework
presented in this report will provide a sound and practical foundation for further work in protocol
development.
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Necessity for Realistic Tasks vs. “Laboratory” Tasks. At least some of the results reported in
the driving literature make use of highly artificial stimulus materials which are intended to maximize
the size of an experimental effect. For example, the hands free telephoning research reviewed in
Section 2.0 of this report makes use of mental arithmetic and grammatical reasoning problems as test
messages. Perhaps not surprisingly, these types of stimuli show an effect of “workload” on driver-
vehicle performance. However, it is important to extend these results into the real world with
message length, content, pace, and level of driver interaction which more closely resembles that
wmmon to relevant in-cab devices. To use the voice wmmunications example again, it might be
important to develop an approach where typical messages between dispatchers and drivers are
recorded and used to develop the stimulus materials which will be integrated into workload
assessment protocol scenarios.

Fir Norman (1988) has also noted the importance oferv .
prioritizing portions of a system that will be worked on in the face of limited time and budget. In the
present case, the most important driver loads are likely to be visual, manual, and cognitive in nature.
Other aspects of driver interaction with an in-cab device, such as biomechanical interference (Tijerina,
et al., 199l), are assumed to have lesser importance.

The Use of Baseline Measurements with Conventional Tasks.In Task 3 of this project (Kiger,
et al., 1992),  commanded  tasks were used to collect baseline data on the visual loads (glance
duration, glance frequency) which are a part of driving in a conventional cab without new high
technology in-cab devices. It seems appropriate to consider  extending this notion of commanded tasks
to include, when feasible, baseline “control” conditions as part of the protocol development effort.
Thii would involve non-automated alternatives to the functions provided by an in-cab device, e.g.:

. use of a paper map instead of an electronic map;

. use a pad and pencil to make notes instead of a video text display;

l use of the conventional radio instead of a special wmmunications system for
weather updates.

Collecting data on driver-vehicle performance both with and without high technology in-cab devices
might provide useful assessment information, e.g., that the in-cab device takes no longer than a
conventional means to accomplish the same function. This type of baseline might complement more
general baseline measures on the use of visual or manual resources on a variety of tasks not directly
related to in-cab device functionality.

There is a potential problem associated with using conventional in-cab tasks as a standard of
acceptable or “safe” device loads. For example, if use of a car radio or cassette player is potentially
dangerous, the actuarial analysis, if successful in correlating in-cab loads to crashes, will likely
demonstrate this. This actuarial approach might support using conventional in-cab driver loads as
benchmarks for safety when evaluating a new in-cab device. Alternatively, the most one might
conclude from comparison of new in-cab device use with baseline data as described here is that the
in-cab device is or is not imposing any driver demands beyond those which are already present in the
fieet.
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Criticality of Primary Task Performance Covariation with In-cab Device Use. In this report,
emphasis has been placed on the notion that in-cab devices can be judged to negatively impact on
safety if primary task performance, i.e., driving, is degraded beyond to-be-determined levels.
Primary performance might not be sensitive to changes in workload yet sensitive measures are
traditionally sought for workload assessment. In traditional laboratory approaches to workload,
sensitivity of measures to workload manipulations led to the development of alternatives to primary
task performance (e.g., unembedded secondary tasks). While sensitive measures are highly desirable
in a practical HV driver workload assessment protocol, if primary driving performance is unaffected
under a reasonably broad range of driving conditions, then it would be very useful to be able to
conclude that the device assessed had no deleterious effects on highway safety. Thus, we seek,
primarily, safety relevant driver-vehicle performance measures; unlike laboratory studies, sensitivity
must be subservient to safety relevance.

Problems with Best-case/Worst-case Analysis. It is possible to develop a test scenario which
any device will look bad in (the worst case) or any device will look good in (the best case). Between
these extremes is a range of driving conditions which will vary by driver, season, route taken, etc.
There does not appear to be a clear means to determine what might be a "fair” set of scenarios to test
a device in other than representative ones. However, emphasis should be placed on determining
under what conditions a system might intrude on the driver and compromise safety. Then the
likelihood of these conditions occurring in the real world might be assessed and some estimate made
of how critical workload measurements taken under such conditions are. Further, one must also
consider actual and perceived demand characteristics of a device. Devices that require immediate
attention such as warnings may need to be treated differently in a protocol than devices which allow
the driver to decide when it is safe to respond.

The Effects of Individual Difference. It is a truism that workload is an interaction between a
task (or set of tasks) and a driver. In interacting with an in-cab device, there will most likely be
considerable individual differences among drivers and even within the same driver over a time course
of learning, fatigue, etc. In military applications, individual differences in design are often handled
by presenting design criteria or evaluation results in terms of percentiles. Thus, a workload
assessment might be reported in terms of the 5th percentile or 95th percentile values for workload
measures obtained.

Tradeoffs Among Device-induced Workload and More General Safety Benefits, Much of what
has been discussed has been in the area of device-specific loads. Yet, it is also relevant to consider
the broader picture. For example, an In-Vehicle Safety Advisory and Warning System (IVSAWS)
might impose a relatively high driver resource loading (which might compromise highway safety).
On the other hand, IVSAWS provides the driver with critical information about hazards along the
route (which might enhance highway safety). At this point, some type of cost-benefit tradeoff would
be the most likely means to bring these two discrepant findings together and arrive at a consolidated
device assessment.

Multiple Transactions and In-cab Device Workload Assessments.& Most sophisticated in-cab
devices will perform more than one function and so more than one driver transaction is possible. It
may well be that, for the same device, one transaction (e.g., menu search) can be accomplished
quickly while another transaction (say orienting a moving map display) is cumbersome (but also
highly informative once completed). How should these be weighted if one wishes a composite score
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for. the whole system? At the simplest level, the workload assessment protocol might be used to find
and evaluate the simple and more demanding transactions and uncover opportunities for improvement.

Problem of Interactions Between Driving Conditions and In-cab Tasks.. It is important to
acknowledge that a safety-relevant driver workload measure will be influenced by the degree of
demand imposed by driving conditions. For example, while sitting in a parked car, visual glance
duration grows as long as the time it takes to complete the task. Glance frequency is likely to reduce
to one continuous glance until the task is finished. At the other extreme, moving the eyes from the
road scene for even an instant in a race down a winding mountain road would likely be unacceptable,
Thus, the sensitivity of device-specific workload measures will depend on driving condition demands
as well as on the device itself.

Novelty Effects. One additional dimension of in-cab workload assessment has to do with
novelty effects. When the driver is working with the device initially, there may be some period of
learning, as indicated previously. Understanding driver-vehicle performance during this initial period
of use therefore has safety relevance. More subtle novelty effects might involve driver interaction
with a device when none is called for. For example, a device with a visually compelling display
might prompt drivers to look at even though it has no part in their goal-oriented behavior (other than
perhaps entertainment value). These types of effects also deserve consideration in a comprehensive
device assessment.

Refining the Measures of Merit. One problem associated the figure of merit equations
presented in Section 2.0 of this report is that there is no criterion per se with which to fit weights for
the various driver resources. By changing the weights, alternative designs can be made to look more
or less different from each other. Furthermore, the value of including cross product (interaction)
terms in the model is unclear at this time. Ultimately, the value of a particular figure of merit is
determined by the uses to which that figure may be put. Further research will determine what, if
any, improvements are available to the approach presented in this report.

The to-be-developed assessment protocol should provide valuable guidance for in-cab device design
by indicating the types of loads which a design imposes on the driver. This, in turn, indicates design
attributes to redesign. Eventually, the assessment protocol could provide more diagnostic information
about the source of an undesirable driver load. The issues listed above clearly indicate the
complexities involved in developing a powerful evaluation tool to aid in device design and selection.

 These issues cannot be resolved here. The development of the workload assessment protocol will
proceed on a better course, however, with the awareness that they exist.
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