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Foreword

Three general themes are covered by the papers in this volume. In the section on human engineering
of transportation systems, Smith et al. describe an experiment with experienced mariners using
automated navigation systems while piloting “ships” at the CAORF simulation facility. A human-
machine task allocation is proposed with a corresponding optimized high-speed train control display
by Yin and Sheridan. The next five papers deal with various aspects of user information systems. The
papers by Ullman et al. and Khattak et al. discuss the effects of different types of information on driver
route diversion behavior. This work relates current and new technologies for providing drivers route
information. The next four papers are on more traditional information system topics. What affects how
drivers detect and recall traffic signs? Al-Gadhi et al. address this question for international warning
and regulatory signs. Then Bonneson and McCoy surveyed drivers to determine understanding of
protected and permitted left-turn signals. Literature and driver surveys were used by Fitzpatrick et al.
to examine driver comprehension of exit lane drop signs and markings. The final papers look at other
aspects of highway and traffic safety. Van der Horst and Hoekstra used a driving simulator to study a
variety of means to reduce driver speed behavior, especially on rural roads. Lane width, rumble strips,
and edge markings were varied and significant speed reductions were found. Freedman et al. evaluated
drone radar operation at high crash risk locations. The enforcement patterns used in Hawaii to obtain
one of the nation’s highest seat belt use rates is studied by Kim et al. An emerging method for gathering
and presenting evidence in highway tort liability cases is described in the final paper. The advantages,
disadvantages, and methods for using videotaped evidence in highway tort liability trials are discussed
by Turner.
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Mariner’s Use of Automated

Navigation Systems

MYRIAM WITKIN SMITH, ROBIN AKERSTROM-HOFFMAN,
CARMINE M. P1ZZARIELLO, STEVEN I. SIEGEL, AND IRENE M. GONIN

As part of a recent United States Coast Guard evaluation of Electronic
Chart Display and Information Systems (ECDIS), an experiment was
conducted to examine the mariner’s use of such systems in the con-
trolled setting of a shiphandling simulator. Two ECDIS systems were
interfaced with the simulator at MarineSafety International/Computer
Aided Operations Research Facility in Kings Point, New York. On the
simulator, experienced mariners each made multiple port arrivals and
departures as a lone watchstander on the bridge: navigating a planned
route, responding to the traffic of a busy harbor, and managing the
preparations for the arrival or departure. During transits under baseline
conditions, the conventional methods of navigation were available:
plotting on the paper chart, radar/automated radar plotting aid (ARPA),
and visual piloting. During the test conditions, one of the ECDIS sys-
tems was added to the bridge, with or without automatic updating of
own ship’s position, and with or without the integration of radar fea-
tures. ECDIS increased safety, both by decreasing the cross-track dis-
tance of own ship from the planned route and by increasing the propor-
tion of time that the mariner spent on look out and collision avoidance.
ECDIS significantly decreased the mariner workload for navigation
when automatic updating of position was available. The mariners
expressed a preference for a relatively simple chart display for route
monitoring, with the immediate availability of a larger set of chart infor-
mation. No measurable effects of radar features on ECDIS were found,
although the mariners believed that this would be a valuable addition.

In the past few years, the Electronic Chart Display and Information
System (ECDIS) has emerged as a powerful addition to the modern
bridge, offering the possibility of effecting major changes in the
navigation process and improving the safety and efficiency of mar-
itime operations. By superimposing an electronic chart, ship’s posi-
tion, and radar video on one display, ECDIS has the potential to
improve the accuracy of navigation, increase awareness of danger-
ous conditions, and reduce the mariner’s workload. This report
describes an examination of these potential effects using the special
“capabilities of a full-mission ship’s bridge simulator. As of this
writing, a larger report is being revised (/).

The International Maritime Organization (IMO) is in the process
of establishing a Performance Standard (PS) for ECDIS (2,3). The
United States Coast Guard’s primary purpose in sponsoring this
simulator evaluation was to contribute to a 1993 report to IMO and
to the U.S. position on PSs.

The objectives of the experiment were to examine several broad
issues underlying the IMO PS, those for which the simulator was
especially appropriate as a tool. The simulator makes it possible to

M. W. Smith and I. M. Gonin, U.S. Coast Guard Research and Develop-
ment Center, 1082 Shennecossett Road, Groton, Conn. 06340-6096.
R. Akerstrom-Hoffman and S.I Siegel, MarineSafety International,
National Maritime Research Center, USMMA, Kings Point, N.Y. 11024.
C. M. Pizzariello, MarineSafety International; current affiliation: Simship
Corp., 260 Main St., Northport, N.Y. 11768.

examine the dynamic situation of route monitoring with a control
that would be difficult or impossible at sea. Four issues, used as
organizing concepts to plan the evaluation and to select the perfor-
mance measures, follow.

o Contribution of ECDIS to the Safety of Navigation. ECDIS
should enhance safety by affording the mariner a more timely and
accurate knowledge of the ship’s position and its relation to a
planned route and to potential hazards than is possible with con-
ventional bridge procedures and a paper chart.

® Reduction of Navigational Workload by ECDIS. ECDIS can
integrate information from a number of sensors and can automate
the primary, and generally time-consuming, navigation function of
position fixing. This automation should reduce the mariner’s work-
load. The experiment was designed to examine ECDIS’s potential
to reduce workload during relatively demanding transit conditions,
assuming that a reduction would mean an increase in the mariner’s
ability to control the ship and, therefore, greater safety (4,5). This
experiment did not consider low workload conditions and the pos-
sibility that ECDIS might reduce workload to the point of boredom
and inattention.

e Chart Features and Navigational Functions on ECDIS. At this
early point in the development of ECDIS technology, there is no
industry consensus about which electronic chart features and which
computer-based navigation functions will be needed by mariners.
The simulator experiment allows observation of the mariners’
actual selections of features and functions from the two sample sys-
tems under a variety of conditions.

o Integration of Radar Features on ECDIS. A highly integrated
navigational system would combine two plan-view displays—the
electronic navigation chart and radar/automated radar plotting aid
(ARPA)—on one system. This integration would have positive
effects on safety and workload.

METHODOLOGY
Shiphandling Simulator

The experiment was run at MarineSafety International/Computer
Aided Operations Research Facility (MSI/CAORF) in Kings Point,
New York. The simulator has a realistically equipped full-mission
bridge and a considerable history of human factors and ship control
research. MSI/CAORF’s capabilities include sophisticated ship
models, harbor data bases, observational and data collection meth-
ods, and an engineering and research staff able to adapt these capa-

bilities to new operational problems. For this study, two commer-

cial ECDIS systems were integrated with the simulator and were
available to the watchstander as required by the experimental plan.




Commercial ECDIS Systems

The two systems selected were Offshore Systems Limited’s (OSL)
Precision Integrated Navigation System and Robertson Marine Sys-
tems Incorporated’s Disc Navigation System.

The two systems used for this study differed from each other in a
number of ways, most of which are summarized in Table 1. The dif-
ferences most prominent in the experiment were display configura-
tions, chart presentations, and radar integration. The OSL system
had a single display screen that could be configured by the user to
present several graphic and alphanumeric windows; the Robertson
system had a display screen dedicated to the chart presentation and
a separate liquid crystal display (LCD) to present alphanumeric
information. The OSL had relatively simple stylized charts that
could be viewed in separate windows at different scales; the Robert-
son had a more complex paper chart-like presentation on the single
dedicated screen. The OSL presented complete radar video as an
overlay to the chart and presented target range and bearing infor-
mation in an alphanumeric window; the Robertson system presented
only the targets acquired by the separate ARPA on the bridge and
their vectors on the chart display and presented range, bearing, clos-
est point of approach (CPA), and time to CPA on the separate
alphanumeric LCD. The single screen, stylized chart, and radar
video of the OSL system are illustrated in Figure 1. This figure is
adapted from an OSL photo. The actual view shown did not appear
in the experiment. Note that both systems are prototypes and not
representative of the systems now available from the manufacturers.

Primary Experimental Manipulation

The primary experimental manipulation was in the methods of
navigation available to the watchstander in a given scenario. In all
scenarios the conventional choices for navigation were available:
position fixing on the paper chart, radar/ARPA, and visual piloting.
In two baseline scenarios, only these conventional methods were
available. In the remaining scenarios, one of the commercial
systems was added to the bridge in one of three modes:

e ECDIS with automatic position updating and radar features
(positioning was to an accuracy of 5 m or better. Mariners were told
that differential Global Positioning System was in use.),
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« ECDIS with automatic position updating and no radar features,
and

¢ ECDIS without automatic position updating (and with instruc-
tions to update manually).

Content of Experimental Scenarios

All the scenarios were transits through the Coastal and Harbor/
Harbor Approach phases of navigation (6) in New York or San
Francisco. As is frequently done in simulator research, the workload
was increased beyond realistic levels on the assumption that a high
but sustainable workload increases the sensitivity of the mariner to
the experimental manipulations and, therefore, increases the sensi-
tivity of the performance measures. To ensure a high workload,
each participating mariner made port arrivals and departures as the
one officer alone on the bridge. In addition, no pilot came on board
when the ship passed the pilot station. To keep the workload sus-
tainable, the equipment consoles were arranged for “centralized
control” to minimize movement around the bridge. This arrange-
ment is illustrated in Figure 2. Also indicated in the figure are video
cameras (numbered as 1, etc.) and microphones (labeled as M1,
etc.). A qualified helmsman was present in all scenarios.

As the single officer on the bridge, the subject mariner was
responsible for navigation, collision avoidance, and bridge man-
agement activities. The scenarios were designed by MSI/CAORF
mariners to be approximately equal to each other in their density of
events representing each of these three bategories of activities. The
experimental approach requires any differences in observed perfor-
mance among scenarios to be attributable to the primary experi-
mental manipulation and not to differences in scenario background
content. This scenario design is an example of the type of control
that is possible on the simulator but not at sea.

Participating Mariners

Four masters and two mates each spent a week at MSI/CAORF.
They all had extensive resumes, and simulator or computer experi-
ence, or both. The intention was to select mariners who could be
expected to adapt to the new technology and provide good perfor-
mance and meaningful reactions in a relatively short time. During

TABLE 1 Major Differences between Two Commercial Systems

Offshore Systems Limited  Robertson Marine

PINS -VME Disc Navigation
Computer 68030 @ 25 MHz 80386 @ 33 MHz
Screen 19 inch, 1024 x 788 pixels 25 inch, 1080 x 1040 pixels
Displays configurable into windows, chart on screen,

chart or text text on LCD
Electronic chart landmass, contours,

channels, aids complex, “chart-like”
Interface touch screen and trackball  keyboard and trackball
Radar features video overlay, ARPA targets,

some ARPA info some ARPA info
Own ship symbol scaled outline outline not to scale




FIGURE 1 Offshore Systems Limited’s PINS VME display screen.

Forward

Helm

Aft

FIGURE 2  Shiphandling simulator’s bridge arranged for centralized control.




each week, the mariner received brief formal training on each of the
two ECDIS systems and ran through all the experimental scenarios
in a different counter-balanced order.

Performance Measures and Data Analysis

A variety of ship control and human factors data was collected and
analyzed. Those that proved the most productive in investigating
each experimental objective are discussed in the section that
follows. All measures based on mariners’ reports were subjected to
analyses of variance. Specific hypotheses were tested using single
degree of freedom contrasts. Cross-track distance data were
compared between scenarios by using #-tests. All effects discussed
here were statistically significant (p < 0.05).

RESULTS
Primary Method of Navigation

Each mariner reported the primary method of navigation used for
each identifiable segment of the transit after each scenario. The
assumption was that the selection of method would reflect the
mariner’s view of the best combination of safety and workload for
the conditions. The results are summarized in Table 2 for the Har-
bor/Harbor Approach phase of navigation, with its relatively high
_ risk and high workload. With this high workload, plotting on the
paper chart for position fixing was rarely used. Instead, in conven-
tional bridge conditions, without ECDIS available, visual piloting
and radar/ARPA were the methods reported. When ECDIS with
automatic updating of position was available, it was reported to be
the predominant method of navigation; however, without automatic
updating of position and with the requirement for manual updates,
ECDIS lost its preferred status.

Safety Measured by Accuracy of Trackkeeping

Safety of navigation has been measured in simulator research (7,8)
and in sea trials (9) by cross-track distance from a planned track-
line. Although no special instructions to keep the ship close to the
line were given in this experiment, it was hypothesized that ECDIS
would increase safety by reducing cross-track distance. At some
critical points, such as approaches to bridges or to major turns, the
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availability of ECDIS with automatic positioning resulted in sub-
stantial reductions in mean cross-track distances. A notable exam-
ple is illustrated in Figure 3. These figures are plots of the simula-
tor’s harbor data base with the actual tracks traced by own ship’s
center of gravity for each of the mariners superimposed on them.
This treatment provides a composite track plot. The upper half of
Figure 3 represents performance using ECDIS with automatic
updating of position (Scenario 5); the lower half represents perfor-
mance with the baseline conventional bridge (Scenario 9). Note that
the tracks in the upper half, using ECDIS, are more tightly clustered
than are the tracks in the lower half of the figure, using conventional
methods. This difference is particularly obvious as the tracks pass
under the Golden Gate Bridge and as they round the turns to the
southeast of Alcatraz Island.

Summary data from the track plots in Figure 3 are presented in
the top half of Table 3. The use of ECDIS decreased the mean cross-
track distance to approximately one-third of what it was with con-
ventional methods. The bottom half of the table shows the effect of
the failure of automatic updating of position and the necessity of
manually updating position: cross-track distance is increased and
ECDIS loses its advantage in track-keeping accuracy.

Workload Measured by Time Spent
and by Mariner’s Ratings

Workload was measured by asking the mariner after each scenario
what proportion of the time was spent on navigation, collision
avoidance, and bridge management. The mariner was also asked to
rate workload on each of these three categories of tasks separately,
using the National Aeronautics and Space Administration’s Task
Load Index (10,11). This is a frequently used rating scale that yields
a score from zero to 100 representing the perceived demand of a
task. The hypothesis was that ECDIS would reduce the workload of
navigation.

A summary of the findings are presented in Table 4. The avail-
ability of ECDIS with auto positioning decreased the mean work-
load for navigation and the mean reported proportion of time spent
on navigation below that measured for conventional bridge proce-
dures. The necessity of manually updating position increased the
navigation workload and the proportion of time spent in navigation.
Workload was increased over that for the conventional bridge and
ECDIS with automatic positioning.

TABLE 2 Reported Primary Method of Navigation for Bridge Conditions

(in Harbor/Harbor Approach)

Proportion of Total Transit Segments for Which Method
was Reported as Primary for Each Bridge Condition*

Plotting/ Total
Bridge Paper Radar/ Visual Transit
Conditions Chart ARPA Piloting ECDIS Segments
Conventional
bridge 0.03 0.25 0.73 NA 40
ECDIS auto
positioning 0.00 0.15 0.18 0.67 79
ECDIS no auto
positioning 0.05 0.61 0.28 0.05 18

* Proportions do not sum to one due to rounding error.
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FIGURE 3  Track plots illustrating effect of ECDIS on track-keeping accuracy.

Time Spent on Navigation Versus Time Spent
on Collision Avoidance

Table 4 also shows a reciprocity between navigation and collision
avoidance. With the decrease in proportion of time spent on
navigation using ECDIS with automatic positioning, there was a
corresponding increase in the proportion of time spent on look out

and on collision avoidance. The mariners indicated, both in
spontaneous comments and in formal questioning, that in their
view this shift represented an increase in safety. Navigation work-
load and the proportion of time spent on navigation were positively
and significantly correlated with each other. Navigation workload
and the proportion of time spent on collision avoidance were nega-
tively and significantly correlated. ECDIS with no automatic
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TABLE 3 Mean Cross-Track Distance at Selected Points in Transit

for Bridge Conditions
Mean Cross-track Distance
Location (Meters*) Probability
ECDIS Convention
auto positn bridge
San Francisco (Scenario 5) (Scenario 9)
Golden Gate Bridg 32 117 0.05
Alcatraz st turn 18 100 0.09
Alcatraz 2nd turn 29 98 0.06
ECDIS ECDIS
auto positn no auto
New York (Scenario 1) (Scenario 3)
Ambrose 1st turn 41 128 0.09
Ambrose 2nd turn 59 219 0.006
Verrazano Bridge 18 148 0.18

* 1 meter = 3.3 feet.

TABLE 4 Mean Navigation Workload and Reported Distribution of Mariner’s

Time for Bridge Conditions

Proportion of Time on Task*

Bridge Navigation Collision Bridge
Conditions Workload Navigation Avoidance  Management
Conventional

bridge 52 0.46 0.33 0.21

ECDIS auto

positioning 36 0.37 041 0.21

ECDIS no auto

positioning 63 0.49 034 0.17

* Proportions do not sum to one due to rounding error.

updating of position again showed the most unfavorable results
on all measures.

Feature and Function Use

The use of chart features and navigation functions on ECDIS was
examined in a number of ways. Experimental observers watched on
video monitors and tallied features and functions enabled on the
ECDIS systems by the mariner, questionnaires after each scenario
contained checklists for reports of what had been used and what was
wanted, and a final questionnaire contained a checklist asking the
mariner to recommend what should be available.

The results obtained with this final measure are summarized in
Table 5. Only a few features were recommended by most mariners
as “display always.” The asterisks mark items selected as one of the
three most important by most mariners. A much larger set was rec-
ommended by most to be available “at user’s option.”

Corresponding recommendations on the ECDIS-based naviga-
tion functions are summarized in Table 6. The mariners’ use of such
functions and their comments are further discussed in the larger
report on this study (7).

Results on Use of Radar Overlay

No significant differences were found, either between ECDIS with
and without radar features or between ECDIS with the complete
radar video and ECDIS with targets only. Mariners believed that
radar integration should be a valuable addition to ECDIS but that
the examples that they saw were not satisfactory. The principal
drawbacks mentioned were an overly cluttered screen and incom-
plete ARPA information that did not allow them to depend on that
single system for both navigation and collision avoidance.

DISCUSSION AND CONCLUSIONS
Contribution to Safety of Navigation

The use of ECDIS during route monitoring has the potential to pro-
vide equivalent or greater safety than that provided by the paper
chart and conventional procedures. Two mechanisms to provide this
increased saféty were identified: (a) decreased cross-track distance
from the planned route and (b) an increased proportion of time spent
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TABLE 5 Mariners’ Recommendations of Charted Features

Charted Features

Display AtUsers Display
Always Option  Never

(number of mariners of six)

coastline/landmass

indication fixed aids to navigation
indication floating aids to navigation

federal channel lines
navigation lanes/fairways
pilot areas

indication of isolated dangers

spot soundings
names-landmasses, islands, etc.
light / sound characteristics
cable/pipeline areas

details of isolated dangers
lat/long grid lines

bottom characteristics

details of cautionary notes
ENC edition date

anchorages

bottom contours

compass rose

physical classification (can/nun)

physical description (e.g. white tower)

magnetic variation
geodetic datum

prohibited and restricted areas
indication of cautionary notes

indication of units of depths/ heights

radio characteristics (RACON)
coastal topography
land feature/characteristics

visual and radar conspicuous features

6 0 0
6* 0 0
6* 0 0
4 2 0
4* 2 0
4 2 0
4 2 0
0 6 0
1 5 0
1 5 0
1 5 0
1 5 0
1 5 0
0 5 1
0 5 1
0 5 0
2 4 0
2 4 0
2 4 0
1 4 1
1 4 1
0 4 2
0 4 2
3 3 0
3 3 0
3 3 (1]
2 3 1
1 3 2
1 3 2
2 2 2

* also rated as one of three most important features by majority of mariners

on look out and collision avoidance. These findings, that ECDIS
supports more accurate ship control and allows more time to be
spent on non-navigation tasks, support simulator evaluations of the
use of automation for one-man bridge operations (12).

Effect on Workload

The use of ECDIS during route monitoring has the potential to
reduce the navigation workload compared with using the paper
chart and radar and visual piloting techniques. The major factor in
the reduction in workload is the automation of position fixing that
allows navigation at a glance. Automatic updating of position and
a generally high level of display accuracy are critical to the
effectiveness of ECDIS in the Harbor/Harbor Approach region.
Refinements in the design of the system may also contribute to the
reduction of workload.

Chart Features During Route Monitoring

A relatively simple display was recommended by the participating
mariners during the dynamic situation of route monitoring to avoid
a cluttered display. The consensus of features to display always cor-
responds approximately to the standard display of the IMO PS (2,3).

The preference for a simple display for route monitoring is consis-
tent with conclusions in other reports (13-16). At the same time, the
participating mariners recommended immediate and easy reference
to a much larger set of features.

It appears worthwhile to make a distinction between two
functions of a navigational chart: a dynamic function for the route
monitoring, which needs only the information used in ship control,
and a static function as a geographic information system (GIS),
which provides much more extensive information for reference.
The mariners’ preferences for features and functions were based on
the route monitoring task they experienced. The use of ECDIS for
the navigation task of passage planning was not addressed in this
experiment.

ECDIS-Based Navigation Functions

Given the capability of a microprocessor, the functions that might
be added to an ECDIS are limited only by the ingenuity of the man-
ufacturers. The valid needs of the user should be met, but, at the
same time, a system should not be overly complicated, cluttered,
and confusing. A similar approach could be taken for navigation
functions as has been taken for chart features (2,3). That is, there
could be a base set provided in every mode on every model by every
manufacturer. In addition, there could be additional functions to be
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TABLE 6 Mariners’ Recommendations of ECDIS Based Navigation

Functions

ECDIS-Generated Information

Display AtUsers Display
Always Option  Never

(number of mariners of six)

navigation fault alarm (eg. GPS down)

own ship outline
display planned trackline

display waypoint /waypoint number

past track

vector of course /speed made good

display overlay of actual radar
set and drift
display range rings

vector of own ship heading and speed

display selected ARPA targets
display current vectors
ETA to waypoint

display dead reckoned position / time

scale bar
chart scale boundaries

display wheel over points/turn radius

grounding alarm
own ship's safety depth contour
zoom in/ out function

display chart north up and course up

off track alarm
display fix marker and time
course to steer (trackline)

provide method for manual fix taking

display visual limits of lights

6* 0 0
5 1 0
5* 1 0
4 2 0
1 5 0
1 5 0
1 5 0
1 5 0
0 5 1
2 4 0
2 4 0
1 4 1
1 4 1
1 4 0
1 4 0
1 4 0
3 3 0
3 2 1
3 1 1
3 1 1
2 3 0
2 3 1
1 3 0
1 3 2
1 3 2
1 2 3

* also rated as one of three most important features by majority of mariners

selected by the user. Finally, manufacturers could have the oppor-
tunity for product differentiation and innovations that do not inter-
fere with the base set. According to the expressed needs of the
mariners participating in this study, there should be sufficient stan-
dardization across systems that an experienced individual can make
safe use of a different system. The marine pilot, who must board a
strange ship and make immediate use of available equipment,
would have even greater needs for standardization.

Radar Features During Route Monitoring

No definite conclusions are possible from this experiment on the
issue of whether, or how, radar should be integrated with ECDIS.
The mariners’ understandable concerns with the use of ARPA for
collision avoidance in harbor entrances and departures suggest a
need for further studies on the use of integrated systems.

Integrated Navigation Systems

The U.S. Coast Guard is involved in several studies of integrated
systems. In cooperation with the Canadian Hydrographic Service, a
further study is in preparation at the Centre for Marine Simulation
at the Marine Institute in St. John’s, Newfoundland. This study will
examine the contributions of an integration of ECDIS and radar to
navigation and collision avoidance. No published report is avail-

able. The U.S. Coast Guard is also a co-sponsor, along with the

_ Maritime Administration, of the Shipboard Piloting Expert System.

This ambitious project is a real-time expert system that reasons
about the available data and formulates recommendations to the
mariner (I7). Sea trials are planned.

ECDIS as Automation

Many of the ECDIS issues considered during this study—effects on
workload, situational awareness, safety, need for special training,
and so forth—are general to the use of automated systems. The con-
sequences of the increased use of technology on ships and related
changes in the mariner’s role are of great interest in the marine
industry at the present time. Many comments from the mariners
who participated in this study suggest concern that the conse-
quences might be negative as well as positive: junior officers might
become over-confident or overly complacent, they might fail to
keep proper look out or notice targets not acquired by ARPA, they
might not learn or maintain the necessary skills to function in case
of system failure, or they might not be aware of system inaccuracies
or malfunction. Owners might take a person off the bridge for every
ECDIS they put on it. Because of the broad implications of these
types of issues for maritime safety, the U.S. Coast Guard has begun
a major study of the effects of automation. As of this writing, a task
to define the study methods is nearing completion (18,19).
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Optimal Driving Aid for Speed Control of

High-Speed Trains

S. YIN AND T. B. SHERIDAN

Recent development in computer technology and in cab signal systems
has made automatic train speed control technically feasible. However,
completely automatic control on high-speed passenger trains-may not
be easily accepted for various political, safety, or economical reasons.
Therefore, humans remain in the cabs of high-speed trains. The ques-
tion is, then, which tasks in train operations should be entrusted to the
human and which to the computer? In view of the weakness and
strength of humans and computers, we seek some kind of human-
machine cooperation that combines the strength of the two agents in the
cab and overcomes their weaknesses. An optimal solution of speed and
thrust-braking profiles can be developed under the assumption that the
speed limits across the trip from one point (which could be a station or
any known point) to the next are known a priori and that the track and
the train characteristics are known. An integrated speed control display
based on this optimal solution presents the human driver with the opti-
mal speed and thrust-braking profiles and other information relevant to
speed control. Four different options of train speed control based on the
proposed display are: (a) simple manual control, (b) manual control
with the display as an aid, (¢) manual control with the display as an aid
plus the automatic control option, and (d) fully automatic control with
emergency-override options. Considerations that bear upon the choice
among the alternatives include basic system features, experimental
results, view of human role in automation, introduction of new tasks for
the human driver accompanying the automation, public anxiety, and
liability in case of an accident.

The primary task in train driving is speed control. To perform this
task well, the driver, whether human or machine, must know the
track properties (grades, curvatures, etc.), the train propeniés
(length, weight, propulsive power, characteristics of resistance and
tractive forces, etc.), and the operating rules (speed limits, emer-
gency handling procedures, etc.). As measurement technology
develops and computer capability improves, fully automatic speed
control becomes technically possible.

The question is, then, how should the available information and
control capability be used? At one end of the utilization spectrum is
manual control, which currently dominates most locomotive oper-
ations. At the other is completely automatic control. The former is
demanding on the driver and is likely to result in less-than-ideal per-
formance. The latter may not be easily accepted by the public for
various reasons even if technology permits and will surely fail when
the input information is incorrect.

Assuming full automation, keeping the human operator in the cab
without an opportunity to participate in the control during normal
operations has its problems. On the one hand, the human operator
may develop complacency, low job satisfaction and other human
factors problems, and may not be able to cope with emergencies in
the way in which he or she is expected. On the other hand, machines
lack the flexibility that humans have in handling abnormal or emer-

Massachusetts Institute of Technology, 77 Massachusetts Avenue,
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gency situations. Some kind of human-machine cooperation that
combines the strength of the two agents in the cab and overcomes
their weaknesses is sought.

Automatic speed control in high-speed trains (more than
200 km/hr or 125 mph) has been used at different levels in different
countries, depending on the types of braking facilities used. In
Germany, speed control frequently takes the form of cruise control -
with the cruising speeds indicated by a display. This form of speed
control, which can be inefficient in terms of energy consumption, is
affordable because of the regenerative braking capability of trains.
In France, by contrast, trains are controlled manually by using a
written specification on the most efficient coasting strategy. Cruise
control is rarely used because of the energy loss resulting from
rheostatic braking.

Studies have been made on automatic dispatching that involves
pacing trains over a territory by a train dispatcher to ensure travel
according to an optimal velocity profile to save fuel (,2). However,
the issues of how the driver uses the velocity profile (a combination
of throttle and brake settings) in cab and how it might be used for
fully automated speed control have not been addressed.

This paper addresses the issue of human-machine allocation of
train control tasks by proposing a scheme of train speed control.
First, an optimal solution of speed and thrust-braking profiles for a
high-speed train is described. Second, an integrated speed control
display based on the optimal solution of speed and control profiles
is proposed. Third, various possibilities of using the display as a
speed-control decision aid for the human driver are discussed. The
paper concludes with a brief summary and the authors’ outlook on
future works.

OPTIMAL HIGH-SPEED TRAIN CONTROL
SOLUTION

Technically, it is now quite feasible to automate train speed control
to keep the train within speed limits, adhere to the schedule, and,
under these constraints, minimize energy consumption. Automatic
measurement of train position, velocity, thrust, braking, and other
variables has steadily improved and advanced cab signal systems
are becoming available. Modeling of train dynamic characteristics
is more precise with the advent of new technologies. Computers are
becoming faster, cheaper, and more reliable, which allows imple-
mentation of some computationally demanding algorithms that
were not possible earlier. Therefore, once the current location, time,
and the scheduled next stop location of a train is known, it is possi-
ble to obtain an optimal solution of the speed control for its whole
trip—optimal in terms of energy consumption.

The problem of an optimal solution to train speed control can be
stated as follows: a train is known to traverse the section of track
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from point A to point B in T hours. Terminal speeds at the two points
are known. (Note that points A and B could be the two stations of a
trip or any other known points along the trip, as long as the train
speeds at the two points and the time to traverse the section between
them are known). The speed limits, track grades, and curvatures of
the track blocks are known a priori. Related train dynamic charac-
teristics, such as mass, tractive effort, and resistance force on a flat
track (i.e., resistance induced by aerodynamics and factors not
related to curvatures and grades), as functions of speed are also
assumed to be known a priori. This implies that the total resistance
force experienced by a train at any moment is the sum of those
induced by track grades and curvatures and that on a flat track. The
question is to find the speed profile that minimizes the energy con-
sumption of the trip from A to B in T hours. This is a constrained
optimization problem that can be solved with dynamic program-
ming techniques. Figure 1 depicts the function of a dynamic pro-
gramming algorithm. (Detailed mathematical derivation can be
obtained from the authors.)

In applying the above optimal solution of train speed control,
some practical considerations deserve special attention. Ideally, if
the track geometry were known perfectly and the train model were
perfect, the optimal speed and thrust-braking profiles could be cal-
culated. This implies that these profiles can be simply followed, and
train positions and velocities would never have to be measured.
Since this ideal situation is not true, the only reasonable approach
is to update the optimization repeatedly during the transit from point
A to point B.

The updating should take the current actual (measured) train
position, velocity, and time as the initial condition and current speed
limits, which may have been changed as a result of a breakdown of
the train ahead, for example, to obtain a new set of speed and thrust-
braking profiles for the rest of the transit. These updated profiles are
then followed until the next update. Such updating would guaran-
tee getting to the terminal point B nearly on time, but with slightly
less than optimal energy cost. It is a matter of experimental test,
however, to determine how accurately such a calculation can be
made under the current capability of cab signal systems.

INTEGRATED DISPLAY FOR
THE HUMAN DRIVER

Although automatic control can relieve the human operator from
tedious repetitive manual tasks, it is not always readily accepted for
various technical, safety, or political reasons. If automatic speed
control is not acceptable, the optimal solution discussed in the
previous section can serve as a decision aid for the driver instead.
One design of such an aid is the integrated color display shown in
Figure 2 in black and white.

Track
charactexisticsl
i . Speed profile

Train Dynamic
cEaractensncs. Programming

— .
Initial and final Thrust-braking
conditions profile

FIGURE1 Function of dynamic programming
algorithm.
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This display integrates all relevant information on speed control.
It provides the human driver with the optimal thrust-braking profile
as a function of train position and tells the driver exactly what con-
trol action to take in order for the train to follow the speed profile
that meets all the given speed limits, gets the train to the next station
or a known terminal point on time, and minimizes energy
consumption. The right-hand edge of the speedometer indicates
the location of the train momentarily. Atop the speedometer, two
horizontal bars might serve as a trip timer and a trip odometer,
respectively. The display may also show the stopping distance
momentarily. This may help the driver to make decisions on the
type or amount of braking force to use in case of track obstruction.

In practice, it is unrealistic to expect a train to follow the optimal
speed profile even if the driver follows the displayed optimal thrust-
braking profile perfectly. A major reason is that the model used in
calculating the optimal solution may not conform precisely to the
reality. An example is that the resistance force in the model may not
represent that induced by instantaneous wind gusts. One way of
remedying this situation is by updating the optimal solution for the
rest of the transit, as mentioned in the previous section. Using the
deviation of the current speed from the optimal speed, the current
time from the scheduled time, or both, as a cue, the driver may
request the computer to update the optimal solution. As a result, the
control is suboptimal in practice.

TO KEEP OR NOT TO KEEP
THE HUMAN DRIVER?

Two contrasting ways of applying an energy-optimal solution to
train speed control have been described. It is argued that, under the
assumption of sufficiently accurate models of track geometry and
train dynamics, and sufficiently accurate train state measurements,
optimal automatic control of train speed is feasible. One design of
such automatic control would be the direct implementation of the
optimal thrust-braking profile described in this paper. Alternatively,
the optimal profile can be used, not for automatic control, but as a
display for a human driver. If the human, in manual control, fol-
lowed precisely such a profile, better speed-control performance
would be achieved than if that person had to perform various men-
tal calculations during continuous decision making and control.’
This decision-making process can be quite demanding for a new
driver. Thus there are four options:

® Manual control, with traditional displays only. Keep the
human driver in charge and withhold the integrated display, because
he or she might slavishly follow its recommendations and lose the
ability to think for himself or herself.

o Manual control, with the integrated display as an aid. Keep the
human driver in charge, provide the display, and expect the driver
to use the display as a decision aid for controlling the train along
with his or her expertise.

e Manual control, with the integrated display as an aid, plus the
automatic control option. Keep the human driver in charge, provide
the display, and make some form of optimal automatic control
available. Leave the use of either mode of control at any time up to
the human operator (much as cruise control is now used in trains and
automobiles).

e Fully automatic control with emergency-override options.
Automatic optimal speed control under normal conditions, but
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FIGURE 2 Integrated display as decision aid for train speed control.

allowing emergency override by (a) an operator in the cab who is
there to perform other duties, (b) staff personnel elsewhere on the
train who might take control from where they are or move to the cab
as time allows, or (c) a dispatcher from the dispatching center, if the
system allows.

Note that these options should include the automatic train pro-
tection capabilities with which a train is normally equipped (3).

In the fully automatic control mode, the display serves as a means
for the computer to communicate with the human driver about the
current states and future intentions of the automatic control system.
Several considerations bear upon the choice among the speed con-
trol alternatives:

e Basic system features. System features, especially signal sys-
tem capability and types of braking systems, strongly influence the
appropriate level of cab automation and the role of the driver.

e Experimental results. Most important is the outcome of exper-
imental tests and demonstrations of the proposed driver aid or of
automation.

e Proper view of human role in automation. A prevalent position
taken by engineers is that automatic control is essential for modern
high-speed trains and there is simply nothing to debate. A high
degree of automation is now widely accepted in aviation by pilots,
airlines, and regulators, although human pilots remain in cockpits.
However, accidents, for which pilots often blame automation, still
occur.

With regard to automation, history has shown that we are not
always as smart as we think we are. For example, Charles Stark
Draper, the father of inertial guidance used to take the astronauts to
the moon, proclaimed at the outset of the Apollo Program that the
astronauts were to be passive passengers and that all the essential
control activities were to be performed by automation. It turned out
that he was wrong. Many routine sensing, pattern recognition, and
control functions have to be performed by the astronauts, as do
some critical emergency decisions.

e Introduction of new tasks for the human driver accompanying
the automation. Since some tasks (such as planning ahead, replan-
ning in case of emergency, voice communication with the dis-
patcher, etc.) may not be automated, a trained human operator may
be required to remain in the cab, with little to do during normal
operations. This may result in loss of vigilance and development of
complacency. A natural remedy is to give the operator something
more to do. More activity than now practiced in diagnosing various
subsystems on the train, such as air conditioning, engine operating
status, and the like, is one possibility. How such additional tasks
interact with the speed control task is.an issue to be investigated.

e Public anxiety. It is expected that there would be great public
anxiety with driverless control in full-size high-speed trains. How-
ever, it is clear that some small-scale trains that operate in airports
(e.g., in Dallas—Fort Worth, Atlanta, Orlando, and Chicago) or from
airport to city center (e.g., the French VAL) are driverless. There-
fore, reflex anxiety about driverless trains may be waning.
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o Liability in case of an accident. The threat of litigation in case
of any accident in an automated system gives developers pause.

The authors believe that development should pass from the current
situation, fully manual control (the first control option listed at the
beginning of this section), to manual control with integrated display
as an aid (the second option listed), to manual control with an
automatic control option (the third option), and perhaps finally to
fully automatic control (the fourth option). This sequence would
be the safest and most acceptable route for development and
evaluation.

CONCLUDING REMARKS AND FUTURE WORK

An optimal solution to train speed control has been proposed.
Potential uses of the optimal solution for automatic control or as a
decision aid for human drivers have been discussed. The decision
aid may take the form of the proposed integrated display. It is not
the purpose of the paper to provide answers to the design of the cab,
but instead to propose possible uses of the optimal speed and thrust-
braking profiles and possible designs of a decision aid for the human
driver. The authors are in the process of setting up human-
in-the-loop simulation experiments to investigate the proposed
options. The experiments are expected to provide insight on the
issue of human-machine allocation of high-speed train operation
tasks.
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Although the research is primarily concerned with high-speed

‘trains, the concept proposed in this paper is equally applicable to

other types of trains.
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Effect of Freeway Corridor Attributes on
Motorist Diversion Responses to Travel

Time Information

GERALD L. ULLMAN, CONRAD L. DUDEK, AND KEVIN N. BALKE

Two short telephone surveys were administered to a group of subjects
who regularly travel the North Central Expressway in Dallas, Texas, for
their daily home-to-work trip to the Dallas central business district. Sub-
jects were presented with eight hypothetical traffic radio messages that
varied three corridor attributes believed to affect motorist diversion
decisions: the location where the traffic message recommended divert-
ing from the expressway, the location where the traffic congestion on
the expressway was said to exist (relative to the location where
motorists were advised to divert), and the alternative route (a toll road
or an arterial street) recommended in order to save time. Survey subjects
were asked to indicate the time savings value that they would require to
cause them to divert from the primary route. The results of the study
suggested that motorist diversion decisions in response to a given time
saved message vary dramatically, even for a group of motorists with the
same origins and destinations making a morning work trip. Conse-
quently, the widely differing attitudes and preferences of individual
drivers concerning the characteristics of a corridor (i.e.,-what routes are
available, where to divert, and the like) could not be systematically
categorized on the basis of recommended route, diversion location, or
congestion location.

As traffic demands in urban areas continue to grow, transportation
agencies are looking for ways to better manage existing roadway
facilities to minimize traffic congestion and maintain mobility
within the region. One way agencies can better manage traffic is by
providing motorists with information about current roadway condi-
tions. Research indicates that motorists desire accurate and timely
information about unusual roadway and traffic conditions and are
willing to react to this information by altering their departure time,
route, and, to a small degree, mode of travel (I-3).

Various technologies can be used to provide motorists with cer-
tain types of real-time information, including changeable message
signs, highway advisory radio, telephone hotlines, and commercial
radio and television traffic reports.

In the future, advanced traveler information systems, part of the
intelligent vehicle-highway systems program, will provide drivers
with traffic information and navigational assistance tailored to their
needs.

Previous human factors research (4,5) has generated basic design
guidelines for the traditional forms of real-time motorist information
displays. This research has also shown that travel time information
can have a significant influence on motorist diversion decisions.
Real-time traffic information must be packaged and presented to
motorists in the proper manner to facilitate quick, easy, and correct
comprehension. Travel time information can be presented to
motorists in a variety of formats, including the following:

Texas Transportation Institute, The Texas A&M University System, College
Station, Tex. 77843.

e Absolute travel time value between points on a given route,

¢ Delay to be encountered between two points,

¢ Time to be saved between two points by diverting to a specified
alternative route,

¢ Delay to be avoided between two points by diverting to an
alternative route, and

o Presentation of travel times for both the given route and one or
more specified alternative routes.

In 1979, human factors studies conducted by Huchingson and
Dudek showed that motorists were more likely to consider divert-
ing because of a time savings value than to an identical delay time
value (6). A time savings value explicitly compares the primary
travel time to the alternative route, whereas delay values require the
motorist to estimate how much longer it will take to bypass con-
gestion via an alternative route and whether the increased travel
time on the alternative route is offset by the delay expected on the
primary route. From this study, the 50th-percentile motorist con-
sidered diverting if a delay of 15 to 20 min or greater were indicated
or if a time saved value of 5 to 10 min or greater was displayed.

Research indicates that motorists do not always perceive a given
delay or time saved value identically in all situations. In a 1984
study conducted by Huchingson et al. (7), the 50th-percentile
motorist considered diverting if a message indicated 5 to 10 min or
more of delay was present (as compared to the 15 to 20 min found
for the 50th-percentile motorist in the earlier study). Several differ-
ences in the way the two surveys were administered could account
for some of the differences in the results. However, it is apparent
that motorist sensitivity to travel time information may not be iden-
tical for all driving situations. As summarized elsewhere (8), the
findings of other studies indicate that diversion decisions are influ-
enced by various alternative route characteristics, type of trips being
made, and possibly demographic and socioeconomic characteristics
of the driving population. It would seem logical that these factors
might interact with the travel time information in affecting diver-
sion decisions as well. In other words, motorist diversion decisions
based on travel time information might vary depending on the alter-
native routes available in the corridor, the type of trip being made,
the time of day, and so forth. These potential interactions were the
focus of the surveys described in the remainder of this paper.

STUDY PROCEDURES
Study Objectives

Three corridor attributes were examined in this study by determin-
ing motorists’ time saved threshold values for each of several hypo-
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thetical traffic messages. A time saved threshold value represents

" the minimum amount of time savings a subject would require before
considering diversion to the recommended alternative route. It was
assumed that a subject would also consider diverting at any time
saved value that was larger than the threshold value. Thus, the num-
ber of subjects that would consider diverting at a given time saved
value would be the sum of those reporting that value as their thres-
hold plus all subjects having a smaller threshold value. The objec-
tives of this research were to

1. Determine whether motorist-reported time saved threshold
values depend on the type of alternative route specified in a traffic
message;

2. Determine whether the threshold values depend on the loca-
tion in the corridor where motorists are told to divert; and

3. Determine whether the threshold values depend on how far
upstream from the congestion on the primary route motorists are
told to divert.

This study assumed that motorists would place confidence in the

“accuracy of the diversion messages presented. However, as will be
seen in the results that follow, some study subjects were reluctant
to assume total accuracy. Instead, they appeared to balance the mag-
nitude and likelihood of the travel time benefits being promised in
the message against the repercussions they might endure if the
information were wrong.

Description of the Study

The study was accomplished through two short telephone surveys
of a group of 44 subjects known to travel the North Central Express-
way in Dallas, Texas, to and from work. These subjects were
assumed to be familiar with the routes and traffic characteristics of
that corridor. Subjects were recruited with assistance of two major
employers located in the Dallas central business district (CBD).
Subject selection was designed to yield employees who drove their
own automobiles to work daily, lived in a specific region of the
Dallas metropolitan area, and normally used the North Central
Expressway for their home-to-work trip. In this way, it was possi-
ble to limit the study sample to those having a common trip purpose
and nearly identical origin-destination characteristics.

With approval of each of the employers, subjects were contacted
on two weekday mornings to participate in a 5- to 10-min survey
administered over the telephone. Subjects were called at work in the
morning in order to facilitate their recall of travel conditions on the
North Central Expressway during a normal trip to work. On each
day, subjects were read a series of four traffic messages in random
order, and asked to envision themselves receiving these messages
over the radio as a traffic advisory broadcast. The subjects were
asked how much time they would need to save (i.e., promised in the
traffic message) to cause them to consider diverting. Afterward,
subjects were questioned about their responses to gain insight into
the reasons for any differences in time saved threshold values pro-
vided from one message to the next. No monetary incentives were
provided to subjects participating in this survey.

North Central Expressway Corridor

The North Central Expressway (US-75) extends from the eastern
side of the Dallas CBD through north Dallas. The expressway bor-
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ders the small cities of Highland Park and University Park and
passes through the satellite communities of Richardson and Plano
farther to the north (see Figure 1). Built in the 1940s, the four-lane
divided highway currently carries approximately 130,000 vehicles
per day and experiences severe congestion during much of the day
over the 14.9 km (9.3 mi) between the Lyndon Baines Johnson
(LBJ) Freeway (I-635) and the CBD. It is currently undergoing
major reconstruction; however, no lane closures are allowed on the
freeway during the peak periods.

Two major interchanges are located on the expressway within the
study corridor. On the northern end of the section is a fully direc-
tional freeway-to-freeway interchange with I-635. The design of the
interchange is insufficient to accommodate certain traffic demands,
and it usually causes congestion on the expressway. Approximately
midway between LBJ Freeway and the CBD, a second interchange
provides cloverleaf connections between the expressway and North-
west Highway (Loop 12). In the vicinity of the expressway, North-
west Highway is a six-lane divided arterial street with closely spaced
traffic signals. Frontage roads that parallel the expressway are not
continuous after the I-635 or the Northwest Highway interchanges.

Several north-south arterials parallel the expressway in this part
of Dallas. Of these, Greenville Avenue is the most highly used
arterial in the corridor (9). Its close proximity and easy access to the
east side of the expressway (less than one-block separation in some
locations) also make it a prime alternative route for expressway
motorists during incident conditions. To the west, the Dallas North
Tollway (a controlled-access toll facility) is located approximately
4.0 to 4.8 km (2.5 to 3 mi) from the expressway, providing the
fastest means of north-south travel in the corridor during peak
periods (9). It is also a viable alternative route to the expressway
for some motorists in the north Dallas area.

Table 1 summarizes the morning peak period and peak hour
travel times on the expressway, the tollway, and Greenville Avenue
between LBJ Freeway and the CBD. As can be seen, the tollway
provides the quickest trip downtown (13 min on the tollway, 18 min
on the expressway, and 22 min on Greenville Avenue during the
peak hour). However, there is a fee for using the toll facility, which
discourages some motorists from using it and preserves its higher
speed operation.

Description of Traffic Messages Evaluated

Eight traffic messages that varied the three corridor attributes
evaluated in this study were developed. The three attributes studied
were as follows:

¢ Alternative route recommended in the message in order to save
time,

o Location where motorists were told to divert from the express-
way, and

o Location where the problem was said to exist on the express-
way.

For example, Greenville Avenue was specified as the alternative
route in one-half of the messages, whereas the Dallas North Tollway
was recommended in the remaining messages. Likewise, subjects
were told to divert either at the LBJ Freeway interchange, or at the
interchange of the expressway with Northwest Highway. Finally,
the location of congestion in the messages was specified as either
immediately downstream of the location where diversion to the
alternative route was recommended, at a cross-street approximately
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1.6 km (1 mi) downstream of the recommended point of diversion,
or at a cross-street approximately 4.8 km (4 mi) downstream.

The remaining components of the traffic message were kept con-
stant. The type of incident creating congestion was always specified
as an accident. In addition, information about the length of conges-
tion provided in the messages was kept constant at 1.6 km (1 mi),
using major cross-streets as reference points. Table 2 summarizes
the key features of each of the traffic messages used in the study.
The study was conducted as two separate surveys on different days,
with four messages evaluated on one day and the remaining four on

the second day (it was believed that subjects would not have the
time or motivation to provide high-quality evaluations of all eight
messages during one study).

Data Collection Procedures
As part of each survey, researchers asked subjects to imagine them-

selves driving to work during their normal daily commute when
they receive a traffic advisory alert over their automobile radio. The -

~ researcher would then recite one of the four traffic messages sched-

TABLE 1 North Central Expressway Corridor Travel Times (9)

Average Travel Time from LBJ Freeway to Dallas CBD, Minutes

Time Period .
North Central Dallas North Greenville
Expressway Tollway Avenue

AM Peak Period 143 12.5 214

AM Peak Hour 18.1 13.1 224




TABLE 2 Traffic Messages

Message
Number

Corridor Characteristic

Alternative Route

Diversion Location

Congestion Location

Message

Greenville Avenue

Dallas North Tollway

Greenville Avenue

Dallas North Tollway

Dallas North Tollway

Greenville Avenue

Dallas North Tollway

Greenville Avenue

LBJ Freeway

LBJ Freeway

Northwest Highway

Northwest Highway

LB Freeway

LBJ Freeway

LBJ Freeway

LBJ Freeway

LBJ Freeway

LBJ Freeway

Northwest Highway

Northwest Highway

Forest Lane

Forest Lane

Northwest Highway

Northwest Highway

ATTENTION SOUTHBOUND TRAFFIC
ACCIDENT AT WALNUT HILL LANE
CONGESTION BEGINS AT LBJ FREEWAY

EXIT LBJ FREEWAY EASTBOUND

TAKE GREENVILLE AVENUE TO DOWNTOWN
SAVE -- MINUTES

ATTENTION SOUTHBOUND TRAFFIC
ACCIDENT AT WALNUT HILL LANE
CONGESTION BEGINS AT LBJ FREEWAY
EXIT LBJFREEWAY WESTBOUND

TAKE DALLAS NORTH TOLLWAY TO
DOWNTOWN

SAVE -- MINUTES

ATTENTION SOUTHBOUND TRAFFIC
ACCIDENT AT FITZHUGH AVENUE
CONGESTION BEGINS AT NORTHWEST HWY
EXIT NORTHWEST HIGHWAY EASTBOUND
TAKE GREENVILLE AVENUE TO DOWNTOWN
SAVE -- MINUTES

ATTENTION SOUTHBOUND TRAFFIC
ACCIDENT AT FITZHUGH AVENUE
CONGESTION BEGINS AT NORTHWEST HWY
EXIT NORTHWEST HIGHWAY WESTBOUND
TAKE DALLAS NORTH TOLLWAY TO
DOWNTOWN

SAVE -- MINUTES

ATTENTION SOUTHBOUND TRAFFIC
ACCIDENT AT NORTHWEST HWY
CONGESTION BEGINS AT FOREST LANE
EXIT LB FREEWAY WESTBOUND
TAKE DALLAS NORTH TOLLWAY TO
DOWNTOWN

SAVE -- MINUTES

ATTENTION SOUTHBOUND TRAFFIC
ACCIDENT AT NORTHWEST HWY
CONGESTION BEGINS AT FOREST LANE

EXIT LBJFREEWAY EASTBOUND

TAKE GREENVILLE AVENUE TO DOWNTOWN
SAVE -- MINUTES

ATTENTION SOUTHBOUND TRAFFIC
ACCIDENT AT FITZHUGH AVENUE
CONGESTION BEGINS AT NORTHWEST HWY
EXIT LBJ FREEWAY WESTBOUND

TAKE DALLAS NORTH TOLLWAY TO
DOWNTOWN

SAVE -- MINUTES

ATTENTION SOUTHBOUND TRAFFIC
ACCIDENT AT FITZHUGH AVENUE
CONGESTION BEGINS AT NORTHWEST HWY
EXIT LBJ FREEWAY EASTBOUND

TAKE GREENVILLE AVENUE TO DOWNTOWN
SAVE -- MINUTES -
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uled for that day (depending on the order required by the statistical
design). At the end of the message, the researcher asked the subject
whether he or she would consider diverting in response to the mes-
sage if the amount of time saved was said to be 5 min. If the subject
said yes, the researcher moved to the next message. If the subject
responded negatively, the researcher repeated the last part of the
question, asking the subject if he or she would divert if the time
saved value was said to be 10 min. Each time the subject said no,
the time saved value was increased. Once the subject said yes, the
researcher recorded that particular time saved value as that individ-
ual’s threshold value to that message, then moved to the next traffic
message and repeated the sequence. Subjects generally had no dif-
ficulties in understanding the survey administrator’s instructions or
in responding to the questions at the end of each traffic message.
Once threshold values to the different messages were obtained,
subjects were asked to explain any differences in values they gave
for the various messages. Study personnel used an open-ended
question format in this phase of the survey. At the conclusion of the
second survey, data were collected regarding each subject’s normal
work trip travel habits. These data included an estimate of their nor-
mal arrival time at work, the time they are expected to be at work,
the level of importance the subject placed on arriving at work on
time, and average trip duration under normal conditions. No attempt
was made to counterbalance any of these data in the study design.

Subject Demographics

Table 3 summarizes the basic demographic characteristics of the
subjects participating in the study. Males were slightly overrepre-
sented in the sample (57 percent). Most subjects (93 percent) were
between the ages of 25 and 54 years. Only 2 percent were younger
than 25, and only 5 percent were older than 55. It should be remem-
bered that subject selection was based on origin-destination patterns
and expressway usage; no attempt was made to balance the demo-
graphics of the subject groups.

Data on the subjects’ normal home-to-work trips are also pre-
sented in Table 3. As shown in the table, the majority of the subjects
normally arrive at work between 7:00 and 8:30 a.m. However,
approximately one-third (32 percent) indicated that they arrived
before 7:00 a.m. Although not asked of the subjects directly, it
became apparent through the surveys that at least one employer
maintained a flextime policy for its employees.-

The distribution of arrival times over the morning peak period
resulted in a wider range of travel times than had originally been
hoped for in the subject selection process. Table 3 also shows the
average reported travel times for subjects arriving at work before
7:30 a.m. and at 7:30 a.m. or later. For the former group, average
travel times were less than 26 min, whereas they were almost
49 min for the latter group (even though both groups traveled the
same approximate distances). Thus, although the selection process
did yield subjects with homogenous origin-destination patterns,
there were some differences as to when during the peak period these
subjects traveled each day and the traffic conditions they normally
encountered when traveling at those times.

RESULTS
Average Time Saved Threshold Values

Table 4 summarizes the average time saved threshold value for each
of the eight traffic messages examined in this study. Also shown are
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the standard deviations of the threshold values. Average time saved
thresholds ranged from a low of 10.2 min for Message 5 to a high
of 17.6 min for Message 2. Furthermore, substantial variation was
evident in the threshold values from one subject to the next, as evi-
denced by the large standard deviations obtamed for the different
messages.

The similar averages for the different messages does not mean
that all subjects provided identical threshold values for all mes-
sages. By grouping the subjects according to the messages for
which they provided different time saved threshold values, it was
possible to confirmthat many subjects did indeed have specific pref-
erences regarding where they would divert, which routes they
would use, and so forth. For example, by placing all subjects who
selected a lower threshold value for the message recommending
Greenville Avenue (as compared to the message recommending the
Dallas North Tollway) into one subgroup and those having a lower
threshold value when the tollway was recommended in another sub-
group, substantial differences among the subgroups were evident.

Table 5 summarizes the average values of these subgroups. For
the subgroup with lower threshold values when Greenville was
recommended (Messages 1,3,6,8), an additional 7 min (19 min - 12
min), on the average, was needed to get them to use the tollway if
it was recommended (Messages 2,4,5,7). Conversely, subjects
selecting lower threshold values when the tollway was recom-
mended would require an average of 12 more min (21 min — 9 min)
of time saving before they would consider diverting to Greenville
Avenue.

TABLE 3 Subject Demographics and Travel Characteristics

Value

Category (n=44)
Gender Distribution:

males 57%

females 43%
Age Distribution:

less than 25 2%

25to 39 43%

40 to 54 50%

greater than 54 5%
Work Arrival Time Distribution:

before 6:30 am 16%

6:30 - 6:59 am ) 16%

7:00 - 7:29 am 23%

7:30 - 7:59 am 23%

8:00 - 8:29 am 18%

8:30 am or later 2%

flextime 2%
Required Work Start Time Distribution:

before 6:30 am 5%

6:30 - 6:59 am 2%

7:00 - 7:29 am 27%

7:30 - 7:59 am 14%

8:00 - 8:29 am 48%

8:30 am or later 2%

flextime 2%
Average Work Trip Travel Time:

those travelling before 7:30 am 25.8 min.

~ those travelling after 7:30 am 48.6 min.
those on flextime 50.0 min.
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TABLE 4 Time Saved Threshold Values by Message
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Message  Corrnidor Characteristic Value, Minutes

Number Alternative Route Diversion Location Congestion Location Average  S. Deviation
1 Greenville Avenue LBJ Freeway LBJ Freeway 13.9 89

2 Dallas North Tollway LBJ Freeway LBJ Freeway 17.6 9.4

3 Greenville Avenue Northwest Highway Northwest Highway 14.5 5.8

4 Dallas North Tollway Northwest Highway Northwest Highway 15.5 75

5 Dallas North Tollway LBJ Freeway Forest Lane 10.2 8.2

6 Greenville Avenue LBJ Freeway Forest Lane 12.5 9.0

7 Dallas North Tollway LBJ Freeway Northwest Highway 12.6 12.6

8 Greenville Avenue LBJ Freeway Northwest Highway 17.4 10.0

TABLE 5 Average Time Saved Threshold Values by Subgroup

Average Time Saved Threshold Value, Minutes

Traffic Messages Subgroup with Lo?ver Subgroup with Lower
Values for Greenville Values for DNT

Messages Recommending

Use of Greenville 12 21

Messages Recommending

Use of DNT ) 19 9
Subgroup with Lower Subgroup with Lower
Values for LBJ Fwy Values for Northwest Hwy

Messages Recommending

Diverting at LBJ Fwy 13 18

Messages Recommending

Diverting at Northwest Hwy 23 12

DNT = Dallas North Tollway

LBJ Fwy = Lyndon B. Johnson Freeway (I-635)

A similar distinction can be made about the location where
diversion was recommended. The subgroup with lower thresholds
for diverting at LBJ Freeway would require 10 more min (23 min —
13 min) of time savings before considering diverting at Northwest
Highway, whereas those selecting a lower threshold to divert at
Northwest Highway would require an additional 6 min (18 min —
12 min) before diversion at LBJ Freeway would be considered.
Because most subjects gave identical threshold values for the
different congestion locations examined in Experiment 2, averages
subgrouped by this variable were not included in Table 5.

Statistical comparisons of the averages reported in Table 5 were
not attempted because the time saved threshold distributions were
found to be nonnormal. Instead, differences in the threshold values
for the different messages were analyzed through comparison of the
distributions of the time saved thresholds and through analysis-
of-variance techniques. The results of those analyses are discussed
in the following sections.

Cumulative Distributions of Time Saved Threshold
Values

Figure 2 presents graphs showing the percent of subjects who would
consider diverting when presented with time saved values ranging
from 5 min to 2 hr. Also shown in the graphs are the results of the

1979 Huchingson and Dudek study of time saved messages (6).
The top portion of Figure 2 illustrates subject responses when the
messages instructed them to divert at the LBJ Freeway and to use
Greenville Avenue or the Dallas North Tollway (Messages 1 and 2,
respectively). The bottom portion of Figure 2 displays similar
information when subjects were instructed to divert at Northwest
Highway, again either to Greenville Avenue or to the Dallas North
Tollway (Messages 3 and 4, respectively).

The percent of subjects indicating they would consider diverting
to a given time saved value when Greenville Avenue was the rec-
ommended route was slightly greater than that when the Dallas
North Tollway was recommended. Numerically, the lines diverge
most at a time saved value of 15 min (by 17 to 19 percent). Because
of the fairly small sample size available for this analysis, however,
these differences were not statistically significant [based on a
Kolmogorov-Smirnov goodness-of-fit test (/0)]. Examination of
the effect of the recommended diversion location for each of the
recommended alternative routes (by comparing the Greenville and
Dallas North Tollway lines from each graph) also showed no
statistically significant effect.

The graphs in Figure 3 show the time saved distributions of sub-
jects for Messages 5 through 8. In both graphs, the distributions
again show that subjects tended to have slightly lower threshold
values for Greenville Avenue as compared to the Dallas North
Tollway, regardless of the reported location where congestion was



Ullman et al.

l —
=
Q
‘50.8 |
LYl
2
0.6
(=]
2
=0.4
£SO
3 _
2 s 1979 Huchingson Study
a0 i Dallas North Tollway

4 Greenville Avenue
0 T T T T T
0 10 20 30 40 50 60
Amount of Time Saved by Diverting, Min

1
o
=]
"50.8
2]
2
0.6 -
o
2
=0.4
o
2
80 N 1979 Huchingson Study
802 E Dallas North Tollway

s meeenesenes Greenville Avenue
0 I T [ ! T
0 10 20 30 40 50 60

Amount of Time Saved by Diverting, Min

FIGURE 2 Effect of recommended route on percent
of subjects considering diversion at a given time saved
value for Messages 1 through 4.

said to begin (Forest Lane or Northwest Highway). However, the
differences in distributions were not statistically significant. Like-
wise, comparing the Greenville Avenue and Dallas North Tollway
distributions across the two graphs also suggested no significant
difference due to the reported location of congestion.

Although the curves representing the current study data are not
significantly different from each other, they are different from the
results of the Huchingson and Dudek study (6). Subjects in the
Huchingson study were sensitive to very small time saved values,
with the 50th-percentile subject considering diversion when a time
saved value between 5 and 10 min was presented. Conversely, data
from the current study show that the 50th-percentile subject
required 10 to 15 min of time savings before considering diversion.
The results from this more recent study were statistically different
from the previous Huchingson study, based on the Kolmogorov-
Smirnov test at a 0.05 level of significance.

It should be noted that study techniques of the two studies were
quite different. Huchingson brought subjects into a laboratory to
participate, whereas the current study was conducted by telephone.
Subjects in the Huchingson study were presented a driving scenario
to a special event in a city in which they lived, but no attempts were
made to control for how familiar subjects were with the specific
roadways (both primary and alternative) used in the study, or how
often they used these roadways. Conversely, the current study
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FIGURE 3 Effect of recommended route on percent
of subjects considering diversion at a given time saved
value for Messages 5 through 8.

focused on peak period commuting trips by subjects who were pre-
sumed to be quite familiar with the roadways available in the free-
way corridor. In fact, informal discussions with the subjects during
this latest survey indicated that many actually experimented with
the different routes in the corridor periodically.

Analysis-of-Variance Evaluation

Other research (3) has suggested that the numerous subgroups
within the driving population can each have distinct attitudes,
perceptions, and behavioral tendencies with respect to diversion.
Despite the steps that were taken to select a uniform sample popu-
lation for testing purposes, it was believed that the differences
within the study sample with respect to age, gender, average travel
time for the trip, and the like may have affected their sensitivity to
travel time information in making diversion decisions. To investi-
gate this possibility, the demographic and travel characteristic data
collected from each subject were combined with the recommended
route, diversion location, and point of congestion variables of the
study design in an analysis-of-variance (ANOVA) evaluation. In
this way, effects of the message variables on average time saved
thresholds could be systematically assessed for different subgroups
of the sample.
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Because of the study design, separate ANOVA evaluations were
performed on the data from each survey. Furthermore, because the
study was not designed to completely counterbalance the subject
demographic and travel characteristics, only one subject variable at
a time was combined with the corridor characteristic variables in the
analysis. Hence, the analysis for each experiment tested several
three-factor models, all of which included (a) a subject variable
(demographic or travel characteristic), (b) the recommended route
variable, and (c¢) the recommended diversion location or the loca-
tion of the beginning of congestion variable (representing Studies 1
or 2, respectively). :

Subject variables explored in the ANOVA evaluations included
the following:

Age,
Gender,
Employer,
Usual arrival time at work,
Required work start time,
Difference between the subject’s reported time of arrival and
required work start time (the arrival time cushion),
e Subject rating of the importance of arriving to work on time,
and
e Normal home-to-work travel time.

Subject time saved thresholds values were modeled as a function
of the recommended route, diversion location or congestion loca-
tion, and one of the subject variables listed. Unfortunately, none of
the models tested were found to be statistically significant at a 0.05
level of significance, and only two fell within a much less stringent
0.10 level of significance. Details concerning the ANOVA evalua-
tion can be found elsewhere (8,11).

Reasons for Individual Differences in Time Saved
Thresholds by Message

The reasons some subjects selected a higher time saved threshold
value for one route or diversion location over the other are provided
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in Table 6. Several subjects cited anticipated congestion on the
roadways used to access the Dallas North Tollway (via either LBJ
Freeway or Northwest Highway) as a reason why they would
require a greater time savings to divert to the tollway than to
Greenville Avenue. Reasons that were originally expected to be
significant in their decisions regarding the use of the tollway, such
as the greater distance from the North Central Expressway or the
cost for using it, were cited only a few times. On the other hand, the
most common reason cited by those subjects requiring a greater
time savings before diverting to Greenville was the presence of
traffic lights and stop signs and poor past experiences with using
that route. Judging from these reasons, it appears that the subjects
were basing their time saved thresholds on how much they disliked
one or the other of the recommended routes (and not on which route
they preferred).

Conditions on the access roads to the alternative route were
another factor that caused subject thresholds to differ depending the
recommended diversion location. For those subjects selecting lower
time saved thresholds to divert at LBJ Freeway, the reason cited
most frequently was that they perceived access to either Greenville
Avenue or the tollway to be more difficult via Northwest Highway.
Another common reason cited was that the network south of North-
west Highway did not allow for an easy return to the expressway
beyond the point of congestion. Thus, some subjects said they
needed a bigger incentive before attempting to follow any recom-
mended diversion advice at Northwest Highway.

For subjects selecting lower time saved thresholds for diverting
at Northwest Highway, the most common reason was that in divert-
ing so far away from their destination (at LBJ Freeway) they were
more likely to encounter a problem on the alternative route and be
delayed anyway. Another common reason cited was the poor travel
conditions on LBJ Freeway, which made it difficult to access the
alternative routes at that point.

Taken together, the various reasons cited for different time saved
threshold values suggest a lack of confidence in the information pro-
vided in the traffic messages being tested. In essence, subjects bal-
anced the benefits of diversion (as defined in the traffic message)
against the risk of acting on inaccurate information.

TABLE 6 Reasons Given for Selecting Different Time Saved Threshold Values

Reasons Percent’
For Higher Threshold Values to Divert to the DNT:
» Roads accessing DNT (LBJ Freeway, Northwest Hwy) are too congested 75
» The Tollway is farther away from the Expressway 8
» It is difficult to return to the Expressway once at the Tollway 8
« The Tollway requires a fee to use 9
For Higher Threshold Values to Divert to Greenville:
» Too many traffic lights, stop signs on Greenville 58
"« Had poor experience with Greenville in the past 42

For Higher Threshold Values to Divert at LBJ Freeway:
» Diverting farther away from destination increases risk of encountering problems 50
» Had poor experience with LBJ Freeway congestion in the past 31

For Higher Threshold Values to Divert at Northwest Hwy:
» More difficult to access alternative routes at Northwest Hwy 36
« Hard to return to the Expressway from alternative route south of Northwest Hwy 14

* Some subjects gave multiple reasons, so percentages do not necessarily add to 100
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SUMMARY

This paper has presented the results of telephone surveys conducted
to assess the effects of selected corridor attributes on motorist time
saved threshold values. The corridor attributes evaluated in this
research were the type of recommended alternative route, the loca-
tion where motorists were advised to divert to the recommended
alternative route, and the location where congestion was said to
begin relative to the location where motorists were advised to
divert. The surveys used subjects who regularly drove on the North
Central Expressway in Dallas, Texas, for their daily home-to-work
trip to the Dallas CBD. The major results of the study are as follows:

e The cumulative distribution of subjects’ time saved threshold
values were not statistically significant as a function of the recom-
mended route, diversion location, or location where congestion was
said to begin. However, many subjects did select different thresh-
old values for one or more messages.

e Although the cumulative percentages for the different
messages were not found to differ significantly from one another,
all were found to differ significantly from those obtained from
Huchingson and Dudek in 1979. Whereas the 50th percentile sub-
ject in the Huchingson study considered diversion if the time saved
value was between 5 and 10 min, the 50th percentile subject in this
study required a nearly 15-min time savings before he or she would
consider diverting. :

¢ ANOVA procedures used to examine the effect of the corridor
features on motorist time saved threshold values failed to detect any
consistent differences in time saved thresholds for several different
demographic or trip-related subgroups.

e Explanations provided by the subjects suggest that the differ-
ent threshold values provided by subjects are generally due to an
aversion to one or the other of the alternatives instead of any spe-
cific preference for one of the alternatives.
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Stated and Reported Route Diversion
Behavior: Implications of Benefits of
‘Advanced Traveler Information System

AsAD KHATTAK, ADIB KANAFANI, AND EMMANUEL LE COLLETTER

Advanced Traveler Information System (ATIS) user benefits are esti-
mated from a survey of commuting behavior undertaken in the San
Francisco Bay Area in 1993. Reported and stated responses to unex-
pected congestion are used to determine the commuters who would
directly benefit from qualitative, quantitative, predictive, and prescrip-
tive ATIS information. Under incident conditions, ATIS quantitative
delay information may induce about 40 percent of the commuters to
change their route to work, mostly the people with greater diversion
opportunities, knowledge of more alternative routes, and lower conges-
tion levels on their best alternative route. The travel time savings
achieved by ATIS-induced route diversion (with quantitative informa-
tion) is calculated and translated into monetary benefits. The value of
time used is a function of personal income and of the time savings. The
frequency of annual diversion is estimated from the time elapsed since
the last incident. The potential annual benefits from ATIS route diver-
sion, applicable to about 40 percent of commuters in the Golden Gate
Bridge corridor, range from $124 to $324 per person, depending on the
weight assumed for delay.

Advanced Traveler Information Systems (ATIS) are intended to
help people make more informed travel decisions. Computerized
information systems could support pre-trip decisions, such as depar-
ture time, destination choice, and trip chaining sequence, as well as
route selection and diversion while en route. )

The successful introduction of ATIS in the market depends on the
net benefits to users. Time savings achieved when a user changes
routes to avoid incident-induced bottlenecks will probably be
among the most tangible benefits of ATIS. This study intends to
evaluate the extent of such benefits, using the results of a survey
about commuting behavior. The survey is used to determine who
would divert when prompted to do so by an ATIS device, how these
people value their time, how much time they would save by divert-
ing, and consequently, how much they would benefit from a route
change. )

CONCEPTUAL STRUCTURE AND
SYNTHESIS OF LITERATURE
Benefits of ATIS

ATIS benefits can accrue to users and nonusers of the device, as
well as to the transportation system as a whole.

Institute of Transpdrtation Studies, 108 McLaughlin Hall, University of
California at Berkeley, Berkeley, Calif. 94720.

User Benefits

The main user benefits of ATIS will be travel time savings from
fewer errors when driving in unfamiliar areas and from avoiding
unexpected congestion by changing travel decisions such as desti-
nation, mode, departure time, route, en route diversion, parking,
and trip chaining. There are also many less tangible, but important,
benefits:

e Increased knowledge of travel options (e.g., yellow pages
information),

e Reduced anxiety—even if travelers do not change their travel
decisions,

e Greater likelihood of arriving on time at destination,

e Enhanced ability to avoid congestion,

¢ Improved ability to communicate during emergencies, and

e Reduced possibility of getting lost.

System Benefits

Transportation system benefits of ATIS may include reductions in
trip time, air pollution, and energy consumption, as well as greater
safety. System benefits are more than the aggregate of user benefits.
Indeed, certain impacts, such as reduced energy consumption, less
air pollution, and lower probability of accidents, might be too small
to be perceived at the user level but become very important at the
system scale.

This study focuses on the user benefits of route diversion.
Although a wider definition of ATIS user benefits is possible, only
time saving for people with access to ATIS devices is considered.

Propensity to Divert

The extent to which user and system benefits of ATIS can be
achieved is a function of how travelers respond to information.
Researchers have found that drivers are willing to divert in response
to prescriptive and descriptive traffic information and that this
propensity increases with delays and congestion (/7). In addition,
longer trips, fewer traffic stops on alternative routes, and familiar-
ity with alternative routes encourage diversion. Drivers who are
young, male, or unmarried are more likely than others to divert.
Studies on diversion behavior conducted so far are insightful, but
there is a need to quantify the effect of the type of information pro-
vided on drivers’ diversion behavior. Is descriptive information
enough? Are drivers willing to follow prescriptive information?
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Does information about future travel time increase the propensity to
divert? These are some of the questions addressed in this paper.

SURVEY CONTEXT

This paper is based on a survey about commuting behavior under-
taken in the San Francisco Bay Area in 1993 (8). The questionnaires
were distributed to peak-period commuters crossing the Golden
Gate Bridge during morning and afternoon rush hours. There might
have been a self-selection bias among respondents, because they
had to mail back the questionnaire. Money incentives for complet-
ing the survey were successful in achieving a good response rate:
more than a third of the 9000 copies distributed were returned [see
Khattak et al. (8) for details]. Half the questionnaires were con-
cerned with en-route responses to unexpected congestion, and the
other half looked at pre-trip response. The questionnaires inquired
about normal travel patterns, unexpected congestion, willingness to
pay for different ATIS features, and socioeconomics (9).

General Characteristics and
Representativeness of Sample -

Three-fifths (63 percent) of the 1492 respondents to the en-route
questionnaire were male, and the average age of the sample was 43
years. Seventy-three percent of the respondents had at least a college
degree; their major occupational fields were professional/technical
(36 percent) and management (30 percent). The average annual
personal income was $65,500, with 36 percent of the respondents
earning more than $80,000 per year. Sixteen percent of the sample
lived in one-person households, and 44 percent reported two-person
households. Most respondents (57 percent) lived in Marin County
and worked in San Francisco. The sample represents a middle-aged,
well-educated, and wealthy segment of the population.

To evaluate the representativeness of the sample, it was com-
pared with census data (/0) and the Bay Area Travel Study (1990).
Minor differences were found for the ratio of solo drivers to car-
pools, the average trip time to work, and the number of cars and per-
sons per household (/). The differences were expected, given the
method chosen to distribute the questionnaires. It was concluded
that the sample, although it did not reflect the whole population of
the area, provided a clear picture of the population commuting by
car in the Golden Gate Bridge corridor.

Commuting Behavior of Respondents

Fifty-six percent of respondents stated that they selected their route
to work before getting in the car; the remaining 44 percent chose it
while on the road. A majority (97 percent) used at least some por-
tion of a highway as their usual route. More than half of the respon-
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dents (53 percent) stated that they had at least one alternative route;
for 37 percent of them, this route was an arterial. A third (33 per-
cent) of those who had an alternative route did not use it in the past
month, 19 percent used it once because of traffic congestion, 16 per-
cent used it twice, and the remaining third (32 percent) used it three
times or more.

Three-quarters (74 percent) of the respondents reported that they
experienced unusual congestion on their usual route to work in the
past three months; these people constitute the sample for the rest of
this study. Information about the length and cause of delay, the
weather at that time, and the way respondents learned about the con-
gestion was obtained. Only 17 percent of the people could not give
the cause of the delay. Forty-eight percent of the respondents
learned about the incident by observing the congestion, and 11 per-
cent learned through radio reports only. Twenty-four percent first
observed the congestion and then received a confirmation from the
radio, and 23 percent obtained the information in the opposite
sequence. Respondents were asked how much they thought the
congestion would add to their trip when they first learned about
it (expected delay), and how much it actually added (experienced
delay). On average, respondents expected a delay of 21.1 min but
actually were delayed for 25.6 min. There is nevertheless a wide
discrepancy between the expected and actual delay for a given
respondent: the difference between the two values ranges from —70
to +75 min, and only 52 percent of the respondents were able to
correctly estimate their delay within =5 min. This suggests that an
ATIS device giving accurate length of incident-related delays can
fill a need.

Respondents were then asked about how they responded to this
unexpected congestion while on the road; results are shown in Table
1, with the corresponding average delays. Only 21 percent of the
respondents reported that they had an opportunity to divert. Most of
those (78 percent) did divert.

Table 1 shows that about 9 percent of the total respondents
modified their trip chaining sequence by adding or canceling some
intermediate stops as a response to the unexpected congestion.
Thus, a significant portion of commuters facing unexpected events
responded by changing their activity sequencing. ATIS may be able
to support such decisions by providing travelers with information
about relevant activities (e.g., shopping places in the vicinity). For
the remainder of this paper, respondents were simply divided into
two basic categories: those who stayed on their usual route and
those who diverted to the best alternative route.

REPORTED AND STATED PREFERENCES ABOUT
DIVERSION PROPENSITY

The questionnaire was designed to use reported diversion behavior
(a measure of the true behavior) as the basis of a sequence of stated

TABLE 1 Response to Unexpected Congestion on Usual Route and Corresponding Delays

Proportion of

Average Delay (min.)

Response Respondentsa Expected Experienced
Did not change travel plans 78.3% 20.3 249

Took alternate route 16.3% 228 24.4

Canceled intermediate stops 4.7% 18.8 26.5

Added unintended intermediate stops  4.0% 26.7 42.1b

Used public transportation after

parking the vehicle 0.5% 20.0 28.0

AThe numbers do not sum up to 100% because more than one answer is possible.

bIncluding the extra stops
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preference questions about the propensity to divert with a future
in-vehicle ATIS device. This methodology increases the validity of
the stated preferences technique by relating the response to ATIS
technology to a specific incident that was actually experienced by
the respondent. The objective of the stated preference questions was
to determine how incremental amounts of information provided by
an ATIS device would influence the propensity to divert.

Travelers were asked to imagine starting once again, on the same
day, the trip during which they experienced their most recent
unexpected congestion. They were told not to be aware of any
unexpected congestion before they got in their vehicle, until an
in-vehicle ATIS device provided them with accurate traffic infor-
mation. For each question, that is, for each level of information pro-
vided, respondents were asked whether they would divert to their
best alternative route. They were asked to report this on a 1-4 scale,
where 1 meant “I definitely take my usual route” and 4 meant
“I definitely take my best alternative route.” Respondents who
answered either 3 or 4 were taken as showing a preference for diver-
sion; results are shown in Table 2.

In the qualitative information question, the ATIS device does not
provide more details than what was available to the driver when he
or she first learned about the congestion. Qualitative traffic infor-
mation equivalent to “unexpected congestion on your usual route”
is available in the Bay Area; it is gathered by the commercial media
and disseminated almost in real-time through radio traffic reports.

TABLE 2 Route Diversion Behavior under ATIS
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Because the qualitative information context is comparable to the sit-
uation for which the behavior was reported, this question can be
used to relate stated preferences to reported behavior (see Table 3).
The sample size here is 895 because only respondents who faced
unexpected congestion are included, and missing responses are
eliminated on a listwise basis.

It appears that respondents overstated their propensity to divert
when compared with reported behavior. One-fifth (22 percent) of
the respondents stated that they would divert even though they
reported not having diverted. On the other hand, only 5 percent of
the people stated that they would not divert even though they actu-
ally diverted when they faced the unexpected delay. The correlation
between the two variables is only 0.32. Some of the difference, how-
ever, might be explained, because respondents had more opportuni-
ties to divert in the stated preference questions, since they were
asked to imagine that they were just starting their trip. Also, some
respondents might have regretted not having diverted in the original
trip; their expectation of the delay was later influenced by hindsight.

As seen in Table 2, the largest stated propensity to divert (69.3
percent of respondents) is obtained when the ATIS device also gives
real-time information about traffic conditions on the alternative
route. This result suggests that some respondents might be currently
restrained from diverting by not knowing the conditions on their
alternative route. When the complete picture is given, respondents
might be more confident and consequently more inclined to divert.

Proportion of

Respondents
Stating a
Preference
Type of for Route
information Question Diversion
Current Reported diversion behavior 16.3%
The device knows your usual route and gives you the :
following message: << Unexpected congestion on your
ATIS usual route >> but does not tell you how much of a
Qualitative delay this congestion is causing 32.9%
Usual route, real-time
The device tells you the expected length of delay on
ATIS your usual route at the present time (your initial
Quantitative estimate of delay) 57.4%
Usual route, forecast
The device tells you the length of delay at the present
time, and accurately predicts the length of delay it will
cause 15 to 30 minutes into the future 61.6%
Alternate route, real-time
The device tells you the length of delay at the present
time, and provides information regarding present travel
time on your best alternate route 69.3%
: The device tells you <<Unexpected congestion on your
ATIS usual route >> and suggests that you take your best
Prescriptive alternate route 67.5%
TABLE 3 Stated Preference versus Reported Behavior
REPORTED BEHAVIOR
Does not .
divert Diverts Total
STATED Doesnot 555§ 46 601
PREFERENCE divert 62.0% 5.1% 67.2%
197 97 294
Diverts 22.0% 10.8% 32.8%
752 143 895 .
Total 84.0% 16.0% 100%
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A high proportion of respondents (67.5 percent) also stated that
they would divert when provided with simple prescriptive informa-
tion, that is, when the device suggests taking the best alternative
route. Prescriptive information may be interpreted differently from
other forms of information because it implies that the alternative
route is the best option. Consequently, it may appear surprising that
less diversion is obtained with this type of information (67.5 per-
cent) than with detailed quantitative information (69.3 percent).
This indicates that compliance rates may differ for prescriptive and
quantitative information. Nevertheless, the relatively high diversion
rate for prescriptive information indicates that, under incident con-
ditions, some drivers are responsive to clear directions about the
route to take (although they might still like to know details regard-
ing the incident). Surprisingly, the decision to comply with pre-
scriptive information does not appear to be influenced by the poten-
tial time savings. Indeed, people who stated they would comply to
the prescriptive information were expecting to save, on average, as
much time as those who did not.

The answers to the last four stated preference questions are
closely correlated, indicating consistency in driver behavior.
Indeed, people stating a preference either to divert or to stay on their
usual route generally kept the same preference throughout the last
four questions. However, the possible bias due to the ordering of the
questions is recognized.

To explore further the correlation between reported behavior and
stated preferences, a linear regression model relating the answers to
each question was developed. The 1 to 4 scale of the stated prefer-
ence questions was used. Reported diversion behavior was conse-
quently recoded as 1 or 4 (no 2 or 3). All observations from the
reported behavior and from the five stated preference questions
were stacked in a single column vector, which thus contained six
times the sample size. This vector was then related to a sequence of
five dummy variables, flagging one when the observation was from
the specific stated preference question. Reported preferences thus
served as the base. The equation used is

5
DP=QQ+Z a,~SP,~

i=1

where:

DP = vector of observations on diversion propensity,
ap = constant,
a; = coefficient to be determined by regression,
SP; = 1 when the observation in DP is obtained from { and 0
otherwise.

The coefficients obtained reflect the influence of each stated pref-
erence variable in explaining the vector of observations and the
increase in the probability of diversion given the additional infor-
mation provided. The coefficients obtained are shown on Table 4;
to account for correlation among responses of the same individual,
the r-statistics should be reduced by a factor of 0.4. The constant
reflects the base diversion propensity, that is, the reported diversion
propensity. The value of a, corresponds to increased propensity of
diversion with qualitative information. An even higher propensity
of diversion is observed when drivers are provided quantitative
information (a,). However, additional details and prescriptive infor-
mation do not induce significantly more diversion as reflected in the
uniformity of coefficients a, to as.
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‘"TABLE 4 Coefficients of Stated Preferences Model

Coefficient Value t-stat. (p)
ap Constant term 1.36 44.6 (0.00)
a; Qualitative information 0.70 14.2 (0.00)
a; Quantitative information

(usual route, real-time) 1.33 27.3 (0.00)
a3 Quantitative information

(usual route, forecast) 1.44 29.4 (0.00)
a4 Quantitative information

(alternate route, real-time) 1.58 31.6 (0.00)
as Prescriptive information 1.56 32.1 (0.00)

R2 =047
Sample size = 1492

Summary statistics:

WHO WOULD DIVERT UNDER ATIS?

The personal and contextual factors determining diversion propen-
sity are explored and the consistency of the stated responses veri-
fied. Respondents were divided into four categories, according to
their reported and stated diversion behavior (Table 5). The stated
response was taken from the question generating the highest diver-
sion rate, that is, when the device provides the most complete quan-
titative information, including travel times on the alternative route.

ATIS will benefit primarily the 54 percent of the sample who

-would change route when provided with the device. This figure

applies only to the 74 percent of the sample who experienced
unexpected delay; therefore, the proven percentage of commuters
in the corridor who would change route with ATIS under unex-
pected congestion is actually around 40 percent.

To explore the characteristics distinguishing the first three groups
(the fourth group is marginal and was ignored), discriminant analy-
sis was performed by estimating two independent discriminant
functions. These functions assign separate discriminant scores to
each observation; both scores are then used to classify observations.
The sample size here is only 376 respondents because missing cases
are deleted on a listwise basis. The five variables best characteriz-
ing diversion behavior are presented in Table 6. The standardized
coefficients assigned to each variable and their correlation with
each function are indicated. Positive coefficients indicate a higher
propensity to divert.

The existence of diversion opportunities is critical in determin-
ing diversion behavior. Furthermore, diversion propensity increases
with the number of alternative routes known. Undivertable respon-
dents know on average only 1.50 routes; those who could divert
with ATIS, 1.73; those who currently divert, 1.94. The number of
alternative routes known to travelers increases their possibilities of
diversion; however, drivers also know more alternative routes
because they tend to divert often. In this case, causality can actually
work in both directions. Another important variable, the frequency
of recreational trips, was found in previous research (12,13) to be a
proxy measure of such personality characteristics as extroversion,
achievement, and need for stimulus or adventure. The frequency of
recreational trips does influence the propensity to divert with ATIS:
nondiverting respondents travel on average 1.63 times per week for
recreational purposes, and the people who could divert with ATIS
do so 2.08 times per week. More diversion is also observed under
bad weather conditions, as can be concluded from the sign of the
weather coefficient. Finally, the presence of congestion on the alter-
native route acts as a deterrent to diversion. Nondiverting respon-
dents have more congestion on their alternative route, using the
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TABLE 5 Categories of Diversion Behavior

TRANSPORTATION RESEARCH RECORD 1464

Reported Stated

Proportion of

Category Diversion Diversion Respondents
1 Undivertable NO NO 29.3%
2 Could divert with ATIS NO YES 54.0%
3 Already diverts with current information  YES YES 15.5%
4 No longer diverts with ATIS YES NO 1.3%

TABLE 6 Characteristics Determining Diversion Behavior

p value Coeff. Coeff. Corr. Corr.

of F- in 1st in 2nd with 1st  with 2nd
Variable statistic Function Function Function Function
Diversion opportunities
(1 =yes, 0 =no) 0.00 +1.00 -0.02 0.99 0.00
Number of alternate routes known  0.00 +0.02 0.69 0.07 0.71
Frequency of recreational trips .
(times/week) 0.02 -0.08 0.59 -0.03 0.62
Weather
(0 = good, 1 = bad (rain or fog)) 0.01 0.01 0.29 -0.08 0.23
Congestion on best alternate route
(1 = not congested, 2 = congested,
3 = heavily conggsted) 0.03 -0.11 -0.24 -0.07 -0.32
Summary statistics: 0

.21

Canonical correlation: 0.86

% correctly classified: 65%
Sample size: 376

following scale: 1 = not congested, 2 = congested, 3 = heavily
congested (their average congestion was 1.88), followed by the
people who would divert with ATIS (1.72), and by the people who
already divert (1.51). Although not significant at the 5 percent level,
the number of stops on the usual route was also found to decrease
with the propensity to divert: as expected, people constrained to
stop on their usual route have less flexibility in changing route.

All these findings are consistent with what was expected and
increase the confidence in the validity of the stated preference
technique.

CALCULATION OF ATIS BENEFITS FROM
ROUTE DIVERSION )

Time Savings

The potential time-saving benefits achieved by diverting under
ATIS are calculated here, using responses to the most complete
quantitative information (highest stated diversion rate). The calcu-
lation applies to the 40 percent of respondents who would change
their commuting behavior when provided with ATIS (N = 597). It
does not include the potential time saving that other road users may
experience or the extra delay that may occur on alternative routes
once a larger number of vehicles are diverted.

The saving from route diversion is simply the delay minus the
time difference between the alternative and usual routes. To account
for the fact that time spent in a bottleneck is usually more onerous
than normal in-vehicle travel time, a weight has been associated
with delay. Because this weight is a subjective measure and has a
direct influence on the final result, a sensitivity analysis was per-
formed using weights ranging from 1.0 to 2.0.

Figure 1 presents the distribution of travel time savings that
would accrue to people who stated they would divert to their alter-
native route. With a delay weight of one, 14 percent of the divert-
ers would actually lose time by taking their best alternative route,
9 percent would see no change in their total travel time, and 77
percent would save some time. The average time savings is sum-
marized in Table 7.

50
45
40
35
30
25
20
15
10

Percentage

Less than -20
-20 to -1
0to 19

20 to 39

40 to 59

60 to 79

80 to 99

100 to 119
120 to 149
150 and more

Time savings (min.)

FIGURE 1 Distribution of travel time changes among
people who stated they would divert to alternative route
under ATIS, as a function of weight of delay.
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TABLE 7 Route Diversion Benefits of ATIS under Incident Conditions

Weight of Average Time Proportion of Monetary Potential Annual
Delay Savings from People with Savings per Benefits of
Compared to  Diversion Negative Trip with ATIS-induced
Travel Time (min.) Savings Diversion Route Diversion
1.00 17 14.4% $4.80 $124

1.25 24 12.9% $6.60 $174

1.50 30 8.1% $8.40 $224

1.75 37 6.3% $10.20 $274

2.00 43 3.7% $12.00 $324

Monetary Value of Time

To attach a monetary value to time saving, an estimate of the value
of time for each respondent is needed. This value was taken as a.
fraction of the personal hourly income (/4) to account for personal
differences in the valuation of time. The value of travel time saving
also depends on the amount of time freed for other purposes: a sav-
ing of a few minutes might not be important because it is too small
to be used productively (15). Consequently, to avoid aggregating a
large number of negligible time savings, the value of time was
assumed to increase with greater time saving.

The function used is presented in Figure 2; it is adapted from a
method presented by AASHTO (15). Travel time variations of £5
min are valued at 10 percent of the personal hourly income. Those
larger than 15 min are evaluated using a value of 50 percent of the
hourly income. Negative time saving (increases in travel time) is
valued similarly.

Money Benefits of Route Diversion

Figure 3 presents the distribution of monetary savings that would be
achieved through route diversion under unexpected congestion.
This was calculated by combining the time saving with the values
of time for every respondent. The average savings for the sample is
$4.80 per trip; this value includes the 14 percent of people who lose
time by diverting. These people have been kept in the average to
reflect that (a) any ATIS will not be perfectly accurate and might
advise a small proportion of travelers to take routes that are actually
longer and (b) some people are willing to lose travel time to avoid
bottlenecks.

Annual Frequency of Route Diversion

The values presented in the previous section apply to a single trip

with route diversion. To evaluate the annual benefits of such diver-
sions, it is necessary to estimate how frequently they would occur.
A precise measure of diversion frequency could be obtained using
traffic and incident data in the corridor. For every origin-destination
pair and time-of-day combination, it would be necessary to estimate
how often an incident on the usual route would induce a route
switch. However, all respondents differ in the minimum length of
unexpected delay (threshold) that justifies a modification to the
intended travel plans. The calculation would thus have to account
for these different (and unknown) threshold values and for the fact
that potential diverters are not on the road daily. All these obstacles
make it difficult or impossible to know how often each respondent
would divert to his or her best alternative route.

To overcome these difficulties, a proxy variable was used for the
potential frequency of route diversion. When asked to report
specifics of their recent unexpected congestion, respondents men-
tioned how long ago the incident occurred. If it is assumed that the
occurrence of incidents follow a Poisson process, the time elapsed
since the last incident is actually just the mathematical expectation
of the time period between two incidents of at least the same size.
The number of weeks between two incidents can then be translated
into an annual frequency of incidents experienced, assuming that
respondents work about 48 weeks a year. Table 8 presents the
results and the corresponding frequencies of route diversion.

The weighted average frequency of diversion is 29 times a year.
As seen from the table, the majority (77.4 percent) of respondents
would divert between 8 and 32 times a year. About one sixth (15.7
percent) of respondents would divert as often as twice a week (out

©

3

T

2

°

c o

= E

o 9

£

-

o >
-

g::
o

s c

o

o

)

)

n_ L : 1

-30 -20 -10

0 10 20 30

Time difference (min.)

FIGURE 2 Function used for monetary value of time.




34

70%
60%
50%
40%
30%
20%
10%

0%

Proportion

Less than O

0 to $10-

$10 to $20-

$20 to $30-

$30 to $40-
$40 to $50- P
$50 and more B

Money savings per trip
with diversion

FIGURE 3 Distribution of monetary savings for people
who stated they would divert to best alternative route, as a
function of delay weight.

of 10 possible trips). These people might have a high variability in
their route choice decision and are likely to divert as soon as traffic
conditions deteriorate on their usual route.

The measure used for the frequency of route diversion might
have a seasonal bias and is only approximate. Its correlation with
the monthly frequency of diversion without ATIS is 0.14. However,
it has two important advantages. First, it incorporates the threshold
value of all respondents, because they are free to report the most
recent unexpected delay they find worth mentioning. It is unlikely
that smaller unexpected delays would be considered for route diver-

sion. Respondents who faced their incident relatively longer ago

apparently have larger threshold values, because they experienced
longer delays (Table 8); they were accordingly assigned a smaller
frequency of diversion. Second, commuters who are not on the road
daily, because they also use transit or carpool, are less likely to face
unexpected delays than others and are thus less likely to divert. The
proxy measure used takes this into account by assigning these
people a smaller annual frequency of diversion.

Annual Benefits of Route Diversion
By combining the annual frequency of unexpected delays and the

monetary savings per trip, it is possible to calculate the annual
benefits of route diversion under incident conditions (see Figure 4).
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The average annual benefit of ATIS-induced route diversion is $124
per year per diverter, when the weight of delay is one. Table 7 sum-
marizes the results of the calculation for different weights of delay
and shows the average time savings under each assumption. Note
that the percentage of people with negative savings (i.e., with an
alternative route longer than the travel time plus the delay on the
usual route) dwindles as the weight attached to delay increases. This
suggests that the apparently irrational behavior of longer diversion
time could be partly explained by a high cost associated with queu-
ing delays.

For our subset of the population, the annual benefits of route
diversion through ATIS under incident conditions range from $124
to $324 per person, depending on the weight of delay. Recall that
this value applies to about 40 percent of the automobile commuters

" in the corridor and that high values of time were used because of the

large average income of the sample. It appears that the time-savings
benefits of ATIS from route diversion under incident conditions
are limited.

SUMMARY AND CONCLUSION

Three-quarters of the respondents reported that they faced unex-
pected congestion on their usual route to work at least once in the
past 3 months. Twenty-one percent of them reported that they then
had an opportunity to divert, and 16 percent did divert. Thirty-three
percent stated they would divert if provided with ATIS qualitative
information (roughly equivalent to currently available information)
at the beginning of their trip. More diversion is obtained in the
stated preference case, partly because respondents had the benefit
of hindsight and had more opportunities to divert because they were
starting their trip over. There might also be a tendency to overstate
diversion behavior.

The stated preference questions showed that the more complete
the travel information, the higher the proportion of commuters
diverting under unexpected congestion. Almost 70 percent of the
people stated they would divert when the device provided quantita-
tive real-time information on their usual route plus travel times on
their alternative route. Moreover, under incident conditions, pre-
scriptive information might be sufficient to achieve high diversion
rates. However, driver compliance with prescriptive information
will be conditional on the effectiveness (reliability and accuracy) of
ATIS in suggesting better routes.

Potential annual monetary benefits from ATIS-induced diversion
in the Golden Gate Bridge corridor range from $124 to $324 per
person, varying linearly with the weight assumed for delay. These
figures apply to about 40 percent of the commuting population in
the corridor.

The estimate of benefits is only preliminary, and a more reliable
frequency of diversion under ATIS is needed from field operational

TABLE 8 Potential Frequency of Route Diversion Using Time Since Most Recent Incident

How long ago did Correspond.

Potential

the most recent Frequency Annual Freq. Proportion Average
unexpected of Incidents of Route of Potential Expected
congestion occur? Experienced Diversion Diverters Delay (min.)
Less than one week ~ Twice a week 96 15.7% 19

1-2 weeks Every 1.5 week 32 22.6% 18

2+-4 weeks Every 3 weeks 16 28.6% 22

1-2 months Every 6 weeks 8 26.2% 24

More than 2 months  Every 12 weeks 4 6.9% 22
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FIGURE 4 Annual monetary benefits of ATIS-induced route
diversion, as a function of delay weight.

tests currently underway. Because the Golden Gate Bridge corridor
offers limited route diversion opportunities and has a relatively
high-income population, research should also be performed in other
‘corridors to obtain more generalizable estimates.

This project has demonstrated that, even in a corridor with lim-
ited opportunities to divert, ATIS could bring about significant time
savings to a certain portion of commuters by inducing route
changes. Although the calculated benefits per driver may appear
limited when translated into annual dollar figures, they account for
only a subset of total ATIS benefits. Changes in other travel deci-
sions such as departure time and mode may allow commuters to
save time as well. Research is underway to estimate the extent of
pre-trip ATIS benefits. Other less tangible benefits such as easier
wayﬁndihg, increased confidence in unfamiliar areas, increased
ability to modify trip chaining, and the availability of general trav-
eler information will also have to be summed up in the final analy-
sis. Finally, greater benefits may be achieved by broadening the
scope of ATIS through the development of an Advanced Activity
and Travel Information System. Such a system is a logical exten-
sion, because it would provide information to support not only
travel decisions but also activity participation.
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Driver Factors Affecting Traffic Sign

Detection and Recall

SAAD A. AL-GADHI, SYED ABID NAQVI, AND ADEL S. ABDUL-JABBAR

Warning and regulatory traffic signs used in Saudi Arabia were evalu-
ated. All of these signs are compatible with those of the 1968 U.N.
Vienna Conference on Road Signs and Signals. The project was spon-
sored by the Saudi Arabian National Traffic Safety Committee and
involved a large sample of subjects (10,137 drivers). Twenty-two reg-
ulatory and warning signs were used to test drivers for detection and
recall. With the help of a police officer the vehicles were directed into
a lane, where drivers were interviewed in a systematic way to evaluate
the effect of age, experience, profession, education, language, sign type,
and road condition on the detection and recall of signs. It was concluded
that older drivers have poorer rates of detection and recall of traffic
signs than younger drivers. The uneducated drivers have problems in
recalling traffic signs. Retired people (>60 years of age) have trouble
detecting traffic signs. Native language speakers detect signs more often
and commit fewer errors in recall than nonnative language speakers.

Traffic safety has become a global issue in recent years because
of the loss of lives and associated accident costs. The authorities
responsible for traffic safety have taken extensive measures to
achieve safety in many areas of the traffic system; however, more
research in certain areas is greatly needed.

The sharp increase in the number of roads and vehicles and in the
population in Saudi Arabia has resulted in increased automobile
accidents. In 1953, there were only 239 km of paved roads in Saudi
Arabia, but by the end of 1991 more than 122,000 km of roads had
been constructed, of which 42,000 km were paved. The number of

- vehicles has increased as well. At the beginning of 1970s, there
were approximately 100,000 vehicles in the country; in 1991 this
number increased to 5 million, surpassing the vehicles per 1000
inhabitants mark for many European countries (/). The population
of Saudi Arabia is on the rise, increasing from 10 million in 1973 to
17 million in 1993.

Several studies have been done on automobile accidents in Saudi
Arabia (2,3). For example, a study (2) conducted in Riyadh pre-
sented the results of a questionnaire that covered various influential
factors in traffic accidents. It was concluded that 57 percent of the
accidents were because of traffic rule violations (e.g., improper
overtaking, turning, and stopping), and traffic signal or sign viola-
tions. Moreover, most accidents were caused by driver error, and an
in-depth analysis of various underlying human factor variables is
warranted.

Several researchers have addressed the driver factor issues related
to driving accidents (4—7). The major issues addressed involved acci-
dent proneness (4,8), psychological relationships (5,6,9—11,17), dri-

S. A. Al-Gadhi, Department of Civil Engineering, King Saud University,
P.O. Box 800, Riyadh 11421, Kingdom of Saudi Arabia. S. A. Naqvi,
Department of Industrial Engineering, King Saud University, P.O. Box 800,
Riyadh 11421, Kingdom of Saudi Arabia. A. S. Abdul-Jabbar, Department
of Psychology, King Saud University, P.O. Box 26373, Riyadh 11486,
Kingdom of Saudi Arabia.

ver behavior (12,13), biorhythm theory (7,14,15), and risk taking
(16). Most researchers agree that individual approaches, if consid-
ered alone, may prove to be misleading, and a common framework
is needed to incorporate the interrelationships and interdependencies.

Another study (/8) demonstrated that road sign systems do not
function in their intended way, that drivers are sometimes blamed
unnecessarily, and that signs are generally incompatible with
human input systems. The study, which involved 1000 drivers, indi-
cated that on average 47 percent of the drivers detected a road sign.
Another study (I7) reported that the overall probability of a road
sign being noticed is less than 50 percent. Finally, a recent study
(19) on the effect of road sign informational value on driver behav-
ior suggests that the memory for signs is typically poor.

Saudi Arabia is a signee of the 1968 Vienna Road Traffic
Convention and has built its traffic system within bounds of the
convention. It has also developed appropriate manuals; one such
document is Uniform Traffic Control Devices Manual developed
by the Ministry of Transportation. The manual sets forth the basic
principles relevant to traffic control devices.

This study on traffic signs was undertaken to identify relevant
factors affecting the driver’s ability to detect and recall traffic signs.
Such a study was rarely done in Saudi Arabia and has not been seen
in literature in the manner described previously.

This study examined the effect of driver’s age, professional train-
ing (student, blue collar, white collar, driver, laborer, retired, other),
education (illiterate, read and write; primary, intermediate, high
school, vocational school, university, higher degrees, others); and
language (Arabic, non-Arabic speakers) on the recall and detection
of traffic signs. Recall is defined as the memory of what has been
learned or experienced; whereas detection is the process of identi-
fying the object as a sign.

METHODS AND PROCEDURES

Local and foreign literature relevant to traffic signs was searched
and reviewed to develop background for the investigators. Proven
methodologies in the study of traffic signs were used as presented
in the literature with changes needed for the task. According to the
field study protocol, 22 signs of the 84 regulatory and warning signs
used in Saudi Arabia were selected from an earlier study by the
investigators in a laboratory environment (20). These signs are
shown in Figure 1. Four geographically different test locations were
selected in Riyadh. The surveyors for field data collection were
selected through an interview process with the criterion that they be
proficient in Arabic and English, with any additional language a
plus. The signs were allocated to each test location with emphasis
on their relevance to the site. The data collection was carried out
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FIGURE 1 Traffic signs used in study.

during the day in two shifts, (9 to 12 a.m. and 3 to 5 p.m.). Survey-
ors were assigned to each location and were not rotated among sites.
At each location, a test sign was placed according to current stan-
dards of sign posting used in Saudi Arabia. The sign was set up in
such a way that it could be viewed by oncoming drivers from a dis-
tance of approximately 400 m (/8). The test sign was posted so that
it was the only sign a driver can see before passing it. The data col-
lection site was set up beyond 200 m from the posted sign (21). It
was also ensured that there were no other traffic signs in the 200 m
span on either side of road. One sign per day was scheduled to be
tested with about 400 data sets for each sign based on the experi-

22. Vehicles

Prohibited

mental design, described later. A traffic police officer was assigned
to stop the automobiles at each test site. The vehicles were directed
into a lane on right side of the street formed by using cones and
other safety devices. The vehicles were randomly stopped and
drivers were evaluated on a first-come, first-served basis in the
lane, which had the capacity of six automobiles with equal number
of surveyors waiting.

As adriver arrived, the surveyor immediately asked, “What was
the last road sign you passed?” If the response was incorrect or the
driver did not see a sign, the surveyor proceeded to the next
question.
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Next the surveyor showed a card that displayed set of signs
including the test sign and asked “Which one of these signs is
the one you just passed?” The objective of this question was to
double-check if there was any memory of the sign left. Various
combinations of these questions and their results are given in
Figure 2.

After initial questioning, information about the subject’s age,
driving experience, language, education level, and profession was
recorded. The levels of each category can be seen in Table 1. The
data were analyzed using SAS software on the IBM 3080 main-
frame at King Saud University.

In this study there are data on two response variables—recall and
detection—and seven explanatory variables (see Table 1). The sam-
ple size of approximately 400 for each sign was found statistically
appropriate.

The study was conducted during the day. Roads were mostly dry
(89.9 percent of time) and visibility was generally clear (99.2 per-
cent of time). A total of 10,137 drivers were randomly stopped; 65.9
percent were native Arabic speakers and the rest were non-Arabic
speakers. Other frequency distributions such as subject’s age, dri-
ving experience, education level, and profession are not given here
because of space limitations and can be found elsewhere (20).

Q; = What was the last road
sign you passed?

0 = Incorrect
1 = Correct
-2 = Not seen

Answers:
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ANALYSIS AND RESULTS

The response variables recall and detection are binary (taking a
value of O or 1 only) and require a special technique called logistic
regression (22). Logistic regression is a statistical method for ana-
lyzing the relationship between an observed proportion, or rate, and
a set of explanatory variables.

Sign detection was found to be reasonable for this study (65.5
percent). Recall was only 12.16 percent. Table 2 summarizes mean
detection and recall by sign. Other significant results are presented
as follows.

Detection Model

For this model, five factors had a significant effect on the response
variable (with significance level = 10 percent). These factors were
sign, age, profession, education, and language (Table 3). The full
model involving all the above factors was significant at 1 percent
level. Each of the factors, sign, age, education, and language, was
highly significant. The significance level for profession was about
1.76 percent—also quite high.

Q, = Which one of these signs
is the one you just passed?

Answers: 0 = Incorrect
1 = Correct
2 = Not seen

0 = No Detection 0 = No Recall
1 = Detection 1 = Recall
If 1Q,;=|Q2=| Then Detection = Recall =
o l0 |—» 1 0
0 1 |——» 1 1
0 2 | ——» 1 0
1 |N/A > 1 1
2 0 |l—p 1 0
2 |1 |—» 1 1
2 |2 |—» 0 N/A

FIGURE 2 Memory logic diagram.




TABLE 1 Variables Used in Study

Independent Variables

Sign No. 1to22

Age Continuous Random Variable (years)

Road Condition Wet, Medium, Dry

Experience Continuous Random Variable (Years)

Profession Student, Blue Collar (Skilled worker), White Collar (Office
worker), Driver (Professional), Laborer (Unskilled
worker), Retired, Other.

Education Illiterate (No education & not literate),

Read & Write, Primary (1-6),

Intermediate (7-9), High School (10-12),
Vocational, University (Bachelors level),

Higher Degree (MS, Ph.D.) & Other.

Language Arabic, Non-Arabic.

Independent Variables

Detection
Recall

TABLE 2 Sign Detection and Recall Results

Sign No.$ Sample Size (N) Mean® Mean®
Detection Recall
(%) (%)
1 464 57.8 03.7
2 339 61.4 04.8
3 312 58.0 0.55
4 292 62.3 03.3
S 416 e . 369
6 449 76.4 18.7
7 452 64.2 16.6
8 525 58.9 08.1
9 752 ‘ 87.1 05.2
10 . 405 - 59.0 06.7
11 440 62.5 25.1
12 417 60.9 07.9
13 456 59.7 14.3
14 427 69.8 12.1
15 402 99.0 06.5
16 467 55.5 33.6
17 457 72.0 23.1
18 435 63.7 18.1
19 441 56.0 08.1
20 573 60.7 - 12.1
21 447 55.0 08.9
22 569 60.5 12.8
Total 10,115*
. Grand Average
65.5% 12.16%
3 See Fig. 1
+ 22 Missing
@ Rounded
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TABLE 3 Detection Model (Model is Significant at o = 1 percent)

b?('). Significant P Parameter Type
Variables* value
1. Sign .0001 +.0259 Discrete
2. Age .0001 -.0264 Continuous
3. Profession 0176 +.003 Discrete
4. Education .0001 +.383 Discrete
S. Language .0002 +1.433 Discrete

* significance level o« = 10%

The regression parameter for age had a small negative value indi-
cating that mean detection decreases with age but at a very slow
rate. Because the factors profession and education were at several
levels, a detailed analysis by Duncan’s Multiple Range Test was
performed. It was found in the profession category that mean detec-
tion was highest for students and it was significantly higher (at 5
percent level) than the mean of drivers, laborers, and retired people.
However, it was not significantly different from blue and white col-
lar people. The rate of detection among drivers and laborers was not
significantly different. The rate of detection among retired subjects
was significantly lower than all other profession categories. In addi-
tion, it was found that profession and education were not correlated
(corr. coeff. = 0.05331, p = 0.0001).

The language factor was highly influential in determining detec-
tion. Arabic speakers had significantly greater mean detection than
non-Arabic speakers.

The mean detection for the education variable was highest for
vocationally trained followed by higher education, university, high
school, intermediate, and primary. These levels were found not sig-
nificantly different from one another; however, all the levels were
significantly different from illiterate and read and write categories.

Table 2 presents the mean detection rate for various test signs. It
can be seen that drivers had most difficulty in detecting Sign 21 fol-
lowed by 16, 19, 1, and so on. The overall detection rate was 65.5
percent, a rate considered to be reasonable compared with European
countries [47 percent (18), 50 percent (17)).

Recall Model

Only three factors, namely sign, age, and language, appeared to
have significant impact on response variable (Table 4). The model
involving the above three factors only was significant at 1 percent
level. The regression parameter corresponding to age had a very
small negative value indicating that the recall goes down with
increasing age but at a very slow rate. Non-Arabic speakers com-
mitted significantly more errors in recall compared with Arabic
speakers even through the Arabic speakers were not better edu-
cated. There was no correlation between education and language
(corr. coeff. = 0.05024, p = 0.0001).

Table 2 presents the mean recall percentages for various test
signs. It can be seen that the drivers had the most difficulty in recall-
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ing Sign 3 followed by 4, 1; and 2, with the recall percentage under
5 percent. The overall recall rate is also quite low (12.16 percent).

DISCUSSION AND CONCLUSIONS

The driver factors of age, profession, education, and language had
a significant effect on detection. The increase in age resulted in
decreased detection, and, in the profession category, retired people
detected significantly at the lowest rate. This may be because of
decrease of memory with age or related factors. Students detected
the signs at a higher rate than all other professions. This may be
attributed to their young age and better education level. The Arabic
speaking drivers’ detection rate was significantly higher than that of
non-Arabic speaking drivers. This may be because of the presence
of an Arabic inscription on some of the signs. These inscriptions
may have helped many Arabic readers to detect the signs better. The
poor rate of detection for non-Arabic speaking drivers may be
because of inattention, lack of training, and so forth.

The overall detection rate (65.5 percent) may be higher than seen
in some European countries but still should be better. The reason for
not having a.very high detection rate may be because of a diversi-
fied driver population, lack of driver training, inadequate traffic law
enforcement, or sign characteristics (i.e., legibility, readability, con-
spicuity, location, or maintenance.)

The error in recalling a traffic sign was mainly affected by driver
age and language. The decrease in recall for drivers with increasing
age was significant. It is understandable because older people were
expected to commit more errors as a result of reduced vision, atten-
tion, and information processing abilities. The overall increased
error rate may have also been attributable to the sign itself and its
understandability, as described earlier. The non-Arabic speaking
drivers’ recall of signs was significantly worse than that of Arabic
speaking drivers. This may be because non-Arabic speaking drivers
received different sign training in their home countries in addition
to the other reasons mentioned earlier.

It can be concluded from this study that older drivers have a lower
detection and recall of traffic signs when compared with younger
drivers. Uneducated drivers will have problems understanding traf-
fic signs. Retired people (> 60 years of age) have trouble detecting
traffic signs. Native language speakers have better detection rates
and commit fewer errors in recall compared with non—native-
language speakers. It is recommended here that such studies be
done in other countries and the findings of this and other relevant

TABLE 4 Recall Model (Model is Significant at o = 1 percent)

S.

No. Significant P Parameter Type
Variables® value :

1. Sign .0001 -0.0085 Discrete

2. Age .0693 -0.037 Continuous

3. Language L0277 +0.6015 Discrete

* significance level « = 10%
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past studies be used to revise or update the relevant road sign stan-
dards such as the 1968 Vienna Convention.
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Driver Understanding of Protected and
Permitted Left-Turn Signal Displays

JAMES A. BONNESON AND PATRICK T. McCoy

Driver comprehension of protected and permitted left-turn (PPLT) sig-
nal designs was evaluated by conducting a survey of 1,610 drivers. The
survey included a perspective view of an intersection approach and its
traffic signal display, followed by multiple-choice questions about the
correct driving action. The survey questions were focused on four dis-
play indications in six different PPLT designs. The display indications
included (@) permitted left-turn, (b) protected left-turn only, (c) over-
lapped left-turn and through, and (d) a modified form of the protected
left-turn only indication. The modified indication deviates from the
Manual on Uniform Traffic Control Devices guidelines for PPLT heads
-(which require both a green arrow and red ball) by displaying only the
green arrow during the protected indication. The six PPLT designs var-
ied in terms of the location of the signal head with respect to the lane
line, the arrangement of the lenses in the signal head, and the inclusion
of an auxiliary sign. The survey results indicate that drivers are better
able to understand PPLT designs with any of the following characteris-
tics: a modified protected indication, the PPLT head centered over the
opposing left-turn lane, and no auxiliary sign.

The Manual on Uniform Traffic *Control Devices (MUTCD) (1)
provides considerable latitude in the design of traffic signals on
intersection approaches with protected and permitted left-turn
(PPLT) control. It identifies several different combinations of left-
turn and through movement signal lens arrangements or displays
that can be used, some general guidelines for locating signal heads,
and several choices in auxiliary signing messages. As a result of this
latitude, a wide variety of traffic signal designs with PPLT displays
is in current use. In this paper, the combination of PPLT and through
movement displays, auxiliary signing, and display location with
respect to the lane lines on an intersection approach will be referred
to as a “PPLT traffic signal design.”

The diversity of PPLT traffic signal designs may confuse drivers
as they travel in various cities throughout a state and may lead to
unsafe and inefficient operations. In fact, a recent survey of traffic
engineers conducted by the Florida Section of ITE (2) indicated that
many drivers do not understand or trust the protected portion of the
phase and may hesitate when the green arrow is displayed.

The objective of this research was to determine if some PPLT sig-
nal designs cause more confusion and operational and safety prob-
lems for drivers than others. This objective was accomplished by
conducting studies of driver behavior, understanding, and accident
history. The research described in this paper focuses on a survey of
driver understanding of PPLT designs. Findings from the studies of
driver behavior and accident history are described in the final
project report (3).

Civil Engineering Department, University of Nebraska-Lincoln, Lincoln,
Nebr. 68588-0531.

COMMON DESIGN CONSIDERATIONS AND
CONFIGURATIONS

Design Decisions

When designing the PPLT and through movement traffic éignal
arrangement, the traffic engineer is faced with several questions,
including the following:

e What signal head arrangement should be used?

¢ Will the head be exclusive to one movement or shared by two
or more movements?

e How far will the left-turn head be laterally offset from the lane
lines and from the through signal heads?

e Is there a need for permanent or temporary auxiliary signing to
better convey the meaning of the green ball to drivers making left
turns?

These questions will be more fully examined in the following
paragraphs. In all cases, it is assumed that an exclusive left-turn bay
is provided for the PPLT movement.

Signal Head Lens Arrangements

In general; three PPLT signal head lens arrangements are being used
in Nebraska. All three displays, shown in Figure 1, have five lenses
arranged in a vertical, horizontal, or cluster pattern. The vertical dis-
play (MUTCD letter “m”) has the advantage of being mountable on
either mast arm or span wire and the disadvantage of being so tall
that it requires a relatively high mounting to provide the minimum
roadway clearance, unless it is mounted on or over a raised median.

The horizontal display (“n”) has the advantages of being least sen-
sitive to wind forces and requiring a minimum pole height to obtain
the necessary roadway clearance. Its disadvantages are that it is
unstable under moderate breezes when mounted on span wire, and
that its lens arrangement may be confusing to some drivers. This lat-
ter disadvantage surfaces during the protected left-turn phase. Dur-
ing this phase, the green arrow is lit for the left-turn driver indicat-
ing that the left turn is protected; however, the red indication also
remains lit because it is controlled by the coincident through phase
(as required by MUTCD). In operation, this somewhat contradictory
message rarely confuses motorists unless a horizontal display is
used. In a horizontal display, the left-turn arrow is located to the
right of the red ball and, during the protected left-turn phase, it points
directly at the red ball. This orientation tends to amplify the contra-
diction of a green and red lens being lit at the same time and tends
to confuse some motorists. In fact, a recent survey by Williams et al.
(4) found that drivers were better able to interpret the intent of the
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FIGURE 1 Protected/permitted left-turn signal displays (7).

green arrow when the red ball indication was off. Williams et al. rec-
ommended that a red ball and a green arrow should not be displayed
simultaneously in a horizontal PPLT head.

The cluster display (MUTCD “s”) has the advantage of being
mountable on either span wire or mast arms. When the cluster head
is used to control both through and left-turn movements in a shared
arrangement, it has the additional advantage of displaying a logical
relationship between the lenses and the traffic movements they con-
trol. More specifically, the left-turn arrow indications are located to
the left of the solid ball indications just as the left-turn movement is
located to the left of the through movement.

Number and Location of PPLT Heads

The minimal guidance provided by MUTCD permits many differ-
ent PPLT signal designs. In fact, MUTCD states that an exclusive
head is not required () for the left-turn movement. If an exclusive
head is not provided, the guidelines imply that a shared head must
be provided. One advantage of the shared-head arrangement is that
the shared head can serve as one of the two required through move-
ment heads, thereby minimizing the total number of heads and their
associated costs. A disadvantage of the shared-head arrangement is
that it may be less clear to the motorist which signal head is con-
trolling his or her entrance to the intersection.

Auxiliary Signing

At some intersections, auxiliary signs have been mounted near the
PPLT signal head to ensure that drivers understand the intended
meaning of its signal indications. MUTCD (7) suggests that no
information sign is necessary; however, if one is used it must be the
R10-12 sign [Left Turn Yield On Green (symbolic green ball)]. A
study of 30 intersections conducted by Agent (5) indicated that aux-
iliary signs made no difference in the number of left-turn accidents.
Based on this finding, Agent recommended that auxiliary signing
not be used. Similar recommendations were made by the Florida
Section of ITE (2). Both groups indicated that appropriate driver
education regarding PPLT signal displays would be more effective
than auxiliary signing.

Protected and Permitted Signal Head Design Types

Because of the generality of MUTCD guidelines, many possible
combinations of signal head lens arrangements (i.¢., horizontal, ver-
tical, or cluster) and lane location (i.e., shared or exclusive) may be
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used to define the signal head design. At present, five PPLT signal
design types are used in Nebraska. A sixth type is being considered
for some locations. A description of each follows:

o Exclusive horizontal PPLT signal design. This design, shown
in Figure 2, has horizontal heads centered over each left and through
lane.

e Exclusive cluster and vertical PPLT signal design. This
design, shown in Figure 3, is an exclusive-head arrangement with
vertical heads for the through movements and a cluster head for the
PPLT movement.

o Exclusive vertical PPLT signal design. This design, shown in
Figure 4, is similar to that shown in Figure 3 except that a vertical
head is used to control the PPLT movement instead of the cluster
head.

o Shared cluster and vertical PPLT signal design. For this
design, shown in Figure 5, each signal head is placed over a lane
line and used to control traffic in the lanes on either side of the line.
This design is quite similar to that recommended by FHWA (6), the
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FIGURE 2 Exclusive horizontal PPLT signal design.
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FIGURE 3 Exclusive cluster and vertical PPLT signal design.
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"FIGURE 4 Exclusive vertical PPLT sighal design.
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FIGURE 5 Shared cluster and vertical PPLT signal design.

Florida Section of ITE (2), and Agent (5), although the latter two
sources do not include a through movement signal head over the
curb lane line.

o Shared horizontal PPLT signal design. This design, shown in
Figure 6, has horizontal heads over each lane line.

e Shared cluster horizontal PPLT signal design. This design,
shown in Figure 7, combines the cluster and horizontal head designs
in a shared use arrangement.

As shown in Figures 2 through 7, the shared and exclusive
designs use one PPLT head and two through movement heads.
Three heads are commonly used in Nebraska but may not be com-
mon in other areas (i.e., some states use two heads in a shared
design).

DRIVER SURVEY

The operational performance of a traffic control device is typically
evaluated in terms of conspicuity, recognition, and comprehension.
Comprehension is a measure of how well the motorist understands
the meaning of the control device message as intended by its
designer. The degree of comprehension of a device can be measured
by the number of motorists that correctly understand its message.
For this research, driver comprehension of the PPLT design was
assessed with a survey of licensed drivers.

Survey Form
The survey design followed that used by Williams et al. (4), in

which one perspective view of an intersection approach was shown
at the top of the page and two multiple-choice questions asked the

/ /% RO\ %
/ [Fou ) \

FIGURE 6 Shared horizontal PPLT signal design.
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FIGURE 7 Shared cluster and horizontal PPLT signal design.

correct identification of a particular indication type. More specifi-
cally, a perspective view of an intersection approach was drawn
from the viewpoint of the first-to-arrive left-turn driver. To rein-
force the intended orientation of the respondent with respect to the
intersection, the word “YOU” was drawn in the left-turn lane.

As the resolution of this perspective view was too low to indicate .
the signal indications clearly, an enlarged view of each head and its
lighted indication was placed just below the perspective view.
Below this enlarged view was a multiple-choice question with four
possible responses regarding the appropriate driving action. To
fully use space on the questionnaire, a second enlarged view (show-
ing a different signal indication combination) and multiple-choice
question were placed below the first question. A sample question-
naire is shown in Figure 8.

-The survey contained questions about the six PPLT signal design
types shown in Figures 2 through 7. An auxiliary sign was included
in the survey for one PPLT design type. Although auxiliary signs of
this kind are rarely used at intersections in Nebraska, there are a few
locations that use these signs with the PPLT design shown in Fig-
ure 3. The sign is to the right of the PPLT head on the mast arm. The
message on the sign is “Left-Turn Yield on Green (symbolic green
ball)” (MUTCD R10-12).

Differences in driver understanding among the seven PPLT
designs could be attributed to a combination of the PPLT signal
design and the indication presented. Therefore, to test fully the
effectiveness of the seven PPLT designs, the survey was designed
to evaluate each PPLT design under each unique indication combi-
nation. The four different combinations considered include

o Permitted left-turn indication (green ball for both the left-turn
and through movements);

e Protected/MUTCD left-turn-only indication (left-turn green
arrow and through red ball), consistent with MUTCD specifica-
tions;

e Overlap left-turn and through indication (left-turn green arrow
and through green ball); and

e Protected/Modified left-turn-only indication. The modified
indication displayed only the green arrow in the PPLT head (i.e.,
without the red ball). This form is intended to overcome driver con-
fusion from the simultaneous display of a green arrow and red ball
in the same PPLT head.

The enlarged view of the signal heads was colored on the survey
form to be consistent with the lit lens or lenses for each combina-
tion. Because only two questions appeared on each form, only two
of the four indications were presented to each interviewee.
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a. you are not allowed to turn left.

the oncoming traffic before doing so.

c. you are allowed to turn left since the

If f'ou are waiting to turn left and see the above signal indication...
(please circle the letter corresponding to your response)

b. you are allowed to turn left; however, you must wait for a large enough opening in

d. you are not sure whether or not a left-turn is allowed.

oncoming traffic must stop.
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a. you are not allowed to turn left.

b. you are allowed to turn left; however
the oncoming traffic before doing so.

c. you are allowed to turn left since the

If you are waiting to turn left and see the above signal indication...

, you must wait for a large enough opening in

d. you are not sure whether or not a left-turn is allowed.

oncoming traffic must stop.

FIGURE 8 Sample survey form—driver understanding questions.

The back side of the questionnaire contained several demo-
graphic questions used to determine the age, driving experience,
sex, rural or urban residence, and level of education of the respon-
dent. The demographic portion of the questionnaire is shown in Fig-
ure 9.

Distribution Method

Several measures were taken to ensure a representative sample of
the appropriate driving population in Nebraska. Since drivers in the
urban areas of Nebraska have more exposure to PPLT signal
designs than rural drivers, the questionnaire was administered in

three of Nebraska’s largest cities, Omaha, Lincoln, and Grand
Island.

The survey was administered in person at the local Department
of Motor Vehicles (DMV) driver’s license testing facility in each
city. Experience in conducting surveys at DMV testing facilities has
revealed that it has several strong advantages over other places. One
advantage is that it brings an unbiased sample of the driving popu-
lation to the interviewer—unbiased in the sense that the people are
at the facility on the basis of their birth date.

Another advantage is that the response rate tends to be high.
Interviewees at the DMV are receptive to the survey because (a)
they are mentally prepared to answer traffic-related questions, and
(b) they have to wait for 5 or 10 min anyway. Filling out a ques-
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Age:

a. 25 or under

b. 26 to 35

c. 36 to 45

d. 46 to S5

e. 56 to 65

f. 66 to 75

g 76 or over
Residence:

a. within city limits

b. outside city limits
Education:

a. less than 12 years
b. high school diploma
c. some college work

d. college degree

various state and city agencies in Nebraska.

Please provide us some general information about you to help us classify your response.
This information is confidential, in fact, we do not need your name or address.

(please circle the letter corresponding to your response)

a. S or less

b. | 6 to 10

c. 11to 15

d. 16 to 20

e. 21 to 25

f. 26 to 30

g 31 or more
Sex:

a. Female

b. Male

Thank you for completing this survey. Your response will be used to help us determine the
types of traffic signal indications that work best. We will be sharing this information with

Number of Years You Have Been Driving:

FIGURE 9 Sample survey form—demographic questions.

tionnaire is not deemed to be an inconvenience. As a consequence
of using the DMV, a 90 percent response rate was achieved.

Statistical Analysis Approach

The factors affecting driver response accuracy were identified using
analysis of variance techniques. The analysis of variance was con-
ducted using the Categorical Data Modeling (CATMOD) procedure
in the SAS System (7). All statistical tests were conducted using a
95 percent level of confidence (i.e., a = 0.05).

Potential bias from demographic diversity in the responses was
controlled by including a wide range of demographic questions on

the survey forms. Demographic factors found to be correlated with
driver understanding were included in the statistical analyses, and
all others were excluded. Bias associated with small sample size
was minimized by using the maximum-likelihood analysis option
available in CATMOD.

Analysis Results

Survey Demographics

In total, 1,610 completed questionnaires were obtained during a 3-
week period in May 1992. Because each survey form contained two
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PPLT design questions, 3,220 questions were considered in the
analysis. A summary of the demographic characteristics of the sur-
vey sample is provided in Table 1.

At first glance, it may appear alarming that only 70 percent of the
survey respondents correctly understand the meaning of the PPLT
signal designs [a similar proportion of correct responses was found
by Williams et al. (4)]. However, it must be remembered that the
respondents were answering a questionnaire with a limited source
of information (i.e., a black-and-white, two-dimensional perspec-
tive drawing with colored signal indications). It is likely that drivers
receive other visual clues at intersections, which increase the like-
lihood of making the correct response. This hypothesis could be
confirmed only by a detailed study of driver performance under
real-world conditions. As noted by Williams et al. (4), however,
each signal indication should, on its own merits, be understandable
to drivers. The survey conducted for this research provides consid-
erable insight in this regard.

Several trends apparent in Table 1 bear further discussion. In par-
ticular, there is a trend toward decreased understanding of the PPLT
designs with increased age and driving experience. There is also a
trend toward better understanding with more education. There does
not appear to be strong differences between male and female drivers
or between rural and urban drivers. These trends were considered in
the analysis of driver response, as described in the next section.
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Comparison of PPLT Designs

The principal focus of this survey was a comparison of driver under-
standing of the six PPLT designs shown in Figures 2 through 7. A
seventh design was included to determine the effect of auxiliary
signing. The proportion of correct responses is shown in Table 2.

Design Comparisons The analysis of the PPLT designs was
based on the differences in responses for each signal display indi-
cation. In the fourth column in Table 2, the responses shown apply
to the protected/MUTCD indication (i.e., green arrow with red ball)
survey question. Differences between this indication and the pro-
tected/modified (i.e., green arrow, no red ball) are examined later.
As shown in the row total of Table 2 (right column), drivers
appear to have the best understanding of the exclusive vertical
PPLT design (Figure 4). The difference in resuits for this design and
those for the least understood design is about § percent. A closer
examination of the difference between each design pair indicates
that none is significantly different. Although the differences shown
in Table 2 suggest that some designs are better understood, a larger
number of responses would be needed to confirm these trends.
With regard to differences in understanding the various indica-
tions, the column total in Table 2 indicates that the overlap indica-

TABLE 1 Summary of Survey Demographics

Demographic Factor  Level

Number of Proportion of
Respondants  Correct Responses

Location Grand Island 212 0.667
Omaha 626 0.712
Lincoln 772 0.716
Age 25 or under 594 0.743
26 to 35 380 0.738
36 to 45 329 0.676
46 to 55 130 0.635
56 to 65 76 0.671
66 to 75 53 0.632
76 or over 14 0.679
not provided 34 0.559
Driving Experience S or less 382 0.716
) 6 to 10 287 " 0.765
11to0 15 204 0.733
16 to 20 199 0.711
21t0 25 161 0.677
26 to 30 108 0.616
31 or more 216 0.662
not.provided 53 0.708
Residence Rural 233 0.721
Urban 1341 0.709
not provided 36 0.583
Sex Female 756 0.695
Male 720 0.729
not provided 134 0.668
Education less than 12 years 17 0.678
high school diploma 334 0.659
some college work 561 0.728
college degree 515 0.732
not provided 29 0.638
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TABLE 2 Driver Understanding of Selected PPLT Designs

PPLT Display Indication® Total
Design )
(Figure No.) Permitted Overlap Protected
3 w/sign 0.8242 <- high  0.409 0.664 0.635
1198 115 119 353
2 0.796 0.658 <- high  0.619 0.691
113 114 113 340
3 no sign 0.658 0.643 0.798 0.700
114 112 114 340
4 0.800 0.500 <- low 0.826 0.709 <- high
115 114 115 344
5 0.658 0.539 0.851 <- high  0.682
114 115 114 343
6 : 0.761 0.607 0.530 <- low 0.632 <- low
117 117 117 351
7 0.626 <- low 0.500 <- low 0.835 0.653
115 116 115 346
Total 0.732 0.550 0.731 0.671
807 . 803 807 2417

2Proportion of correct responses.
®Number of responses.

‘This summary of responses includes the responses to only 3 of the 4 indication
combinations: Permitted, Overlap, and Protected/MUTCD.

tion is least understood; only about one-half of the drivers surveyed
answered this question correctly. Fortunately, a closer examination

of the responses to this question indicates that most of the respon-_

dents who erred chose the safer course of action, which was to wait
for a gap in oncoming traffic. Of course, in the context of the total
intersection, driver understanding of the overlap indication is prob-
ably much higher than suggested by this survey. During the leading
protected left-turn sequence (common in Nebraska), left-turn
drivers become accustomed to the green arrow and the stopped
opposing traffic. When the green ball subsequently joins the green
arrow during the overlap phase, drivers are less likely to stop and
yield incorrectly as suggested by the survey.

Demographic Effects The effects of the demographic factors
listed in Table 1 were also considered in the analysis. On the basis
of this analysis, it was determined that several factors had a statis-
tically significant effect on driver understanding of a PPLT design.
A closer examination of these factors indicated that driver age
explained more of the variation in driver understanding than years
of driving or education. Thus, age was kept in the analysis to the
exclusion of the other two factors. In general, driver understanding
decreased with increased driver age.

Comparison Among Signal Head Locations,
Lens Arrangements, and Sign Use

A secondary focus of this survey was an examination of the effect
of signal head location, lens arrangement, and sign use on driver
understanding of the six PPLT designs shown in Figures 2 through
7. A seventh design was included to determine the effect of auxil-
iary signing. The proportion of correct responses to each of these
factors is presented in Table 3.

Signal Head Location In the analysis of signal head location,
the PPLT designs having the PPLT head centered over the left-turn
lane (exclusive) were compared with those having the head over the
lane line (shared). On the basis of this analysis, it was determined
that more drivers understand the PPLT display when the PPLT head
is centered in the left-turn lane. The difference in response rates
indicates that about 4 to 5 percent more drivers are able to under-
stand the exclusive head location than the shared head. This differ-
ence was found to be statistically significant (p = 0.033); however,
it may be too small to have a practical significance.

Lens Arrangement The analysis of lens arrangement com-
pared the cluster, horizontal, and vertical PPLT head displays
(shown in Figure 1). This analysis indicated that the overall differ-
ences between the three arrangements were not significant (p =
0.28). There were, however, significant differences between the
lens arrangements for the permitted and the protected indications.
The survey results suggest that significantly more drivers under-
stand the permitted indication in vertical and horizontal arrange-
ments (p = 0.001) than in the cluster arrangement. The results
also suggest that significantly more drivers understand the pro-
tected/MUTCD indication in the cluster and vertical arrangements
(p = 0.0001) than in the horizontal arrangement.

Sign Use The analysis of sign use compared the exclusive clus-
ter and vertical (Figure 3) with and without the use of an auxiliary
sign (i.e., MUTCD R10-12). The results of this analysis indicate
that a significantly higher correct response rate occurred with no
sign (p = 0.028). This finding suggests that designs with no sign
may be better understood than designs with a sign. However, this
trend is not consistent among the signal indications. For the per-
mitted indication, the sign appears to help driver understanding,
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TABLE 3 Effect of Head Location, Lens Arrangement, and Sign Use on Driver

Understanding
Factor Levels Display Indication® Total
Permitted  Overlap Protected
Head Exclusive 0.7512 0.600 0.749 0.700
Location (Centered)  342° 340 342 1024
Shared 0.682 0.549 0.734 0.656
(Lane Line) 346 348 346 1040
Total 0.717 0.574 0.743 0.678
688 688 688 2064
Lens Cluster 0.658 0.590 0.825 0.691
Arrangement 228 227 228 683
Horizontal  0.778 0.632 0.574 0.661
230 231 230 691
Vertical 0.800 0.500 0.826 0.709
115 114 115 344
Total 0.735 0.589 0.724 0.683
573 572 573 1718
Sign Use? No Sign 0.658 0.643 0.798 0.700
114 112 114 340
Sign 0.824 0.409 0.664 0.635
119 115 119 353
Total 0.742 0.524 0.730 0.667
233 227 233 693

2Portion of correct responses.
®Number of responses.

fThis summary of responses includes the responses to only 3 of the 4 indication
combinations: Permitted, Overlap, and Protected/MUTCD.

The analysis of Sign Use considered only the exclusive-cluster/vertical PPLT design (i.e.,
Figure 3) with and without an auxiliary left-turn sign. The sign used was a "Left-Turn Yield
on Green (symbolic green ball)' (MUTCD R10-12).

whereas during the overlap and protected indications, it appears to
confuse them. This finding is consistent with that of Hummer et al.
(8), who found that slightly more drivers understood the permitted
indication when it was accompanied by a sign, but many more
drivers were confused by the sign during the protected and overlap
indications.

Comparison of MUTCD and Modified Forms of Protected
Signal Display Indication

Examination of the column totals in Table 4 suggests that the mod-
ified form of the protected indication is associated with greater
driver understanding than the MUTCD indication. Overall, about
10 percent more drivers are able to determine the correct response
to the modified indication. The analysis indicated that this differ-
ence is statistically significant (p = 0.0003).

Closer examination indicates that the greatest benefit of the mod-
ified display is realized by drivers faced with horizontal PPLT
designs (Figures 2 and 6). For these two horizontal PPLT designs,
it appears that about 25 percent more drivers are able to understand
the protected indication when the red ball is not shown with the
green arrow. Similarly, about 12 percent more drivers are able to
understand the exclusive cluster and vertical PPLT design (Figure
3) when the modified display is used. Examination of the other
designs indicates that the modified display increases driver under-
standing in every case.

CONCLUSIONS AND RECOMMENDATIONS

The survey of driver understanding indicated that the exclusive ver-
tical PPLT design (Figure 4) is correctly understood by the highest
proportion of drivers. Of the three indications considered (i.e., per-
mitted, overlap, protected/modified), the overlap indication is
understood by only about one-half of all drivers, the smallest num-
ber for any of the indications.

An analysis of the effects of PPLT signal head location and sign
use on driver understanding revealed several interesting trends. The
exclusive head location increased driver understanding by about 4
to 5 percent over the shared head location. The analysis of sign use
compared the exclusive cluster and vertical (Figure 3) with and
without a sign. The sign considered was the “Left-Turn on Yield on
Green (symbolic green ball)” (MUTCD R10-12). This analysis
indicated that designs with a sign decrease driver understanding by
about 6.5 percent. It was found that the use of a sign tends to con-
fuse more drivers during the overlap and protected phases than it
helps during the permitted phase.

An examination of the differences between the MUTCD and
modified form of the protected PPLT indication revealed that
drivers understood the modified form (i.e., green arrow and no red
ball) better. The most significant difference was found for the hori-
zontal PPLT designs, which 25 percent more drivers understood.
This difference is statistically significant and of sufficient magni-
tude to be of practical significance.

In recognition of the significance of the findings regarding the
modified protected indication, a study of driver performance, under
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TABLE 4 MUTCD versus Modified Form of Protected
Signal Display Indications

PPLT Design Display Indication® Total

(Figure No.) MUTCD Modified

2 0.6192 0.877 0.749
113% 114 227

3 no sign 0.798 0.911 0.854
114 112 226

4 0.826 0.851 0.838
115 114 229

5 0.851 0.852 0.852
114 115 229

6 0.530 0.778 0.654
117 117 234

7 0.835 0.836 0.836
115 116 231

Total 0.743 0.850 0.797
688 688 1376

ZProportion of correct responses.
®Number of responses. :
‘The PPLT design with the sign was excluded from this analysis.

either real world or simulated conditions, should be conducted to
evaluate the level of confusion that apparently exists between it and
the existing MUTCD version of the protected indication.
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Motorists’ Comprehension of Exit Lane
Drop Signs and Markings

KAy FiTzPATRICK, MICHAEL OGDEN, AND TORSTEN LIENAU

‘A literature review and two motorist surveys designed to investigate
current motorist comprehension of exit lane drop signs and markings
are presented. In the first motorist survey study, motorists viewed
computer-generated scenes of a freeway with markings and signs
appropriate for an exit lane drop situation. The types of markings var-
ied among different alternatives. Motorists were asked to indicate the
anticipated movement of traffic in different lanes. The first study also
contained questions on the participants’ preferences of signs at differ-
ent locations along an exit lane drop. The second survey was a mail-out
survey to driving instructors who were asked to provide their interpre-
tations of their students’ comprehension of exit lane drop signs and
markings. The results of the research indicate that motorists have a high
level of understanding of the yellow EXIT ONLY panel; however, they
have a poor understanding of the meaning of the white arrow next to a
yellow EXIT ONLY panel. Motorists have equal comprehension of the
meaning of a solid white line and double white lines extending from the
gore, but they have lower comprehension of lane drop markings (short
wide lines or short gaps).

Lanes are often eliminated from the roadway in an effort to make
the highway function more efficiently. This phenomenon is known
as a lane drop. There are three basic types of lane drops: lane splits,
lane terminations, and exit lane drops. A lane split refers to the divi-
sion of a multilane highway into two separate roadways so that the
level of service provided to either roadway is approximately equal.
A lane termination denotes the ending of a lane, usually by tapering
it into the adjoining lane. The exit lane drop refers to the departure
of one or more lanes from the freeway through lanes in the form of
an exit. The exit lane drop is the focus of this paper.

Exit lane drops can cause confusion if the driver does not expect
the lane to exit but instead to continue with the freeway main lanes.
Without proper notification of the impending exit, drivers can find
themselves performing erratic maneuvers to prevent exiting at
undesirable locations. For motorists to travel successfully through
an exit lane drop area, they need knowledge of the presence of the
lane drop and its location in sufficient time to perform the desired
maneuver. The National and Texas Manuals on Uniform Traffic
Control Devices MUTCD and TxMUTCD) contain information on
signs and markings available to warn motorists of upcoming lane
drops (1,2). :

BACKGROUND

Exit only signs and pavement markings are two treatments used to
communicate an exit lane drop to the motorist. Signs are a required
condition by MUTCD, but pavement markings are optional. Exit

K. Fitzpatrick and T. Lienau, Transport Operations Program, Texas
Transportation Institute, College Station, Tex. 77843-3135. M. Ogden,
Transportation Analysis and Design, Texas Transportation Institute,
Houston, Tex. 77024.

only sign treatments include diagrammatic signs, the modified dia-
grammatic signs, the use of the black-on-yellow EXIT ONLY panel
on conventional signs, and others. Pavement markings include
larger lane striping [203 mm (8 in.) wide by 0.92 m (3 ft) long white
stripes separated by 3.66-m (12-ft) gaps beginning approximately
0.81 km (0.5 mi) in advance of the theoretical gore point] and a solid
white channelizing line [203 mm (8 in.) wide extending approxi-
mately 91.5 m (300 ft) upstream from the theoretical gore point].

The 1971 edition of MUTCD was the first edition to present
information on the EXIT ONLY sign panel. It stated that the panel
shall have a yellow background with black legend and may be used,
but is not required, on the lower edge or lowest line of overhead
gore, exit direction, or advance guide signs on roadways approach-
ing an interchange where there is a reduction in the number of avail-
able lanes for through traffic (3). It was not until the 1978 edition of
the national MUTCD that the EXIT ONLY panel became a require-
ment at all interchange lane drops (4).

Between 1970 and 1972, operational reviews of metropolitan
freeways were conducted in California, and the need for a special
treatment at exit lane drops was found. The striping was approved
in 1975 by the California Traffic Control Devices Committee and
included in its traffic manual. In a letter written in 1978 to the
National Advisory Committee at FHWA, California recommended
the special pavement markings for inclusion in the national
MUTCD.

OBJECTIVES

The intent of this project was to determine how motorists interpret
the meaning of sign and pavement marking alternatives they may or
may not have experienced before. Specific objectives included the
following:

¢ To determine driver interpretation and comprehension of exist-
ing pavement markings and signs currently used at exit lane drops,

e To determine driver interpretation of alternative pavement
markings that could be used at exit lane drops, and

e To determine driver preferences of pavement markings and
signs to be used at exit lane drops.

PREVIOUS RESEARCH ON EXIT LANE DROPS
Exit Only Signs
Black-on-Yellow Panels

A 1976 study by Lunenfeld and Alexander (5) evaluated the EXIT
ONLY panel and other variations. The study recommended the use
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of the EXIT ONLY panel when route continuity is maintained or, in
conjunction with diagrammatic signs, at exits. Roberts and Klipple
(6) reported in 1976 on an exit lane drop signing experiment that
compared four different exit panel messages and one panel with
directional arrows and no word messages. The experiment sup-
ported the conclusion that the MUST EXIT and EXIT ONLY panel
messages were most helpful in correctly influencing driver expecta-
tions and that the difference between these signs is so small that
either one is recommended for use; however, only one should be
used in the interest of improving the accuracy of driver expectations.

Diagrammatic Signs

Several studies have investigated the use of diagrammatic signs
versus conventional signs, especially at lane drops. Brainard et al.
(7) in 1961 investigated the interpretability of diagrammatic signs,
whether sign preferences existed, and whether these sign prefer-
ences are similar to typical diagrammatic signs found in Europe. The
study concluded that pictorial signs were the most easily interpreted.
MacDonald and Hoffmann (8) found that diagrammatic signs better
communicate information to the driver in terms of initial percep-
tion time than do verbal signs. Another study, by Lunenfeld and
Alexander (5), investigated the use of diagrammatic signs at lane
drops with different geometric characteristics and recommended
that diagrammatic signs be used at exits with route discontinuities.

A 1971 study by Roberts (9) investigated the effectiveness of dia-
grammatic signs at a single location in New Jersey and evaluated
the use of these signs by conducting a before and after study.
Roberts observed the occurrences of erratic maneuvers (stopping,
crossing lane lines, or backing) in a 61-m (200-ft) zone ending at
the gore to evaluate traffic characteristics before and after the'instal-
lation of the signs. Roberts found that there were significantly fewer
erratic maneuvers after the diagrammatic signs were installed. After
six months, however, it was found that there was a significant
increase in ‘the number of erratic maneuvers. The increase was
attributed to the two data sets being collected in unlike seasons.

A study. of diagrammatic signs by Roberts and Klipple (10)
investigated the effect of current signing and variations of current
signing on driver expectancy violations, such as at lane drops. The
study concluded that diagrammatic signs, with or without exit ver-
biage, influenced driver expectancy favorably.

Pavement Markings

The earliest study identified concerning pavement markings at exit
and entrance ramps was conducted in 1966 by Roth and DeRose
(11). This study investigated the effectiveness of a color coded sys-
tem consisting of edgemarking, delineation, and signing. Pavement
markings consisted of white lines for through traffic, blue for exit
ramps, and yellow for entrance ramps. The study reported a signif-
icant reduction in erratic maneuvers around two exit and two
entrance ramps as a result of the new pavement markings. The
erratic maneuvers included two-lane lane changes (within the
approximate 610-m (2000-ft) study sections), stopping, backing,
and radical movements across the gore. In addition, driver inter-
views revealed that 85 to 90 percent of the drivers believed the
system was beneficial.

Another study related to color coding of pavement markings was
conducted in 1976 by Cornette (12). Cornette specifically tested
127-mm (5-in.) wide yellow edgelining and 0.61-m (2-ft) wide
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yellow gore striping at various lane drop situations, including exit
lane drops. In addition, Cornette tested the effectiveness of double
amber reflectors on both sides of the roadway with decreased spac-
ing approaching the gore area. Seven lane drop sites were chosen,
including two single-lane exit lane drops. At both sites, the combi-
nation of amber delineators and yellow striping was most effective
in reducing erratic movements and brake light applications,
although this combination was not necessarily found effective in
other lane drop situations.

In 1975, Pigman and Agent (13) investigated the effectiveness of
raised pavement markers at lane drops. The study collected before
and after data at five lane drop sites, including two exit lane drops.
The raised pavement markers, although effective during day and
night, were found to be much more effective in reducing erratic
maneuvers during nighttime conditions.

In the late 1980s, Texas sponsored a study that investigated sign-
ing or pavement markings, or both, that could provide additional
information to motorists regarding impending exit lane drops (14).
The use of a series of short white dashes followed by a double white
stripe before the gore area and a DO NOT CROSS DOUBLE
WHITE LINES sign were selected for investigation. The pavement
markings were installed at three sites in the Houston area. All erratic
maneuvers between the mandatory exit lane and the adjacent
through lane from the gore to a point between 152.5-213.5 m
(500-700 ft) before the gore were recorded before and after the
markings were installed. Comparisons were made on a matched
15-min interval basis. Because of geometric configurations at the
sites, one location received the pavement markings and the sign
treatment, and the remaining sites received variations on the pave-
ment markings treatment only. One location showed improvement
in operations during all peak periods, another location (Braeswood
Exit) showed improvement in operations for peak periods except
the p.m. period, and the last site had mixed results with some
improvements in lane changes and some increases in lane changes.
In the case of the last site, most of the deteriorating operations were
attributed to the difficult geometrics of the site.

Approximately 1 year after the special markings were installed at
the Braeswood Exit, additional lane change data were collected.
The data from this effort were compared with the data in the pre-
ceding effort. The results showed a continual decrease in erratic
lane changes over time. In addition, total and peak hour volumes
were collected for all three study periods. The volumes showed a
continual growth over time, demonstrating that even with increased
volumes, the erratic lane changes decreased as a result of the pave-
ment striping (15).

Other Studies
Geometric Considerations

Cornette (12) conducted a study in 1972 comparing the operational
characteristics of four different types of lane drops (single lane exit
with refuge area after the drop, single lane exit without refuge area,
a lane termination, and a single-lane, lane split). Conflict surveys
(erratic movements and brake light applications), spot speed mea-
surements, and lane volume counts were collected at the four sites
before and after various traffic control devices were implemented at
the sites. Cornette found that the single lane exit without refuge area
had the lowest conflict rates. In addition, the study concluded that
lane drops associated with poor geometrics, such as high rates of
curvature and sight distance restrictions, had higher conflict rates
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than those with more optimal geometric features. As a result, it was -

concluded that traffic control devices are not as effective in reduc-
ing conflicts as are proper site geometrics. Goodwin and Goodwin
(16), in 1972, and Goodwin (17) later in 1976 developed a set of
principles on which lane drops should be designed, most of which
are applicable to exit lane drops. Information needed to successfully
and safely travel though an exit lane drop area included: (a) knowl-
edge of the impending lane drop, (b) location of the lane drop, (c)
choice of an appropriate maneuver, and (d) time to execute that
maneuver.

Operational Effects

In 1971 Goodwin and Lawrence (I8) conducted a study in which
they determined from field data the effectiveness of existing free-
way mainline lane drops with regard to traffic operations. For the
exit lane drop, the results of data analysis showed that only 10
percent of the vehicles on the freeway were traveling in the exit
only lane at the beginning of the test section (approximately 305 m
(1000 ft) before the gore). Most of these vehicles not exiting per-
formed the lane change well before the end of the lane. A few vehi-
cles, however, did make their maneuvers in the last 15.3 m (50 ft)

-before the gore.

STUDY METHOD

Several options are available to the traffic engineer to communicate
to motorists an approaching exit lane drop. Some of the options,
such as the yellow panel on the green guide sign, have been used for
several years. Other options, such as pavement markings, are rea-
sonable ideas; however, they have not been used on a consistent
basis. To test the effectiveness of several different types of pave-
ment markings in the field would require a significant outlay-of per-
sonnel effort and funds. A survey technique can obtain drivers’ reac-
tions to different types of pavement markings without the sizable
monetary commitment. Two types of surveys were selected for this
project: a survey of motorists at an automobile show and a mail-out
survey of driving instructors. '

MOTORIST SURVEY—AUTOMOBILE SHOW
Development of Survey

Initial efforts on developing the automobile show survey included

several meetings of the research team to determine the survey’s:
goals and to develop appropriate questions. Two goals for the ques-

tionnaire were to determine driver interpretation of alternative
marking and sign techniques and, to determine driver preference of
exit only signs.

The type of participant was also considered during the survey
preparation efforts. Because these participants were attending a
recreational event and were unpaid volunteers, simplicity and
brevity were two qualities emphasized during the development of
the questions. A survey length of 10 to 12 min was estimated to be
the maximum time that a participant would be willing to contribute.
Because this survey was testing alternative markings that may or
may not be in current use, computer generated colored art work was
used, instead of pictures of existing sites.

Once the survey questions were selected, the survey was
pretested to ensure that the questions were understandable. More
than 30 respondents representing different gender and age groups
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were used to evaluate the questions. The pretest resulted in only
minor changes.

Experimental Plan

To overcome any learning curve within the survey, the research
team decided that the participants would be asked questions on only
one type of marking. Four alternative versions of the questionnaire
would be used during the survey period, with each alternative con-
taining the same questions but with different pavement markings.
The four pavement marking alternatives selected for testing were

e [—typical white lane lines (3.05-m stripe with a 9.15-m gap)
(10-ft stripe with a 30-ft gap), )

e II—double white lines (each 101.6 mm wide, set 101.6 mm
apart) (each 4 in. wide, set 4 in. apart),

e IlI—short lines and short spaces known as “lane drop mark-
ings” (203.2 mm wide, 0.92 m long, 3.66-m gaps) (8 in. wide, 3 ft
long, 12-ft gaps), and "

e IV—wide white line (203.2 to 304.8 mm wide) (8 to 12 in.
wide).

The typical white lane lines (Alternative I) were tested to serve
as a baseline for comparison. The questions for each of the four
alternatives were assembled into a separate three-ring binder for use
during the automobile show. A participant would be asked ques-
tions from only one of the four three-ring binders. The use of each
three-ring binder would be rotated so that a similar number of par-
ticipants would answer the questions for each alternative.

Several types of questions were asked within each alternative.
For example, the initial questions dealt with driver actions when
only the markings were visible, and later questions covered driver
actions when both markings and signs with an EXIT ONLY panel
were visible. Only the visual presented to the participant (i.e., the
type of pavement markings) changed for each alternative; the ques-
tions remained the same. The questions dealt with the following
conditions for each alternative: '

o Questions 1 to 3 dealt with markings only,

o Questions 4 and 5 dealt with markings and the appropriate sign
for a one lane, lane drop exit,

e Questions 6 and 7 dealt with markings and the appropriate sign
for a two lane, lane drop exit with an option lane and an exit only
lane, N :

o Questions 8 to 10 dealt with markings and the appropriate sign
for a two lane, lane drop exit where the alternative markings were
placed between one set of lanes (Lanes 2 and 3), and

e Questions 11 to 13 dealt with markings and the appropriate
sign for a two lane exit only where the alternative markings were
placed between two sets of lanes (Lanes 2 and 3 and Lanes 3 and 4).

The initial set of questions (Questions 1 to 3) was critical to the
survey, because it relayed the driver’s understanding of the pave-
ment markings without additional visual clues of the approaching
mandatory exit (see Figure 1). The next set of questions (Questions
4 and 5) used the same markings and added a green guide sign with
a yellow EXIT ONLY panel.

In addition to investigating driver opinion on alternative pave-
ment markings, the survey contained questions about driver prefer-
ence for the different types and locations of exit only signs. The
signs tested included
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Alternative 1 Alternative II Alternative ITI Alternative IV

1234 1234 1234 ;1234
IR\ VA

\
[ Y
QUESTION \
LANE
RESPONSE ‘ \ ’

"1 4 Must continue on freeway 2% 7% ) 8% 4%
1 4 Must exit 8% 73% 52% 72%
1 4 May either exit or continue 82% 13% 31% 19%
1 4 Not sure 8% 7% 9% 5%
2 3 Must continue on freeway NA 67% 61% - 55%
2 3 Must exit 3% 1% 3%
2 3 May either exit or continue 27% 37% 37%
2 3 Not sure 3% 1% . 5%
3 L-4 must exit NA 27% 42% 41%
3 L-3 may exit or continue 14% 35% 16%
3 May not cross marking 57% 9% 37%
3 Not sure 2% 14% 6%
Number of Respondents 132 148 124 124
Number of Responses for Question 3 175 ' 153 157

FIGURE 1 Responses to markings only questions.

¢ The conventional green guide sign with a yellow EXIT ONLY
panel (with a black down arrow on the panel or a white arrow on the
green guide sign),

e A diagrammatic sign, and :

e A green guide sign with a yellow EXIT ONLY panel and a
black upward sloping arrow.

Conduct of Survey

The survey was conducted during the 1992 Houston Automobile
Show. A total of 528 individuals participated, or an average of 130
per alternative. The participants in the survey were provided state
and local maps and other literature from the Texas Department of
Transportation in appreciation for their participation in the survey.
No unusual conditions were experienced while administering the
survey that would affect the survey results. Although the illustra-
tions presented in this paper were modified to black and white for
reproduction purposes, the actual drawings viewed by the partici-
pants were in color.

Findings
Demographics
The results from the demographic questions for the survey partici-

pants were compared with the distribution of licensed drivers in the
United States (/9). As in past automobile shows, most of the survey

participants (approximately 66 percent) were white males; males
represent 52 percent of licensed drivers. More than 80 percent of the
respondents were less than 40 years old, with roughly half of these
respondents in the less than 25 years age group and the other half in
the 25 to 39 year age group. Approximately 53 percent of licensed
drivers were less than 40 years old. Because the survey participants
were younger than the licensed driving population, the survey cap-
tured drivers with less driving experience. This condition is
assumed not to have an adverse effect on the findings of the study.
Most respondents had high school degrees or equivalent, with
approximately one-third of the participants having college degrees.

Markings Only Questions

The objective for the initial set of questions was to determine the
driver’s interpretation of pavement markings without any other
visual clues. Figure 1 shows a summary of the responses from the
four alternatives. For Alternative I, 8 percent of the participants said
that if they were driving in Lane 4, they must exit from the freeway.
Responses from Alternative III revealed 52 percent of the partici-
pants stated they must exit if they are in Lane 4. The other two alter-
natives pertaining to the solid white line markings resulted in
approximately 72 percent of the participants stating that they must
exit if in Lane 4. The solid white lines, even without additional
visual clues such as the approach to the exit or a yellow panel sign,
indicated best to the motorists that they will be required to exit if
they continue in the lane.
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Question 3 of the survey was similar to Question 1 but presented
in a different manner to obtain additional understanding of motorists’
interpretation of the markings. Although the participants were
informed that they could choose more than one response, most par-
ticipants selected only one response, with the type of response vary-
ing among alternatives. For example, in Alternative II, respondents
tended to focus on whether they could cross the markings, but in
Alternative I'V the participants chose almost equally the Lane 4 “must
exit” and the “may not cross markings” answers. The response dis-
tribution for Alternative IV was expected. The pattern of responses
in Alternative II may be a reflection of the Houston district’s using
two solid white lines on some freeway exit ramps merging with a
frontage road in conjunction with the sign that says DO NOT CROSS
DOUBLE WHITE LINES. The results of Question 3 in Alternative
II indicated that participants interpreted the lane drop lines as per-
missive. A higher percentage of respondents for Alternative III than
Alternatives II or IV indicated that the vehicles in Lane 4 may either
exit or continue.

Comments received from participants were informative. Some
participants indicated that they had never seen some of the types of
markings being tested (i.e., the double white lines or the lane drop
markings). Several participants stated that they wanted a sign to
provide the information about whether to exit instead of just basing
their decisions on the pavement markings. These comments served
as a reminder of the need to provide a secondary source of infor-
mation until drivers are familiar with the new markings.

One-Lane, Lane Drop Exit Questions

The objective for the one-lane, lane drop exit questions was to deter-
mine whether the combination of signs and markings improves
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driver understanding of the approaching mandatory exit. Figure 2

" illustrates the graphics as well as the findings from the survey.

Driver comprehension of the markings increased noticeably with
the addition of the EXIT ONLY sign. More than 91 percent of the
respondents for each alternative indicated that Lane 4 must exit to
Caster. For Alternative I, when no sign was used with the standard
lane markings, 8 percent of the participants indicated that they must
exit. When the sign was added, however, the must exit response
increased to 92 percent.

Although the percentage of respondents choosing must exit to
Caster for Lane 4 for the four alternatives was fairly consistent (91
to 98 percent), the percentage choosing “must continue” on freeway
for Lane 3 was not as uniform. The lane drop markings alternative
(Alternative III) had the lowest number of participants selecting the
“must continue” option (60 percent). Most remaining participants
selected the “may either exit or continue” selection. More than 80
percent of the participants of Alternative II selected the “must con-
tinue” option. This high percentage may be a reflection of the use
of double solid white lines in some areas of Houston where some
freeway exit ramps meet the frontage road.

Two-Lane Exit with an Option Lane and an
Exit Only Lane Questions

The objective of these questions was to determine whether the com-
bination of signs and markings improves driver understanding that
the approaching exit is a two-lane exit with one optional exit lane
and one exit only lane (see Figure 3). More than 90 percent of the
participants recognized that Lane 4 must exit. Between 67 and 79
percent of the participants selected the “may exit or continu€ on the
freeway” option for Lane 3, which is the correct answer. A sub-

Alternative I

Altérnative II

Alternative I1I

Alternative IV

———

[35] west [TeagT west (3] west [8357] west
Coster Caster Caoster Caster
B
1234
QUESTION I
LANE
RESPONSE R . .
4 4 Must continue on freeway 2% 1%
4 4 Must exit to Caster 92% 95% 91% 98%
4 4 May either exit or continue 6% 3% 5% 2%
4 4 Not sure 0% 1% 2% 0%
S 3 Must continue on freeway NA 82% 60% 2%
S 3 Must exit to Caster 2% 2% 2%
5 3 May either exit or continue 15% 35% 23%
5 3 Not sure 1% 3% 3%
Number of Respondents 132 148 124 124

FIGURE 2 Responses to one-lane, lane drop exit questions.
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Alternative I

Alternative II

Alternative III Alternative IV

[T5%] soutn
Gradit
Bz

QUESTION
LANE
RESPONSE \

6 4 Must continue on freeway 1% 5%

6 4 Must exit to Gradit 92% 90% 89% 91%
6 4 May either exit or continue 7% 5% 4% 4%
6 4 Not sure 0% 0% 2% 0%
7 3 Must continue on freeway 28% 30% 18% 21%
7 3 Must exit to Gradit 4% 3% 2% 2%
7 3 May either exit or continue 67% 66% 79% 76%
7 3 Not sure 1% 1% 1% 1%
Number of Respondents 132 148 124 124

FIGURE 3 Responses to two-lane exit with option lane and exit only lane question.

stantial portion of the respondents, between 17 and 30 percent,
selected the “must continue on freeway” answer for Lane 3. This
indicates that several participants did not interpret the white down
arrow (that is, outside the yellow EXIT ONLY panel) to mean that
the drivers in the third lane can exit or stay on the freeway. Few par-
ticipants (less than 5 of the 130 participants per alternative) selected
the “must exit” answer.

Two-Lane, Lane Drop Exit with Markings Between
One Set of Lanes Questions

The objective of these questions was to determine whether the com-
bination of signs and markings improves driver knowledge of an
approaching two-lane mandatory exit. Over 94 percent of the par-
ticipants correctly selected the “must exit” answer for Lane 4, but
only 82 to 90 percent of the participants correctly selected the “must
exit” answer for Lane 3 (see Figure 4). Between 80 and 91 percent
correctly selected the “must continue” option for Lane 2. Alterna-
tive ITI (lane drop markings), elicited the highest number of incor-
rect answers, primarily the “may either exit or continue on the free-
way”” answer. Respondents interpreted the permissive nature of the
broken lane lines as allowing them to change lanes.

Two-Lane, Lane Drop Exit with Markings Between
Two Sets of Lanes Questions

The objective of these questions was to determine whether the
change in marking alters driver knowledge of the approaching two-

lane mandatory exit. Figure 5 shows the results from the questions.
The findings for this group of questions were similar to the previ-
ous group of questions. Between 93 and 99 percent (compared with
94 to 96 percent) of the participants correctly selected the “must
exit” answer for Lane 4, and only 81 to 90 percent (compared with
82) of the participants correctly selected the “must exit” answer for
Lane 3. Between 71 and 92 percent (compared with 81 to 91 per-
cent) correctly selected the “must continue” answer for Lane 2.
Alternative III (lane drop markings) again offered the highest num-
ber of incorrect answers, with those individuals selecting the “may
either exit or continue” answer. ,

Several participants appeared surprised when viewing the graph-
ics for Alternatives II to IV for this group of questions. They said
that they had never seen a situation in which the markings are used
between two sets of lanes. Several stated that Lane 3 should con-
tinue somewhere other than the direction of Lane 4 and that the sign
is misleading because both lanes are going to Boulder. They thought
that one lane should go to one destination and the other lane should
go to another with this type of pavement marking.

Driver Preference Questions

Two objectives were selected for the driver preference questions.
They were (a) to determine whether drivers understood the differ-
ence between an advanced guide sign and an exit direction sign and
(b) to determine driver preference among different exit only signs.
The participants were shown an exit only lane drop with three sign

_post locations. They were asked to indicate which of two signs they

would prefer at each location (the choices were different for each
sign location). The two primary findings were that diagrammatic
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Alternative I

Alternative IT

Alternative ITI Alternative IV

South
Lockett

1200 Q123 d

-

South South South
Lockett Lockett

QUESTION
LANE
RESPONSE

8 4 Must continue on freeway 0% 2% 2% 2%
8 4 Must exit to Lockett 94% 96% 94 % 94 %
8 4 May either exit or continue 5% 1% 4% 4%
8 4 Not sure 1% 1% 0% 0%
9 3 Must continue on freeway 4% 4% 3% 2%
9 3 Must exit to Lockett 84% 89% 83% 90%
9 3 May either exit or continue 11% 7% 14% 8%
9 3 Not sure 1% 0% 0% 0%
10 2 Must continue on freeway 87% 91% 80% 88%
10 2 Must exit to Lockett 3% 2% 2% 1%
10 2 May either exit or continue 9% 6% 18% 9%
10 2 Not sure 1% 1% 0% 2%
Number of Respondents 132 148 124 124

FIGURE 4 Responses to two-lane, lane drop exit with markings between one set of lanes questions.

signs were chosen most often for the first sign but less often for later
use and that drivers prefer the down arrow for the first sign use.

Interpretation of Findings

The motorist survey indicated a high level of understanding of the
exit only signs. Only the sign for the two lane exit with one lane
mandatory and one lane optional had correct comprehension of less
than 80 percent. The white down arrow next to the yellow EXIT
ONLY panel was correctly interpreted by only between 66 and 79
percent of respondents, depending upon the type of markings shown
on the figure (see Figure 5). Note that the visuals represented only
a specific location along a freeway. Drivers can encounter other
visual clues, such as the approaching geometrics and other signs, to
aid them in their driving decisions. In those cases in which a driver
failed to observe a preceding sign, or the driver entered the freeway
after preceding signs, most drivers correctly selected the appropri-
ate response.

A noticeable difference occurred between the lane drop markings
(short lines and short gap treatment) and the solid lane line mark-
ings. Drivers correctly interpreted the broken line markings as per-
missive and the solid lines as a restrictive. For example, when only
the markings (no signs) were shown, more than 70 percent of the
respondents indicated that the right-hand lane must exit. Only 52
percent of the respondents selected the “must exit” choice for the
special markings alternative (see Figure 1).

DRIVING INSTRUCTOR SURVEY—
MAIL-OUT SURVEY

The goal of the second survey was to obtain an indication of the
comprehension of signs and pavement markings for freeway exit
only lanes by inexperienced or new drivers. Driver instructors were
requested to provide an assessment of their students’ understanding
of signs and pavement markings used at freeway exit only lanes. Of
the 164 surveys mailed to driver instructors in large urban areas in
Texas 44 were returned. Instructors indicated that their students had
an above-average comprehension of current signing and pavement
markings and a below-average comprehension of the difference
between an up and a down arrow on an exit guide sign. In other
questions instructors’ responses revealed their belief that students
had a good understanding of the meaning of the solid white line and
a poor understanding of the meaning of the dashed white line (lane
drop markings). When asked whether a diagrammatic sign better
communicates that a lane must exit than the yellow EXIT ONLY
panel, instructors responded overwhelmingly in favor of a dia-
grammatic sign. The survey indicated that the solid white line and
the yellow EXIT ONLY panel are devices well understood by inex-
perienced drivers in Texas. This finding indicates the value of using
pavement markings with signs to communicate information to
motorists.

Instructors also made several suggestions for other traffic control
devices at exit lane drops. Pavement treatments included pavement
arrows, exit only signs, rough buttons lining the exit lane, and
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Alternative I

Alternative II

Alternative III Alternative IV

[1%] soutn
Boulder

QUESTION
LANE
RESPONSE

11 4 Must continue on freeway 2% v 2% 0%
11 4 Must exit to Boulder NA 96% 93% 99%
11 4 May either exit or continue 1% 3% 4%
11 4 Not sure . 1% 2% 1%
12 3 Must continue on freeway 5% 5% 2%
12 3 Must exit to Boulder NA 86% 80% 91%
12 3 May either exit or continue 7% 14% 6%
12 3 Not sure 2% 1% 1%
13 2 Must continue on freeway 89% 72% 92%
13 2 Must exit to Boulder NA 3% 2% 0%
13 2 May either exit or continue 8% 25% 6%
13 2 Not sure 0% 1% 2%
Number of Respondents 132 148 124 124

FIGURE 5 Responses to two-lane, lane drop exit with markings between two sets of lanes questions.

beginning the solid white line at the first exit only guide sign. Sign
suggestions included using diagrammatic signs in conjunction with
the yellow EXIT ONLY panel, changing the colors of the signs, and
adding RIGHT LANE or LEFT LANE to the yellow panel.

SUMMARY AND CONCLUSIONS

This paper presented findings from a literature review and two sur-
veys on motorist comprehension of exit lane drop signs and mark-
ings. Studies of the black on yellow panels conducted in the early
1970s supported the use of the panels. The panels were required at
interchange lane drops beginning with the 1978 edition of MUTCD.
Early and recent studies on diagrammatic signs also support their
use at exit lane drops. The results from both surveys conducted dur-
ing this research support the findings from the literature. Motorists
have a high level of understanding of the yellow EXIT ONLY
panel, but they do not understand the use of the white arrow next to
ayellow EXIT ONLY panel (see Figure 3). More than a third of the
participants incorrectly interpreted the meaning of the white arrows.
Motorists preferred the use of diagrammatic signs as the first of
several signs indicating an approaching lane drop and the use of the
conventional black on yellow panel (instead of the diagrammatic
sign) close to the exit lane drop.

Pavement markings for exit only lane drops were first included
in MUTCD in 1984 at the suggestion of California transportation
engineers. They had several years of positive experience with the

markings when they made the recommendation. Several of the pre-
vious research studies on pavement -markings examined the use of
markings at lane drops instead of exit only lane drops. A study in
the late 1980s examined the effectiveness of markings at exit only
lane drops. It found mixed results: at one location improvement in
operations occurred during all peak periods, at the second location
improvement occurred except during the afternoon peak, and the
third location had some decrease and some increase in lane changes
during the times observed.

The motorist surveys conducted for this research indicated that
drivers showed equal comprehension of the meaning of the solid
extra wide white line and the double white lines. Participants’
responses also indicated that they knew the broken line markings
are permissive and the solid lines are restrictive. The participants
did not demonstrate as high a level of understanding of the mean-
ing of the broken lines as of the solid line. The use of a solid line
before an exit only lane drop is more prevalent than the use of the
broken line.

RECOMMENDATIONS FOR FUTURE RESEARCH

Although surveys can obtain drivers’ reactions and opinions to dif-
ferent types of pavement markings, field studies can measure actual
driver behavior in response to a change. Studies that measure driver
behaviors, such as lane changes and erratic maneuvers, before a
treatment is installed and after a treatment is installed would indi-
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cate how drivers behave in response to a treatment. A control site
study where two similar sites are identified and only one of the two
sites receives a change in signs or markings could also be used. On
the basis of findings from the surveys, testing the lane drop mark-
ings in the field would determine whether driver behavior is differ-
ent with that type of marking than with standard white lane lines.
Another area for research is the use of two sets of markings with a
two lane exit (for example, see Figure 5). Several individuals dur-
ing the automobile show commented that those markings would be
appropriate when each lane is for a different destination.

Several studies, including this project, found that the meaning of
the white arrow next to a yellow EXIT ONLY panel is not well
understood by motorists. Research into alternative signs for two-
lane exits with an option lane and an exit only lane would identify
better techniques for communicating to motorists the downstream
geometric exit configuration. The research could also examine
whether different types of signs used at different locations would
improve driver comprehension. For example, in this project,
motorists indicated that they prefer the use of a diagrammatic sign
as the first of several signs and the use of the EXIT ONLY panel
close to the exit lane drop.

Additional research could also investigate the need for unifor-
mity between signs and markings used for lane drops on freeways
and on arterial streets (e.g., the use of the words EXIT ONLY on
freeways and MUST EXIT on arterial streets). The research should

include an appraisal of whether the status quo, although inconsis-

tent, is better than modifying signs that have been used successfully
for several decades.
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Testing Speed Reduction Designs for
80 Kilometer per Hour Roads with

Simulator

RICHARD VAN DER HORST AND WYTZE HOEKSTRA

Reduction of driving speeds offers an important opportunity to improve
traffic safety on rural 80 km/hr roads. An experimental project in
Drenthe was aimed at developing measures to reduce speed effectively
without significantly reducing driving comfort at speeds up to 80 km/hr.
Some variants of proposed infrastructure measures were tested in a driv-
ing simulator before actual application. Experimental conditions con-
sisted of two lane widths (2.75 and 2.25 m) and three experimental lay-
outs of edge strips: one with a continuous profiled road marking, one
with small lateral rumble strips every 5 m, and one every 10 m. On
entering this edge strip (the 2.75-m lane had a strip of 0.20 m and the
2.25-m lane one of 0.70 m) auditive feedback by means of sound and
steering wheel vibration was generated. A conventional 80 km/hr road
(lane width 2.75 m) with standard road delineation served as control
condition. Some subjects were instructed to drive in a relaxed manner,
and the others were instructed to drive as if under time pressure. The
results show that the narrow lane width (2.25 m with a 0.70 m edge
strip) reduces speed the most and is fairly resistant to effects of adapta-
tion. Moreover, the narrow lane width especially reduces the speeds of
drivers under time pressure, implying that in practice speed variance
may be reduced. The different layouts of the edge strips reveal relatively
small differences in driving behavior. It is concluded that the basic
design elements as developed in this project offer a good prospect for
reducing driving speeds in practice.

In the Netherlands, rural 80 km/hr roads have the highest accident
rates. In general, high speed contributes substantially to these
accidents, and, reduction of driving speed may improve traffic
safety on 80 km/hr roads. The experimental project Speed Reduc-
ing Measures on 80 km/hr roads in Drenthe—Drenthe is one of the
12 provinces in the Netherlands—was started in 1990 for the devel-
opment and testing of measures that effectively reduce driving
speed without significantly reducing driving comfort up to speeds
of 80 km/hr. At speeds above 80 km/hr an increasing discomfort is
aimed for. Measures to change the road and road environment that
result in a natural lower speed choice by the motorist and reduced
speed variation among cars will be explored. Measures of this type
are well in line with recent developments of sustainable road safety
and self-explaining roads (Z,2). ' )
~ The basic design elements for 80 km/hr roads were identified and
compiled with the help of representatives from the local, regional
and national government, research institutes, consultancies, and
police (3). The design elements were used in a pre-evaluation of
some variants of the proposed measures with respect to driving
behavior by a driving simulator study. Apart from this study, the
pre-evaluation included computer simulations of the effects of some
road surface unevenness patterns on vehicle comfort and tire-road

TNO Human Factors Research Institute, P.O. Box 23, 3769 ZG Soesterberg,
the Netherlands.

contact and a limited testing of the experimental road surface by
instrumented vehicles on a road closed to other traffic (4-6).

SPEED-REDUCING MEASURES

The literature on determining factors of speed choice was reviewed.
Tenkink (7) distinguishes several behavioral models, of which the
utility model is the most general: speed will be reduced when the
risk or discomfort caused by high speed increases. In weighing the
pros and cons of high speed, probability and the size of the conse-
quences are important. For example, Tenkink (&) found that there
was a reduction in speed when a narrow road width was combined
with threatening obstacles along the road. Perceptual speed adapta-
tion, uncertainty, and task demand also may play a significant role
in drivers’ speed choices. Negative consequences of high speed
(discomfort, threat) may be effective if they are consistent, real, and
if the involved risk is detectable, recognizable, and verifiable.
Although an increasing threat, uncertainty, or workload may reduce
speed, traffic safety may not necessarily improve (9). For each mea-
sure to reduce speed, the probability and the consequences of acci-
dents must be assessed as well. Because drivers may react differ-
ently to given measures, with a possible increase in speed variance,
measures must promote uniform behavior to the greatest extent pos-
sible. Furthermore, on a narrow road the visual guidance may be
better than on a wide road, resulting in an increase in speed. These
considerations resulted in a basic design for 80 km/hr roads (3) that
consists of four main elements: lane width, edge marking, center
marking, and verge reminders.

Lane Width

An important basic assumption in the design is that the net available
lane width for drivers is reduced as much as possible. It takes some
manoeuvering to make use of the so-called smooth asphalt part of
the lane. Deviations from the right course must result in discomfort
at speeds above 80 km/hr, but not in unsafe situations. Another con-
straint is to ensure that heavy vehicles (trucks, buses) are not
impeded at speeds up to 80 km/hr. To meet both requirements, a net
lane width of smooth asphalt between 2.25 and 2.75 m was pro-
posed, fogether with a profiled edge marking that makes up a total
road width of 6.20 m.

Edge Marking

A second assumption of the basic design is that no excessive visual
guidance should be present. Therefore, it was proposed not to imple-
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ment visual edge markings by delineation, but instead to use a tan-
gible one in combination with the additional width needed for heavy
vehicles. This edge marking must be designed in such a way that
drivers of heavy vehicles do not notice much discomfort, but drivers
of passenger cars experience discomfort that increases with speed.

Center Marking

Reducing the visual guidance of the edge markings requires drivers
to get their information on the course of the road primarily from the
center markings. The center marking must be clearly visible, even
during darkness and bad weather, and must represent a unique code
for 80 km/hr roads. Therefore, a 0.30-m center line, instead of 0.10
m, with 3-m-long white lines at 9-m spacing is proposed, preferably
with a tangible component.

Verge Reminders

In the Netherlands, post-mounted reflectors at a height of 0.60 m
every 40 m usually provide visual guidance. To reduce the visual
guidance, these roadside reflectors are removed and replaced by so-
called verge reminders that are uniquely designed for 80 km/hr
roads at 500-m intervals.

In the simulator study, these four basic elements in the road
design of 80 km/hr roads are included.

METHOD
Experimental Design

The aim of the simulator study is to gain insight in the functioning
of the proposed measures in terms of driving behavior before they
are implemented on the road. In general, results from simulator
studies with respect to speed choice are well in line with real-world
results (9-10), and the relative validity is acceptable. However,
absolute speed levels should be interpreted with caution because

one tends to drive faster in a driving simulator than in the real world..

The independent variables of the simulator-experiment included:
instruction, road type, lane width, and edge-stripe configuration.
Instruction and road type were varied between subjects, and lane
width and edge-stripe configuration within subjects. A standard
rural road with conventional delineation, a lane width of 2.75 m,
and post-mounted reflectors every 40 m (see Figure 1) served as a
control condition.

Instruction

In a previous simulator study on the effects of speed-reducing mea-
sures (10) two different driving instructions were used:

® Relaxed—Subjects are instructed to drive in a relaxed manner
as they normally do when they are not in an hurry.

o Time-pressure—Subjects are instructed to drive as quickly as
the conditions allow without jeopardizing traffic safety, as if they
had left late for an important meeting.

A measure has the greatest effect when the speed of faster-
driving motorists is reduced. An effect of instruction will clarify this.
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FIGURE 1 Road scene of control 80 km/hr road with
conventional delineation in TNO driving simulator.

Road Type
In the experiment two types of rural roads were included:

e Type A—A road with long straight sections in an open envi-
ronment with only a few vertical elements near the road.
¢ Type B—A more winding road through a varied landscape.

Both road types as implemented in the simulator were about 5.5 km
long.

Lane Width

Because lane width is an important design element, two lane widths
were chosen for the experimental roads: 2.25 m (narrow) and 2.75
m (wide). In all conditions the total road width remained the same,
6.2 m. The narrow lane always had a 0.70 m edge strip to provide
enough space for heavy vehicles. All wide lane conditions had an
edge strip of 0.20 m. Figure 2 shows the three lane configurations
used in this study: the standard 80 km/hr road as a control condi-
tion, the narrow lane of 2.25 m, and the wide lane of 2.75 m.

Edge strips
Three experimental edge strip configurations were investigated:

* A continuously profiled marking strip (in the following indi-
cated by profiled). As soon as the right front wheel hits this strip,
the driver receives auditive feedback via a loud sound in the vehicle
and a vibration in the steering wheel.

¢ Small cross rumble strips every 5 m. Driving over these rum-
ble strips gives a pulsating sound and vibration in the steering
wheel, depending on driving speed (5-m rumble).

e Small cross rumble strips every 10 m (10-m rumble).

These experimental configurations were applied on both edge
strip widths (i.e. 0.20 and 0.70 m), resulting in the six experimental
conditions shown in Figure 3. The center line of the experimental
roads consisted of a 0.30 m-continuous profiled marking, with a
series of three white blocks 0.80 X 0.30 m at a mutual distance of
0.30 m every 12 m. Entering the center marking with one of the



van der Horst and Hoekstra

65

4020 0,30
010 0.10 0.20 0.30 I 0.70
—le— -offe— 0.80
0.30
2.75 0.80 2.25
0.30
) 0.80 I .
control wide lane narrow lane

FIGURE 2 Cross section of control road (lane width 2.75 m) and experimental roads
with wide (width 2.75 m) and narrow (width 2.25 m) lanes.

FIGURE 3 Road scenes of six experimental roads with two lane
widths (a,b,c wide lane; d,e,f narrow lane) and three edge strip
configurations (a and d profiled, b and e 5-m rumble, and c and f
10-m rumble).

wheels results in an auditive feedback to the driver as well. At the
beginning of each experimental road the symbol “80” was painted
on the road surface (see Figure 3).

To make the control condition comparable with the experimental
conditions with respect to the post-mounted reflectors every 40 m,
it was decided to have verge reminders every 40 m instead of every
500 m. The verge reminders consisted of red posts with yellow
round plates.

Subjects

A total of 32 male subjects participated in the experiment; divided
into four (2 X 2: instruction X road type) groups of eight subjects
each. They were randomly recruited from the traffic subject records
of the TNO Institute for Human Factors (TNO) by driving experi-

ence (having a driving license for at least 3 years and driving at least
10,000 km per year), and earlier experience with driving the TNO
driving simulator. The ages varied between 21 and 53 years with the
average age being 35.5. Subjects were paid for their participation.

TNO Driving Simulator

The experiment was conducted in the fixed-base driving simulator
of the TNO. At the time of the experiment, this simulator had a
MEGATEK 944 CGI system that generates the visual scene
(1024 X 1024 pixels) at a refresh rate of 30 Hz. These images were
displayed on a large screen in front of the vehicle mock-up (a Volvo
240) by a high resolution projector BARCOGRAPHICS 800 (12).
The horizontal visual angle of the projected image was about 50
angular degrees. Recently, the TNO driving simulator has been
equipped with a new CGI system and a three channel Evans &
Sutherland ESIG 2000 system, which enables a horizontal visual
angle of 120 degrees.

Procedure

Before driving in the simulator, subjects got either the relaxed or the
time-pressure instruction in written form. Then a test run of about
5 min on a normal 80 km/hr road was begun to get the driver used
to driving in the simulator again. In total each subject drove about
for 2 hr in the simulator, subdivided into six (2 X 3: lane width X
repetition) blocks of about 20 min each. Within each block a sub-
ject encountered four roads (control and 3 experimental ones), each
road separated from the other by a roundabout at which the driver
had to continue straight on. During each block the subject encoun-
tered 20 oncoming vehicles at speeds of 80 km/hr. After the exper-
iment subjects completed a brief questionnaire. After a block was
finished, a subject alternated with another subject and rested for
about 20 min.

Analysis of Driving Behavior

During each run driving speed and lateral position were stored at a
sampling rate of 5 Hz. At a sampling rate of 60 Hz where and how
long either the center marking or the edge marking was entered by
either one of the wheels were stored. Driving behavior on straight
road sections and on curves (100 m before and 100 m after the curve
included) was analyzed separately. The first and last 500 m of each
road were excluded from the analysis. Separate analyses of variance
(ANOVAs) were conducted on the dependent variables: speed,
standard deviation of speed, lateral position, and standard deviation
of lateral position. The number and duration of left and right lane
exceedances, as well as the answers on the questionnaire, were ana-
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lyzed but are reported elsewhere (13). The independent variables
were instruction (two levels), road type (two), lane width (two),
edge configuration (four), and repetition (three). If applicable, only
the three experimental edge configurations were included in the
ANOVAs.

RESULTS
Speed

The proposed measures aimed at reducing speed. Figure 4 shows
the speed, averaged over subject, road type, and repetition, as a
function of instruction, lane width (“smooth” asphalt), and the three
experimental configurations of the edge strip. The results of the con-
trol condition with the conventional 80 km/hr road are added as a
reference.

The absolute speed levels appear to be often rather high in a driv-
ing simulator. Also in this study, even for the instruction for relaxed
driving the absolute speed values are well over 80 km/hr. ANOVA
results reveal that differences between subjects contribute most to
the variance (56 percent of explained variance). As illustrated in
Figure 4, instruction has an important effect on speed. Subjects
under time pressure drive about 15 km/hr faster on the straight road
sections [113 versus 98 km/hr, F(1,228) = 15.0, p < 0.001, 17.3
percent of explained variance] and 14 km/hr faster in curves [110
versus 96 km/hr, F(1,28) = 10.9, p < 0.005, 14.3 percent explained
variance]. The main effect of lane width does not reach significance
[F(1,28) = 3.6, p < 0.07]. It appears that under time pressure the
speed on the narrow lanes is significantly lower than on the wide
lanes (z-test, t = 3.4, p < 0.002). A narrow lane especially reduces
the speed of the drivers in a hurry. The three edge strip
configurations differ only for the narrow lane width [interaction
width X configuration F(2,56) = 7.5, p < 0.002]. Combined with
the narrow lane width, the configuration with the continuous pro-
filed marking reduces speed somewhat more than the two other con-
figurations. So, the configuration with the most direct feedback to
the driver has the most effect on speed. Repetition appears to have
a main effect on speed [F(2,56) = 38.3, p < 0.0001, 3.1 percent of
explained variance]. Speed increases with repetition, but the speed
on the narrow lanes increases relatively the least [interaction lane
width X repetition F(2,56) = 7.5, p < 0.002]. To compensate for
this effect of repetition, for each run the difference between the
speed on an experimental road and the speed on the control road
within the same block has been calculated. Figure 5 gives the results.

An ANOVA reveals a main effect of lane width [F(1,28) = 40.2,
P < 0.0001, 15 percent of explained variance]. The narrow lane
gives the highest speed reduction. Combined with the narrow lane,
the edge strip configuration with the continuous profiled marking
reduces speed more than the 5 or 10 m rumble [interaction lane
width X configuration F(2,56) = 7.5, p < 0.002].

To get an idea of the speed variations along a road, for each sub-
ject and each road the standard deviation of the speed has been com-
puted separately for straight and curved road sections. Both reveal
only main effects of instruction [relaxed 3.23 km/hr versus time
pressure 5.54 km/hr, F(1,28) = 22.5, p < 0.0002] and repetition
[F(2,56) = 11.2, p < 0.0002].

Lateral Positioning

For each subject the average lateral position relative to the center of
the road has been calculated for straight and curved road sections.
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FIGURE 4 Mean speed on straight and curved road sections as
function of instruction, lane width, and edge strip configuration.
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FIGURE 5 Mean difference in speed between experimental and
control roads within each block as function of lane width and
edge strip configuration on straight and curved road sections.

ANOVAs reveal that neither repetition, instruction, nor edge strip
configuration has an effect on lateral position. As can be expected,
lane width has far the greatest effect on lateral position [F(1,28) =
509, p <-0.0001, 72.9 percent of explained variance]. In the wide
lane one drives 1.22 m from the middle of the road, whereas the
narrow lane results in a lateral position of 0.99 m (straight road
sections). The lane keeping behavior for both lane widths differs
significantly from that in the control condition (mean lateral posi-
tion 1.18 m) (wide lane versus control, t = 4.04, p < 0.001; narrow
lane versus control, ¢t = 2.58, p < 0.02). The resulting margins left
and right of the vehicle relative to the road markings are shown in
Figure 6.

With respect to the relative position of the driver within the center
and edge strip, the three lanes differ little. On average, the driver
chooses a position a little left from the middle of the lane (left
38 percent, right 62 percent).

The standard deviation of lateral position is independent of rep-
etition, instruction, and edge strip configuration. Compared with the
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FIGURE 6 Mean léteral position of vehicle and driver within the traffic lane of
the control, wide lane, and narrow lane condition. )

control condition, the experimental lanes reduce the standard devi- DISCUSSION AND CONCLUSIONS

ation of lateral position [F(3,84) = 52.4, p < 0.0001, 18.2 percent

of explained variance] with the narrow lane having the strongest An important question in simulator research is always to what
effect (standard deviation lateral position on straight road sections extent the results found in a driving simulator have sufficient valid-
on control, wide lane and narrow lane 0.18, 0.15, and 0.12 m, ity for actual driving behavior. As indicated before, in general, dif-

respectively). ferences between experimental conditions appear to be comparable
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with real-world results in terms of relative validity. Absolute speed
levels have to be interpreted with caution. This study also makes it
clear that drivers drive fast in the simulator. Even with the relaxed
driving instruction the driving speeds are well over 80 km/hr. Speed
measurements on 80 km/hr roads reveal that the average speed (all
vehicles included) is about 77 kmv/hr (14). Two aspects may partly
bridge the gap between simulator and real-world results, but cer-
tainly not completely. First, about 28 percent of the total number of
vehicles on 80 km/hr roads fall into a category of vehicles (vans,
trucks, buses) that drive about 10 percent slower than passenger
cars. Second, in the current study only free-riding cars were
involved, not those influenced by a slower vehicle in front. Bakker
and van der Horst (15) found that the average speed of free moving
vehicles on 80 km/hr roads is about 9 km/hr higher than the aver-
age speed of all vehicles. In the current study the authors concen-
trated on the differences between conditions and especially the
effects of the proposed speed reducing measures relative to the
behavior on conventional 80 km/hr roads. The experimental con-
figurations with the narrow lane of smooth asphalt of 2.25 m with
an edge strip of 0.70 m result in the largest speed reduction relative
to the control condition: on average, one drives 9 km/hr slower.
With a lane width of 2.75 m (wide lane) only a small speed reduc-
tion can be expected. This lane width apparently provides even fast
drivers enough space for staying in their lane comfortably. An
important result is that the narrow lane especially reduces the speed
of the drivers under time pressure. This may imply that in practice
speed variance is considerably reduced with positive effects on traf-
fic safety. Moreover, the narrow lane appears to be relatively resis-
tant to effects of adaptation.

Edge strip configuration only has a small effect on speed in the
narrow lane conditions. The continuous profiled marking with the
most direct feedback to the driver and the greatest discomfort
(vibration in the steering wheel and sound) gives the best results.
This configuration in practice provides the driver with sufficient
feedback. The study of the physical characteristics of different lay-
outs by computer simulations (4) shows that the detailed design of
the edge strip with the constraint—the discomfort of road users who
inevitably have to use the edge strip (heavy trucks, buses) at speeds
till 80 km/hr—is only marginal.

The lateral position of the driver within the lane does not differ
much among the conditions and is in line with real-world findings
of a 40:60 proportion relative to center line and edge line, respec-
tively (15,16). In the wide lane condition, the 0.30-m center line
with an acoustic warning shifts the driver 0.14 m to the right rela-
tive to the standard road profile, resulting in a reduction in the num-
ber of center line crossings. In the narrow lane drivers have to
choose a lateral position more to the middle of the road, but the
number of center line crossings does not increase relative to the con-
trol condition. The standard deviation in lateral position decreases
for the experimental road designs, the most for the narrow lane and
the result of a more accurate steering behavior by the drivers.

In summary, the basic design elements as proposed in this proj-
ect offer a good prospect for reducing driving speeds in practice
successfully. A narrow lane width of smooth asphalt 2.25 m wide,
an edge strip of 0.70 m, and a center marking of 0.30 m, with
acoustic feedback to the driver when crossing, appear to be effec-
tive measures to reduce speed. The final design details of the edge
strip have to be based on the evaluation of the physical characteris-
tics by computer simulation (4).
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Effect of Radar Drone Operation on
Speeds At High Crash Risk Locations

MARK FREEDMAN, NANCY TEED, AND JAMES MIGLETZ

At highway construction and maintenance work zones and other loca-
tions where roadway alinement, road surface, and traffic flow condi-
tions have contributed to high crash rates, crash risk may be reduced by
lower and more uniform speeds. The use of unattended (drone) radar
has been found to reduce the mean speed of vehicles and the number
traveling at very high speeds. Drivers using radar detectors to warn of
police speed enforcement activities respond to the warning and slow
down, as do drivers of nearby vehicles. Speeds were measured with and
without radar drones in operation at 12 construction and maintenance
work zones and high crash locations in Missouri. It was found that mean
speeds were moderately lower when radar was operating, and this effect
was slightly greater for tractor-trailers than for passenger vehicles,
although not significantly so at most locations. However, moderate
reductions in mean speed were associated with more meaningful reduc-
tions in the number of vehicles exceeding the speed limit by more than
10 mph (17 kph), especially among tractor-trailers.

At hazardous highway locations where excessive speed contributes
to crashes, reducing speeds is likely to be an effective countermea-
sure. Crash damage and injury severity have been found to increase
with the square of velocity (1), and the risk of death in a crash has
been shown to increase with the fourth power of the change in
velocity (or the square of the energy dissipated) in a crash (2).
Energy increases with the square of speed, and greater speed
reduces the time and distance available to execute a crash avoidance
maneuver and increases the distance needed to stop. In a study of
crashes in Kentucky, speed was identified as a factor in almost 9
percent of all crashes and 37 percent of fatal crashes (3).

Highway construction and maintenance work zones are known
to be especially hazardous locations where excessive speeds and
driver inattention or distraction may contribute to crashes. Unan-
ticipated changes in traffic speed, lane closures, and altered road-
way alinement create conditions that increase the likelihood of a
crash. Construction equipment and worker activities may distract
a driver’s attention, and temporary or absent road markings can
render the proper path difficult to discern. Construction barricades
and other traffic channeling devices may themselves become road-
way hazards. In 1991 602 crashes caused 680 deaths at construc-
tion and maintenance work zones (4). FHWA guidelines stress that
traffic movement in construction and maintenance work zones
should be inhibited as little as practicable and that reduced speed
zoning should be avoided as much as possible (5). However, pre-
venting excessive speeds and large speed differences between
vehicles helps alleviate some of the conditions that may lead to a
crash. The characteristics of work zones where speed reductions
are appropriate and the extent to which speeds should be reduced

M. Freedman and N. Teed, Insurance Institute for Highway Safety, 1005 N.
Glebe Rd., Arlington, Va. 22201. J. Migletz, Graham-Migletz Enterprises,
Inc., P.O. Box 348, Independence, Mo. 64050.

have been investigated previously (6). It was recommended that
speed limits be reduced only where careful analysis indicated they
were warranted, that maximum speed reductions be chosen accord-
ing to roadway design and operating characteristics, and that
active speed control (such as visible enforcement) be used where
drivers are unwilling or unable to comply with posted work-zone
speed limits.

Lower and more uniform speeds may also reduce the crash risk
at other locations where roadway alinement, road surface, and traf-
fic flow conditions have contributed to high crash rates. Although
speed limits have been shown to affect speeds on freeways, many
drivers exceed posted speed limits (7). Visible or perceived police
enforcement tends to reduce speeds, especially in the immediate
vicinity of those enforcement activities (8). Police radar is a wide-
spread and effective speed enforcement tool.

To evade speeding citations, many drivers, especially tractor-
trailer drivers, use radar detectors and slow down before being
apprehended. Users of radar detectors have been found to drive
faster than nonusers (9-11), to be more likely to be involved in
crashes (12), and to slow down when they encounter police radar
(13,14). Manned and unmanned (or drone) radar have been used to
slow users of radar detectors. When radar detector—equipped vehi-
cles slow down, other nearby vehicles also slow down. Research
has revealed that about 15 percent of drivers of vehicles not
equipped with radar detectors claim to adjust their vehicles’ speed
to that of a nearby radar detector—equipped vehicle (15). Drone
radar has been found to effectively reduce the number of vehicles
traveling at excessive speeds on roads with high crash rates, and
especially to reduce mean speeds of the fastest vehicles approach-
ing and within work zones (8,16). NHTSA has recognized the use
of such drone radar operations as a speed deterrent and issued
guidelines for their use (4).

The Federal Communications Commission (FCC), which regu-
lates radar-emitting devices, requires them to conform to certain
design and performance specifications. Some of the requirements
are for unattended radar devices to be capable of transmitting and
receiving a radar signal and to use the return signal to count vehi-
cles or trigger a light or some sort of speed display. Low-power
devices of this type are referred to as field disturbance sensors; full-
power police radar units may also be used. Unattended radar units
that do not use the return signal have been prohibited by the FCC.

In the present study, speeds were measured at roadways in Mis-
souri that were identified by police and traffic engineering officials
as having traffic speeds too high for safe operations. Drone radar
units were deployed at these sites. The study sought to determine
the effect of the radar drones on speeds in the vicinity of four types
of hazardous locations: rural Interstate construction zones, rural and
urban temporary work zones, rural Interstate high crash locations,
and urban Interstate high crash locations.
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METHOD
Site Selection and Characteristics

The 12 study sites were selected from a list of candidate high crash
locations and work zones provided by the Missouri Highway and
Transportation Department Construction Division, the Missouri
State Highway Patrol, and the Kansas City Maintenance Depart-
ment. These were long-term construction zones on 65 mph (105
kph) rural Interstates [posted at 45 mph (72 kph) in the work zone],
short-term maintenance zones on 55 mph (88 kph) urban and rural
highways [posted at 45 mph (72 kph) in the work zone], high crash
frequency locations on rural 65 mph (105 kph) Interstates, and high
crash frequency locations on urban 55 mph (88 kph) Interstates. The
normal speed limit for trucks on rural Interstates in Missouri is 60
mph (96 kph). Police accident reports were reviewed to ensure that
excessive speed was a contributing factor at each candidate high
crash site. Study sites were selected from candidates with relatively
level terrain and adequate sight distances so that road geometry
(such as sharp curves or steep grades) was not likely to have been a
factor in the crashes or to influence speeds. Eleven sites had two
lanes of traffic in each direction; one had three lanes. Average daily
traffic (both directions combined) ranged from 20,000 to 70,000
vehicles per day. Sites were located according to the county’s road-
way records using the county road log milepoints. Site locations and
characteristics are summarized in Table 1.

At each site, speed data for one direction of traffic were collected
at two stations, as shown in Figure 1. One station was situated where
a speed reduction was desired. The drone radar was also placed at
this station, emitting radar in the upstream direction. For long-term
construction zones, the radar drone station coincided with the

TABLE 1. Radar Drone Data Collection Site Characteristics
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beginning of the lane closure taper. At temporary work zones, the
drone radar was at the first 45 mph (72 kph) reduced speed limit
sign, located about 0.4 mi (0.6 km) upstream of the lane closure. At
high crash locations, this station was near the county road milepost
identified on the police accident report. The downstream station
(out of range of the radar drone) was located well beyond where an
initial speed reduction should have occurred but where reduced
speeds are still important. At long-term construction zones, this was
within the work zone, 0.2 to 0.8 mi (0.3 to 1.3 km) downstream of
the drone radar. At short-term work zones, it was also within the
work zone, 0.2 to 0.6 mi (0.3 to 1.0 km) downstream of the drone
radar, near the beginning of the temporary lane closure. At high
crash locations, the downstream measurement station was 0.4 to
0.8 mi (0.6 to 1.3 km) beyond the drone radar. The site types are
shown in Figure 1.

Speed data were also collected at a third station, located at least
0.4 mi (0.6 km) upstrearn.of the drone radar, where it was expected
that vehicles would have been beyond the range of (and therefore
uninfluenced by) the radar. These observations were intended to
provide baseline speed data. It was later discovered that, because of
variations in radar operating characteristics and radar detector sen-
sitivity, vehicles at some of these upstream stations may have been
within the radar’s range. Because it was unclear whether these data
were influenced by radar, they were not analyzed further.

Three different manufacturers’ drone radar units were used in this
study. Each type of drone unit was deployed at one long-term con-
struction zone, one temporary work zone, and two high crash loca-
tions. Drones were mounted approximately 8 ft (2.4 m) above the
pavement at the roadway edge at each site, with the mounting
assembly (but not the drone) painted with camouflage colors to
make it less conspicuous. Drones were operated on a 1-hr-on,

Average County Road Log
. Urban Speed  Dally Milepoints

Site or Limit  Trafflc™ Down-
No. Route County Rural (mph)  (veh/day) Drone  stream
Rural Interstate Construction Zones

1 170 (W) Cooper Rural 65 20,880 10.2 10.0
2 I-70 (W) Callaway Rural 65 22,645 241 234
3 1-29 (N) Platte Rural 65 20,040 18.4" 19.2*
Rural/Urban Temporary Work Zones

4 US-71 (S) Cass Rural 55 22,480 - 17.3 17.7
5 1435 (S) ) Jackson Urban 55 70,370 58.3" 58.8*
6 1470 W) Jackson Urban 55 42,110 56" 54"
Rurel/nterstate High Crash Locations* .

7 170 (B) Montgomery . Rural 65 21,640 1.1 15
8 -70 (W) Callaway Rural 65 23,670 114 10.9
9 170 (W) Boone Rural 65 27,075 17 70
10 I-70 (W) Jackson Rural 65 - 35,510 25.1 24.7
Urban Interstate High Crash Locations*

1" 1-35 (S) Clay Urban 55 46,590 18.4 19.2
12 1-35 (S) Clay : Urban 55 41,865 20.1 19.4

* 60 mph (100 kph) for heavy trucks on rural interstates.
“*Interstate mile post
***1882, both directions.

1 mph = 1.6 kph; 1.6 km
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FIGURE 1 Schematic of study sites: (a) long-term construction zone layout, (b) temporary work-

zone layout, and (c) high crash location layout.

1-hr-off basis throughout the data collection period, instead of on a
longer-term before and after schedule. This was done to increase the
likelihood that periodic changes in traffic flow characteristics not
related to the drones (e.g., reduced speeds because of rain one day
but fair weather and higher speeds on other days) would be equally
represented in the two conditions, thus allowing comparison of the
effects of drones on speeds.

Data Collection

Speeds of a random sample of vehicles were measured from

9:00 a.m. to 5:00 p.m. on a single day at each site. Data were col- -

lected during the full 8-hr period at each long-term construction
work zone and high crash location; at temporary, maintenance work
zones, speeds were measured while the work zone was in place
(4 to 6 hr within the 9:00 a.m. to 5:00 p.m. period). Data were not
collected during periods when precipitation may have affected
speed.

Speeds were measured by using a commercially available laser
speed measurement system, which determines speed by measuring
the time of flight of very short pulses of infrared light. Lasers of this
type are not detectable by radar detectors. Although laser detectors
are commercially available, they are not widely used and have been
found to be relatively ineffective in field testing on a closed course
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¢

(17). Lasers are used for speed enforcement by a growing number
of police departments.

" Speeds were sampled during the first 45 min of each hour. Vehi-
cles were systematically sampled by selecting the next vehicle, in
any of the studied lanes that crossed the laser’s line of sight after the
previously sampled vehicle’s speed was recorded. At each site, data
were simultaneously collected at each of the measurement stations.
An observer located beyond the right shoulder measured speeds of
vehicles with the laser aimed 500 to 1,000 ft (150 to 300 m) down-
stream of the observer’s station. Traffic volume was counted each
hour for 10 min following each speed data collection period.
Observers also recorded the time, location, and nature of unusual
events, such as vehicle breakdowns, that could have influenced
traffic speeds. By monitoring drivers’ comments on citizen-band
radios, observers confirmed that the radar drone’s signal had been
detected by users of radar detectors.

Analysis

Measured speeds were divided by the cosine of the angle between
a vehicle’s heading and the laser’s line of sight to compensate for
cosine error. Frequency counts of speed observations, mean speeds,
and percentages of vehicles exceeding the speed limits by various
amounts were computed by vehicle type (passenger car, pickup,
van, utility vehicle, tractor-semitrailer, tractor—double trailer,
straight truck, bus, towed vehicle, and others), measurement station
(upstream or downstream), and drone condition (off or on) for each
site. The main effects and interactions of the drone radar condition
and vehicle type on speed were determined separately for each mea-
surement station and site with the SAS General Linear Model pro-
cedure (/8). The effects of drone radar on the distribution of the

TABLE 2 Number of Observations by Vehicle and Site Type
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fastest vehicles [those exceeding the speed limit by more than
10 mph (16 kph)] were determined by using the chi-square statistic.

RESULTS

A total of 20,516 observations of vehicle speeds were made at the
speed reduction and drone radar and downstream measurement
stations. As shown in Table 2, approximately three-fourths were of
passenger cars, pickups, vans, and utility vehicles, and nearly one-
fifth were tractor-semitrailer and double trailer combinations. The
remainder (straight trucks, buses, towed vehicles, and others) made
up less than one-twentieth of the sample. Because the operating
characteristics and radar detector use among the vehicles in this
latter group typically vary widely (9, 10) and because the number of
observations at each station at each site was small, these observa-
tions were not included in further analyses of speeds.

Mean speeds and percentages exceeding the speed limits by more
than 10 mph (16 kph) with the radar drones on and off are shown in
Table 3 for each station at each site for the combined group of pas-
senger cars, pickups, vans, and utility vehicles and in Table 4 for the
combined group of tractor-trailers (tractor-semitrailer and double
trailer trucks).

Overall, speeds of all vehicle types were higher than the posted
or reduced speed limits. Passenger vehicle speeds tended to be
higher than truck speeds. Speeds were generally lower when the
radar drones were on. The effect of radar drones on speeds was
slightly greater for trucks than for passenger vehicles but was sig-
nificantly so (e < 0.05) at only two sites: the downstream location
at Site 11, an urban Interstate high crash location, and the drone
location at Site 4, a rural/urban temporary work zone. }

The following sections discuss the effects of drones at each
site type.

Site Type

Long-term Short-term Rural Urban
Type ) Construction Work Zone High Crash High Crash Total
Passenger Vehicles
Passenger cars 2,478 1,651 4,058 2,101 10,288
Pickups, vans, 1,111 1,147 1,825 1,274 5,357
utility vehicles
Tractor-Trailers . :
Tractor-semi- 376 1,477 1,385 521 3,759
trailer trucks
Tractor-double 64 18 107 14 203
trailer trucks
Other Vehicles
Straight trucks 87 94 166 94 440
delivery trucks
Other (bobtail, 133 68 210 58 469
tractor, bus, towed
vehicle, etc.)
Total 5,386 3,318 7,750 4,062 20,516
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TABLE 3 Measured Speeds of Passenger Cars, Pickups, Vans, and Utility Vehicles (mph)

Measurement Location

Drone Downstream
Percent Percent
Site Drone No. Mean High Speed**  No. Mean  High Speed”
Rural Interstate Construction Zones
2 off 289 55.6 85 255 483 18
on 212 551 50 261 47.0 12
3 off 364 65.3 93 277 57.8 68
on 346 629 90 270 56.4 57
13 off 348 62.4 88 309 55.3 49
on 329 61.5 87 365 53.7 38
RuralUrban Temporary Work Zones
9 . off ' 209 603 85 211 57.7 66
on 234 59.9 85 208 57.6 66
10 off 323 60.7 82 285 57.5 60
on 227 57.3 66 256 54.4 44
14 off 181 56.5 62 174 53.8 40
on 202 571 60 252 544 41
Rural Interstate High Crash Locatlons
4 off 299 68.8 8 350 69.0 8
on 294 67.1 2 205 67.2 4
5 off 369 67.0 5 310 66.9 6
on 388 66.2 3 362 66.2 6
] off 354 66.2 6 456 66.2 4
on 438 66.3 4 414 67.0 4
12 off 363 66.1 2 367 66.0 3
on 430 65.9 2 394 649 2
Urban Interstate High Crash Locations _
8 off 416 61.0 18 462 63.0 2
on 411 60.3 16 475 629 30
1" off 374 61.2 22 408 60.8 20
on 400 60.4 15 429 60.8 20
1 mph = 16 kph )

** Exceeding speed limit by more than 10 mph (16 kph).
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Rural Interstate Long-term Construction Zones

At Sites 1, 2, and 3, the usual posted 65 mph (105 kph) speed limit
was reduced to a posted speed limit of 45 mph (72 kph). Although
mean speeds for passenger vehicles were generally at or below
65 mph (105 kph), they exceeded the 45 mph (72 kph) limit by
10 to 20 mph (16 to 32 kph) at the drone stations and by a least
10 mph (16 kph) at two downstream stations with drone radar off

or on. Tractor-trailers exceeded the reduced speed limit by up to
15 mph (24 kph) at the drone stations and by nearly 10 mph (16 kph)
at two of the downstream stations with the radar off or on.

Regardless of the drone radar operating condition, mean speeds
of passenger vehicles were higher than those for trucks at all mea-
surement stations, as shown in Figure 2.

Mean speeds of passenger vehicles were 0.5 to 2.4 mph (0.8 to
3.9 kph) lower and of tractor-trailers were 0.6 to 3.6 mph (1.0 to
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TABLE 4 Measured Speeds of Tractor-Trailers (mph)
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Measurement Location
Drone Downstream
o . Percent Percent
Site Drone No. Mean  High Speed* No. Mean  High Speed*
Rural Interstate Construction Zones
2 off 145 513 3 136 475 - 12
on 138 49.5 15 152 46.0 7
3 off 120 60.2 84 170 546 46
on 150 56.6 59 153 52.3 30
13 oft 78 517 69 103 532 33
: on 89 56.7 64 107 52.6 32
RuralUrban Temporary Work Zones
9 off ’ 40 59.5 - 82 44 54.0 39
on 59 56.0 52 52 52.0 33
10 off 42 . 54.6 48 36 523 31
on 32 53.7 34 35 50.1 1
14 - off 16 53.4 38 10 50.5 20
on 15 52.0 40 13 52.4 23
Rural Interstate High Crash Locatlons™* -
4 off 121 63.2 10 116 63.6 9
on 140 61.4 0 113 61.9 4
5 off 103 62.2 4 108 579 2
on 70 60.4 3 88 56.8 0
6 off 81 63.1 4 " 62.0 3
on 95 62.3 3 60 63.1 3
12 off 90 61.8 3 64 60.1 0
on 90 60.3 1 84 59.9 0
Urban interstate High Crash Locatlons
8 off 86 59.2 9 73 62.6 23
on 77 57.2 15 63 60.7 18
1 off 52 60.5 21 59 58.5 8
on 58 59.5 10 67 57.4 6
1 mph = 1.6 kph

** Exceeding speed [imit by more than 10 mph (16 kph).

*** 60 mph (97 kph) speed [imit for trucks.

5.8 kph) lower when drone radar was on than when it was off. The
differences were significant for two of three drone radar stations
(the third was nearly significant) and for all downstream stations
within the work zone. The effect of the drones was not statistically
different for passenger vehicles and trucks.

The proportion of very fast vehicles was lower with radar on in
every case, as shown in Figure 3. Proportions of passenger vehicles
exceeding the speed limit by more than 10 mph (16 kph) were sig-
nificantly (chi-square p < 0.05) lower at the downstream location
at Sites 2 and 3. Excessive speeding was significantly reduced

among tractor-trailers at drone stations at Sites 1 and 2 and at Site
3 downstream, and the differences were nearly significant at Site 1
downstream for passenger vehicles and trucks. .

Rural and Urban Freeway Temporary Work Zones

A temporary speed limit of 45 mph (72 kph) was in force at Sites 4,
5, and 6, which were normally posted at 55 mph (88 kph). Mean
speeds of passenger vehicles and trucks are shown in Figure 4. In
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FIGURE 2 Mean speeds for passenger vehicles and tractor-
trailers at long-term rural construction zones: (a) drone location
and (b) downstream location (shaded bar, radar on; white bar,
radar off). . .

most cases, the mean speed of passenger vehicles exceeded the
normal speed limit at upstream and downstream stations, and in all
cases, passenger vehicle and heavy truck mean speeds exceeded the
reduced speed limit, regardless of whether drone radar was off or on.
Passenger. vehicle mean speeds were significantly higher than
truck mean speeds at upstream and downstream stations at each of
the three temporary work zones, with drone radar either off or on.
Although passenger vehicle mean speeds were lower when the
radar drones were on at the upstream and downstream stations at
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FIGURE 3 Percentage over speed limit by more than 10 mph
(16 kph) for passenger vehicles and tractor trailers at long-term
rural construction zones: (a) drone location and (b) downstream
location (shaded bar, radar on; white bar, radar off).

Sites 4 and 5, they were higher at Site 6. Mean speeds were also
lower for heavy trucks at the upstream stations at Sites 4, 5, and 6
and at the downstream locations at Sites 4 and 5, but were higher at
downstream Site 6. The differences (for both vehicle types com-
bined) were significant at only Sites 4 and 5 upstream and Site 5
downstream. i

The proportions of vehicles exceeding the speed limit by more
than 10 mph (16 kph) were more often lower when radar was on, as

“shown in Figure 5. The differences were significant for passenger
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FIGURE 4 Mean speeds for passenger vehicles and tractor
trailers at rural/urban temporary work zones: () drone location
and (b) downstream location (shaded bar, radar on; white bar,
radar off).

vehicles at the drone and downstream locations at Site 5 and for
trucks at the drone location at Site 4 and the downstream location at
Site 5.

Rural Interstate High Crash Locations

Passenger vehicle mean speeds were at or slightly above the posted
65 mph (105 kph) speed limit at Sites 7, 8, 9, and 10, regardless of
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FIGURE 5 Percentage over speed limit by more than 10 mph
(16 kph) for passenger vehicles and tractor-trailers at rural/urban
temporary work zones: (a) drone location and () downstream
location (shaded bar, radar on; white bar, radar off).

whether the drone radar was on or off. Tractor-trailer mean speeds
were more than the 60 mph (97 kph) truck speed limit at all drone
stations and most downstream stations by up to 3.6 mph (5.8 kph).
Tractor-trailer speeds were significantly lower than passenger vehi-
cle speeds at the upstream and downstream stations at all four sites.
When the radar was on, mean speeds were 0.2 to 1.8 mph (0.3 to
2.9 kph) lower among passenger vehicles at Sites 7, 8, and 10; how-
ever, speeds were 0.1 to 0.8 mph (0.2 to 1.3 kph) higher at Site 9.
Among tractor-trailers, mean speeds were 0.2 to 1.8 mph (0.3 to
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FIGURE 6 Mean speeds for passenger vehicles and tractor-
trailers at rural Interstate high crash sites: (¢) drone location and
(b) downstream location (shaded bar, radar on; white bar, radar

off).

2.9 kph) lower at both stations at all four sites with the radar on. The
speeds .were significantly different for all vehicles combined at
upstream stations at Sites 7, 8, and 10, at the downstream station at
Site 7, and nearly significant downstream at Sites 8 and 9 (Figure 6).

The proportion of high-speed passenger vehicles was in all but
two cases lower when radar drones were on, significantly so at the
drone and downstream locations at Site 7, as shown in Figure 7. The
proportion of high-speed tractor-trailers was reduced at most mea-
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FIGURE 7 Percentage over speed limit by more than 10 mph
(16 kph) for passenger vehicles and tractor-trailers at rural
Interstate high crash sites: (@) drone location and (b) downstream
location (shaded bar, radar on; white bar, radar off).

surement stations, significantly so at the drone location (and nearly
so at the downstream station) at Site 7.
Urban Interstate High Crash Locations

Passenger vehicle and tractor-trailer mean speeds exceeded the
55 mph (88 kph) speed limit at the drone and downstream stations
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with drone radar off or on at Sites 11 and 12. Unlike at other sites,
speeds at Site 11 increased markedly [about 3 mph (5 kph)] from
the upstream to the downstream location, regardless of whether
drone radar was off or on. Passenger vehicle speeds, which aver-
aged 6 to 8 mph (10 to 13 kph) above the speed limit, were in all
cases higher than the mean speed of trucks. The differences were

significant at the drone and downstream stations at Site 11 and at

the downstream station at Site 12. With radar on, mean passenger
vehicle speeds were only slightly lower than with radar off at all but
one station, where the mean speeds were the same. Mean truck
speeds were 1.0 to 2.0 mph (1.6 to 3.2 kph) lower at all locations
with radar on. However, the effect of radar was associated with sig-
nificantly different speeds for all vehicles only at Site 11 (Figure 8).
At drone locations, the proportion of passenger vehicles travel-
ing more than 10 mph (16 kph) over the speed limit was lower with
radar on, but was significantly lower only at Site 12, as shown in
Figure 9. Conversely, the proportion of high-speed passenger vehi-
cles was slightly but not significantly higher with radar on at down-
stream locations. High-speed tractor-trailers were in most cases less
evident with radar on, but the differences were not significant.

DISCUSSION OF RESULTS

The results of this study indicate that the operation of drone radar
can somewhat reduce the speeds of passenger vehicles (cars, pick-
ups, utility vehicles, and vans) and tractor-trailer combinations at
many long- and short-term construction and maintenance work
zones and high crash locations on urban and rural freeways. These
effects on speed were generally evident at the specific locations
where a speed reduction was deemed necessary and were also found
to exist at least 0.2 to 0.8 mi (0.3 to 1.3 km) downstream at long-
term construction zones and 0.2 to 0.5 mi (0.3 to 0.8 km) down-
stream at temporary work zones. At urban and rural high crash
locations, speeds generally remained lower for at least 0.4 to 0.8 mi
(0.6 to 1.3 km) downstream when radar drones were activated.
However, mean speeds were far above the speed limit, even when
the drone radar was operating.

Tractor-trailer mean speeds were generally reduced much more
than speeds of passenger vehicles, but this was not always the case
and was statistically significant at only two sites. The greater influ-
ence on truck speeds is likely because of the more frequent use of
radar detectors among heavy trucks. Radar detectors are used in
about 4 to 7 percent of cars and light trucks and in 30 to 69 percent
of tractor-trailers (9—11). It is therefore likely that a much larger
proportion of tractor-trailers would slow near drone radar, influ-
encing the mean speeds of those vehicles by a greater amount.

The magnitude of the reductions in mean speed were found to-be
moderate, at most. Passenger vehicle mean speeds were reduced by
no more than 3.4 mph (5.5 kph) at work zones and by a maximum
of 1.8 mph (2.9 kph) at high crash locations, but they were found to
increase up to 0.8 mph (1.3 kph) at Sites 6 and 9. Tractor-trailer
speeds were reduced by up to 3.6 mph (5.8 kph) at work zones and
2.0 mph (3.2 kph) at high crash locations, but they increased at just

one measurement station (Site 6, downstream). However, moderate

reductions in mean speed were associated with more meaningful
reductions in the proportion of vehicles exceeding the speed limit,
especially among the fastest vehicles. Radar detector use has been
found to be associated with higher travel speeds (9,10). Conse-
quently, drone radar is likely to affect fastest vehicles more, slowing
them more than vehicles traveling at slower speeds. In the present
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FIGURE 8 Mean speeds for passenger vehicles and tractor-
trailers at urban Interstate high crash sites: (a) drone location
and (b) downstream location (shaded bar, radar on; white bar,
radar off).

study, proportions of excessive speeders were often (significantly)
reduced by one-third to one-half when radar drones were on.

In most locations, especially construction and maintenance work
zones, speeds decreased as vehicles went from upstream to down-
stream stations and speeds were lower with radar on than with radar
off. However, at Site.9, a rural high crash location, and at Site 6, an
urban short-term work zone, tractor-trailer speeds increased from
upstream to downstream and were higher at the downstream loca-
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tion when the drone radar was on. The speed difference at the
downstream station was significant at Site 6. It is possible that this
unexpected outcome may have been because the radar drone was
observed and reported over two-way citizen-band radios by truck
drivers, who then accelerated as they left the study areas. If this
undesirable behavior was because drivers realized that the radar sig-
nal was produced by a drone device, then more care must be taken
to camouflage the drone radar units and active enforcement must be
periodically used to heighten the credibility of the radar signal.
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The unusual pattern of increasing speed from the upstream to the
downstream stations at Site 11, an urban high crash location, could
have been caused by normal traffic behavior in that area or an
upstream disturbance in traffic flow. Such a disturbance could have
slowed vehicles at first, then permitted them to accelerate down-
stream from it. Even in such a situation, the use of drone radar
was associated with significantly lower speeds, especially among
tractor-trailers.

Agencies that consider using unattended radar to reduce speeds
at hazardous roadway locations should be aware of the FCC regu-
lations prohibiting the use of unattended radar that does not use the
return signal in some way, such as triggering a light, counter, or
speed warning device. An effect of this restriction, however, is that
drone radar units are more expensive than they need to be for their
intended purpose, which will likely limit their use.
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Hawaii’s Mandatory Seat Belt Law:
Patterns of Enforcement

KARL KiM, RICHARD KIRSHENBAUM, AND GEORGE N ABESHIMA

Hawaii is known for having one of the highest seat belt use rates in the
nation and for having an aggressive enforcement program. Data on seat
belt citations, driver licenses, police-reported crashes, and observed seat
belt use studies reveal the following: (a) cited drivers are more likely to
be young and male, (b) there are spatial and temporal patterns associ-
ated with enforcement, (¢) a higher proportion of out-of-state drivers are
cited than are involved in traffic collisions, (d) most seat belt citations
issued in Hawaii are stand-alone violations, (e) the most common type
of other citation issued with a seat belt violation is for speeding, and ( f)
repeat offenders tend to be male and young. These findings may have
relevance for other states considering stepped-up levels of enforcement.
The results suggest a need for more scrutiny of the associations between
seat belt use, enforcement, and crash involvement, perhaps over a long
time period.

Hawaii was the tenth state in the nation to adopt a mandatory seat
" belt use law, which took effect on December 16, 1985. The law cov-
ers front-seat passengers and gives police the power of primary
enforcement. The four police departments in the state have vigor-
ously enforced the law. More than 150,000 citations have been
issued since the law took effect (see Table 1). These enforcement
efforts have contributed to Hawaii’s high rate of compliance with
the law. Hawaii has consistently led the United States in seat belt
use. Recent surveys show a use rate among front-seat occupants of
more than 85 percent. An earlier study demonstrated the strong cor-
relation between seat belt use and enforcement levels in Hawaii (7).
In this article patterns of enforcement in Hawaii, characteristics of
motorists who violate the seat belt law, patterns of repeat offense,
and relationships between seat belt violations and other traffic
offenses are described.

BACKGROUND

Over the years, various studies have examined the relationship
between enforcement and seat belt use (/-3). Previous research also
has examined the relationship between enforcement levels and the
reduction of injuries or fatalities (4,5). These studies have helped to
make enforcement of mandatory use laws a priority at the national
and local levels. Enforcement has been adopted because of its effec-
tiveness and relative ease of implementation. Seat belt use cam-
paigns that attempt appeal to motorists’ intellect (e.g., “seat belts
save lives” or “seat belt citations will cost you dollars™) are less
effective than citing those people violating the law. With most pub-
lic education and media efforts, it is often difficult to determine
whether the targeted audience has been reached. This study exam-
ines the nature and pattern of enforcement in Hawaii, a state with
an aggressive enforcement program.

University of Hawaii, Department of Urban Planning, 2424 Maile Way,
Honolulu, Hawaii 96822.

A deeper understanding of the seat belt citation data provides
feedback about who violates the seat belt law, at least in terms of
data administered by the judicial system. Given these findings, what
sort of new strategies and programs, including improved enforce-
ment, are justified? This study, combined with other data, helps in
understanding some of the differences between the people who do
not use seat belts and those who are cited.

Using citation data has several advantages over using observa-
tional data on seat belt use. Citation data provide more accurate
information on age, gender, place of residence, and other personal
characteristics than observational data. Moreover, some uncertain-
ties associated with observing and recording seat belt use are
reduced. Police officers apprehending violators and writing tickets
are more reliable than the best trained observers. The observational
studies in Hawaii, for example, involved posting graduate students
who conducted surveys of moving and stopped traffic at fixed loca-
tions throughout the state. Approximately 3,000 observations were
made per study period. The citation data base contains a similar
number of records for most years. Citation data are also more accu-
rate than telephone or mail surveys, which ask respondents to report
whether they use restraints, because actual behavior is observed.
Research in Hawaii has demonstrated that there are significant dif-
ferences between observed and self-reported behavior (6).

At the same time, citation data may reflect enforcement instead
of actual patterns of seat belt use. Police may be more inclined to
stop and cite certain motorists than others. Many factors affect
enforcement, which is but one of numerous duties that police offi-
cers must carry out. There is a need to examine the overall rela-
tionships between seat belt enforcement, traffic enforcement, and
general law enforcement activities.

_Circumstances in Hawaii offer advantages for this type of inves-
tigation. Measuring the impacts of an intervention such as the
mandatory seat belt law is easier in an island state, isolated from
other jurisdictions. There are only four counties and four police
departments in the entire state corresponding to the major inhabited
islands (Oahu, Maui, Hawaii, and Kauai). As such, it is also feasi-
ble to establish uniform enforcement programs and to make neces-
sary changes in the enforcement regime. The data on citations,
licensing, and crashes are centralized. Because the enforcement lev-
els are so high, enforcement is more even than in other more frag-
mented jurisdictions. The lessons learned in Hawaii are transferable
to other states interested in increasing enforcement activities.

DATA AND METHODS

In this study, data from different sources were compiled. The State
of Hawaii Judiciary, which is responsible for administering records
on traffic violations, provided a data tape with all seat belt citations

O
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TABLE 1 Number of Citations
Issued per Year—1985 to 1991*

YEAR CITATIONS
1985+ 219
1986 16,607
1987 24,587
1988 31,773
1989 34,625
1990 32,277
1991 19.437
TOTAL 159,525

*partial year --1/1/91 to 6/30/91
**month of December only for 1985

Source: Dept. of Transportation;
State of Hawaii.

for a 12-month period. The city and county of Honolulu, Depart-
ment of Data Systems, provided data on licensed drivers in the state.
The State Department of Transportation provided data on motor
vehicle crashes. In addition, data on observed seat belt use collected
by the University of Hawaii, Department of Urban and Regional
Planning, were also incorporated in this investigation. The analysis
was performed on a dedicated Sun Sparc 10 workstation using SAS
(version 6.09). Following a summary of the key findings, some of
the implications of the results for Hawaii and other places interested
in increasing enforcement levels are discussed.

TABLE 2 Citations by County*
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FINDINGS

The results of this study answer the following questions: (a) Who is
cited for violation of the seat belt law? () When are most citations
issued? (c) What other citations are issued with seat belt violations?
(d) What are the characteristics of repeat offenders?

Who is Cited for Violation?

Table 1 shows that more than 159,000 persons have been cited for
violating the seat belt law in Hawaii since it became mandatory.
Between 1986 and 1990, the full years for which there are data, the
average number of citations issued per year was 27,973, or an aver-
age of 76.6 citations per day. Actual enforcement levels per day
over a 12-month period beginning in 1990 varied from a few days
when there were ten or fewer citations to some days when more than
350 citations were issued. This enforcement effort needs to be
viewed also in terms of the state’s geography and patterns of devel-
opment. In terms of land area, Hawaii is the fourth smallest in the
nation. With just over 4,000 mi of roads, it has the smallest amount
of roadway of all states. Moreover, development has concentrated
in certain key nodes, such as Waikiki, along the southern coast of
most islands in a linear pattern, making it easier for police to estab-
lish a strong presence, compared with urban areas that are more
sprawling.

NUMBER OF NUMBER PERCENT LICENSED DRIVERS
COUNTY CITATIONS _ PERCENT LICENSED _ CITED BY COUNTY
HONOLULU 18.457 50.24% 537.127 3.44%
MAUL 7.617 20.73% 76.638 1.31%
HAWAI 5.642 15.36% 89471 6.31%
KAUAI 5.025 13.68% 39718 12.65%
STATE TOTAL 36,741 100.00% 742,954 4.95%

Frequency missing of cited driver = 3
*7/1/90 to 6/30/91

Source: Judiciary; State of Hawaii and Dept. of Data System; City and County of Honolulu.

TABLE 3 Seat Belt Citations by Age Group*

NUMBER OF  CITATIONS

DRIVERS PER AGE GROUP
40,788 6.54%
118,659 7.61%
206.971 5.23%
279,549 3.72%
70,185 2.49%
78,329 1.86%
DRIVERS
CITATION LICENSE
34.71 39.87
31.00 36.00
21.00 29.00
13.73 16.06

NUMBER OF
AGE CITATIONS PERCENT
15-18 2.666 7.38%
19-25 9,035 25.01%
26-35 10,832 29.98%
36-55 10,392 28.76%
56-64 1,749 4.84%
65+ 1,457 4.03%
MEAN
MEDIAN
MODE
STD. DEV.
*7/1/90 to 6/30/91

Source: Judiciary; State of Hawaii and Dept. of Data Systems; Systems;

City and County of Honolulu.



Kim et al.

As Table 2 indicates, more than half of the seat belt citations are
issued in Honolulu, the largest county in the state. More than three-
quarters of the state’s total population resides in this county. It is the
most urbanized of the four counties. However, a higher proportion
of the drivers have been cited in the counties of Kauai and Hawaii,
also known as the Big Island.

Table 3 shows seat belt citations by various age categories. When
grouped according to age cohorts, in terms of absolute numbers of
citations, those in the 26 to 35 year old age group received the most
citations. The number of citations decreased for the older age
groups. However, in terms of the percentage of licensed drivers
cited for seat belt violations, a different picture emerged. More than
7.6 percent of the 19 to 25 year olds and 6.54 percent of the 15 to
18 year olds received citations in a 12-month period, but less than
2 percent of those 65 and older were cited. This table also shows

TABLE 4 Seat Belt Citations by Gender*
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that the mean age for seat belt citations was 34.7 years and the mode
was 21 years. The mean age of all registered drivers, however, was
39.87 and the modal age was 29.

Table 4 shows that proportionately more males than females were
cited for seat belt violations. Approximately 72.3 percent of those
cited were males; 27.6 percent were females. According to license
data, 54.7 percent of drivers were male. Although more than 6 per-
cent of the male drivers were cited for violation of the seat belt law,
only 2.8 percent of all female drivers received citations.

Approximately one-fifth of the citations issued in Hawaii were to
people with out-of-state licenses. This is not surprising, given the
large number of tourists and military in Hawaii. In 1990, more than
6 million tourists came to Hawaii. Table 5 shows the home state of
those with out-of-state licenses cited for seat belt violations in
Hawaii. California drivers led all states outside of Hawaii. Because

NUMBER OF REGISTERED PERCENT OF REGISTERED
SEX CITATIONS  PERCENT  DRIVERS PERCENT DRIVERS CITED BY SEX
MALE 26,030 72.32% 423,094 54.67% 6.15%
FEMALE 9.960 27.68% 350,846 45.33% 2.84%
TOTAL 35,990 100.00% 773.940 100.00% 4.65%

Frequency missing of cited drivers = 754

*7/1/90 to 6/30/91

Source: Judiciary; State of Hawaii and Dept. of Data Systems; City and County of Honolulu.

TABLE 5 States with Highest Number of
Citations Issued in Hawaii*

STATE CITATION _ PERCENT
HAWAI 29.356 81.05%
CALIFORNIA 2,525 6.97%
WASHINGTON 388 0.83%
TEXAS 302 0.83%
ILLINOIS 265 0.73%
FLORIDA 248 0.68%
NEW YORK 213 0.59%
COLORADO 189 0.52%
OREGON 167 0.46%
ARIZONA 160 0.44%
TOTAL 33,813 93.36%
*7/180 to 6/30/91

Source: Judiciary; State of Hawaii and Dept. of
Data Systems; City and County of Honolulu.

TABLE 6 Frequency of Citations by

Day of Week*
WEEKDAY NUMBER PERCENT
MONDAY 5.029 13.69%
TUESDAY 5.545 15.09%
WEDNESDAY 6.050 16.47%
THURSDAY 5.816 15.83%
FRIDAY 5913 16.09%
SATURDAY 4,890 13.31%
SUNDAY 3.501 9.53%
TOTAL 36,744 100.00%
*7/1/90 TO 6/30/90

Source: Judiciary; State of Hawaii.

TABLE 7 Frequency of Citations by

Month*
MONTH NUMBER _PERCENT
JULY 3,772 10.27%
AUGUST 5.511 15.00%
SEPTEMBER 2923 7.96%
OCTOBER 2,033 5.53%
NOVEMBER 1,662 4.52%
DECEMBER 1,668 4.54%
JANUARY 2480 6.75%
FEBRUARY 3,740 10.18%
MARCH 3.562 9.69%
APRIL 3,529 . 9.60%
MAY 3.155 8.59%
JUNE 2,709 7.37%
TOTAL 36,744 100.00%
*7/1/90 t0 6/30/91

Source: Judiciary; State of Hawaii and
Dept. of Data Systems; City and County
of Honolulu.

TABLE 8 Other Violation Issued*

TYPE OF CITATION ISSUED NUMBER _ PERCENT

SEAT BELT - NO OTHER VIOLATION 29,974 88.96%

SEAL BELT W/ SPEEDING 3.201 9.50%

SEAL BELT W/EQUIPMENT VIOLATION 261 0.77%

SEAL BELT W/DUVDRUG 237 0.70%

SEAL BELT W/RECKLESS/INATTENTION 19 0.00%
*7/1/90 to 6/30/91

Source: Judiciary; State of Hawaii.
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of the large proportion of visitors from California and the large
number of people who migrate from the West Coast, these results
are not surprising.

When Are Most Citations Issued?

Table 6 shows that Wednesdays, Fridays, and Thursdays were the
days with the most citations. The fewest citations were issued on
Sundays, followed by Saturdays. The finding that weekends tended
to be lower than weekdays suggests that some groups that drive
more on weekends, such as youth or recreational drivers, may be at
a lower risk of being cited.

Table 7 shows that the highest number of citations occurred in
August, and the lowest occurred in November and December. The
high citation rate in August correlates with a number of enforcement
campaigns. Other seasonal factors that may correlate with the num-
ber of citations issued include peak tourist months, which occur in
spring and summer.

What Other Citations are Issued with
Seat Belt Citations?

Table 8 shows that approximately 89 percent of the seat belt cita-
tions were stand-alone violations. This is an important finding for
states considering adoption of a primary enforcement law. Most
seat belt violators were not in violation of any other traffic law. Pri-
mary enforcement enables police to target nonusers more effec-
tively. A surprisingly small proportion (less than 1 percent) of the
seat belt violators had equipment violations or were driving under
the influence of alcohol or drugs. Motorists cited for noncompliance
were more likely to be cited for speeding than for any other viola-
tion. Almost 10 percent of those who received a seat belt citation
also received a speeding ticket.

What are the Characteristics of Repeat Offenders?
Statistics were compiled on repeat offenders during the period 1990

to 1991 by matching driver’s license numbers. A total of 1,970 per-
sons had more than one citation in 1 year (Table 9). Most of these

TABLE 11 Summary of Results, 1990
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repeat offenders, 89 percent, had two citations. Approximately 8.7
percent had three citations and 2.4 percent had four or more cita-
tions in 1 year. The mean age for repeat offenders (31.0 years) was
lower than the mean age for all violators (34.7 years). The modal
age for repeat offenders was 19, compared with 21 for the total
population of those cited. .

A higher proportion of the repeat offenders were male, 78 per-
cent, compared with 21 percent who were female (Table 10). Males
made up a slightly higher percentage of the population in the repeat
offender category than in the general population of seat belt law
violators (Table 4, 72 percent).

DISCUSSION

A summary of the key findings can be found in Table 11. It displays
similarities between drivers cited for violation of the seat belt law
and drivers who are involved in crashes. Age is a key characteristic

TABLE 9 Citations Received by Same
Driver—1990 to 1991

NUMBER OF NUMBER OF PERCENT

CITATIONS _DRIVERS
1 26,607 93.49%
2 1,644 5.78%
3 165 0.58%
4 37 0.01%
5 7 0.00%
6 1 0.00%

Source: Judiciary; State of Hawaii.

TABLE 10 Gender of Repeat

Offenders*
SEX NUMBER OF PERCENT
DRIVERS
MALE 1437 78.87%
FEMALE 385 21.13%
TOTAL 1,822 100.00%
*7/1/90 to 6/30/91

Source: Judiciary; State of Hawaii.

LICENSED CITED

CRASH INVOLVED  SEAT BELT

DRIVERS DRIVERS DRIVERS USE RATE
MEAN DRIVER AGE 3987 yrs 3471 yrs 35.57 yrs UNAVAL.
STD. DEV. OF AGE 1606 yrs 1373 yrs 15.25 yrs UNAVALL.
% MALE S467%  12.32% 65.50% UNAVAL.
% MALE AGES 18 - 25 YRS. 1650%  20.07% 16.78% UNAVAL.
% URBAN (HONOLULU CNTY) ~ 7230%  50.00% 75.60% 84.20%
RURAL (ALL OTHER COUNTIES) 27.70%  50.00% 24.40% 78.82%
% OUT OF STATE DRIVERS NA  18.87% 13.64 . NA
% ALCOHOL RELATED NA 0.70% 2.55% NA
% SPEEDING . NA 9.50% 5.75% NA
% INJURED OR KILLED NA NA 20.83% NA
SEAT BELT USE RATE OF NA NA  UNAVAL. 82.60%

DRIVERS

Source: Judiciary; State of Hawaii, Dept. of Data Systems: City and County of Honolulu, Dept. of
Transportation; State of Hawaii and University of Hawaii's Seat Belt Observational Studies.
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in common. The average age of those cited is 34.7 years, which is
very close to the mean age of drivers in the involved crash popula-
tion, 35.5. Another similarity is the percentage distribution of males
ages 18 to 25 who appear in the citation data base and crash file.
Younger male drivers make up a large proportion of the population
in both of these files. A smaller proportion of out-of-state drivers are
involved in crashes than are cited for violation of the seat belt law.
Two important differences noted in Table 11 are the differences
between the citation population and the crash population when
speed and alcohol were factors. Although these factors have been
found to be significant when associated with crashes, their frequen-
cies in both files are rather small.

This investigation indicates that enforcement of the seat belt law
in Hawaii is related to certain driver characteristics (age, sex, state
of license, etc.), spatial (urbanization, size of county, etc.), and tem-
poral (time, day, month) factors. Hawaii has managed to implement
an extensive enforcement program. Assuming that 80 percent of
Hawaii’s drivers are in compliance with the law, then approxi-
mately 20 percent, or 135,525 drivers, are potential violators. Given
that more than 150,000 citations have been issued since enactment
of the law and only a small percentage have gone to the same dri-
ver, one can begin to comprehend the magnitude of Hawaii’s
enforcement efforts. Although the effects are diluted by Hawaii’s
large tourist population, evident in that 20 percent of those cited
have out-of-state licenses, clearly Hawaii’s lasting rate of compli-
ance is because of its strong enforcement efforts. More research is
needed to determine whether the 80 percent level of compliance
represents a saturated effect, or whether higher levels can be
achieved. Future research will focus on the remaining 20 percent of
nonusers to determine more about the underlying motivation of
these individuals and on a deeper understanding of what sort of poli-
cies can be instituted, at what expense, to change their behavior.

Those cited for violation of the seat belt law tend to be male,
young, and driving in more urbanized areas of the state. The mean
age of those cited for violation of the seat belt law is much lower
than the mean age of all drivers, but very close to the mean age of
the crash-involved driver population. On the other hand, a dispro-
portionately large number of males are cited for violation of the seat
belt law, in comparison to their numbers in the general driver
population and in terms of their representation in crashes.

Although out-of-state drivers make up only 13.6 percent of the
drivers involved in collision in Hawaii, they make up almost 19
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percent of those cited. These results can be attributed to the com-
paratively lower use rates among drivers in other states and the
effectiveness of enforcement efforts in Hawaii.

The relationship between seat belt citations and other traffic vio-
lations showed that almost 90 percent of the seat belt citations given
in Hawaii were stand-alone citations. This is an important finding
for places considering the adoption of primary enforcement laws
and for those interested in the relationship between different types
of traffic violations. Speeding tickets were given in over 9 percent
of the cases, but citations for driving under the influence of alcohol
were issued in less than 1 percent of the cases. In examining pat-
terns of repeat offense, it was found that the typical repeat offender
tended to be male and younger than the general population of those
cited for violation of Hawaii’s mandatory use law.

This largely descriptive investigation calls for further analysis.
More sophisticated modeling techniques might produce predictions
about personal characteristics or other factors. Moreover, additional
analysis of the behaviors and motivations of persistent seat belt law
violators in a state with such a strong enforcement program is
needed. Future investigations might consider targeting these repeat
violators for more detailed scrutiny.
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Video Evidence for Highway Tort Trials

DANIEL S. TURNER

The hand-held video camera provides an easy way to obtain evidence
for use in highway tort trials. The simple advantages and disadvantages
of using video evidence is discussed. Several differences in how the
human eye gathers information and how the process is performed by a
video camera are reviewed. Simple hints are given for improving the
quality of video evidence. Example cases involving video evidence are
used to introduce the wide range of applications.

The primary purpose of this paper is to encourage the use of video-
tape as evidence for highway tort cases. Examples of good and bad
practices are discussed, and introductory advice on shooting video
for highway tort is offered. The author hopes that this article will
inspire others to expand this topic to include detailed advice and
case citations so that an effective library can be assembled on this
emerging tool.

SAMPLE USES OF VIDEO EVIDENCE

Almost all state highway agencies now have extensive videologs
showing features along their roadways. Videologs are good sources
of information, especially for the preliminary investigation of a site
involved in a highway tort suit. The videolog may be reviewed to
identify the general character of the roadway, geometric informa-
tion such as the presence of curves, types, and locations of traffic
control devices, the condition of shoulders, and similar information.
The investigator must remember that conditions may have changed
between the date of the videolog and the date of the traffic accident.

Another good use of videotape is to preserve evidence during an
investigative visit to an accident site. Videotape can capture the
types and locations of skidmarks, crushed vegetation, shoulder
conditions, damage to vehicles, traffic control devices, and other
features. The video may be reviewed later as needed to determine
facts about the scene as the investigation proceeds.

The site of an accident may also be videotaped for use in court
when thé jury cannot travel to the scene for a firsthand observation.
This provides the jurors with an overall perspective of the site and
may aid greatly in their deliberations.

A video camera may be located in a vehicle to replicate what a
driver saw as he or she drove toward the point of impact of a traffic
accident. Such perspective may be especially important in deter-
mining whether the traffic control devices provided appropriate and
adequate messages to the driver.

Another excellent use of videotape is to document construction
zone work activities. Some highway agencies now make it standard
practice to videotape an entire construction zone on a weekly or
monthly basis. The tapes document the contractor’s progress over
time and may be used as evidence in tort claims actions.

Civil and Environmental Engineering Department, The University of
Alabama, Box 870205, Tuscaloosa, Ala. 35487-0205.

Law enforcement officials have made excellent use of videotape
in driving-under-the-influence cases. A tape showing the appear-
ance and state of mind of the defendant at the time of arrest can be
compelling evidence. This use does not involve highway tort, but it
illustrates videotape’s acceptance in court.

These are only a few of the possible ways to use videotape as evi-
dence. They represent examples of good uses of a good tool, whlch
will become even better as video technology improves.

SHOOTING VIDEO

The quality of a videotape ’may be the most important factor in per-
suading a jury to accept it as compelling evidence in a case. Hiring
a professional camera operator is a good investment. For the novice
attorney or investigator planning to shoot video for the first time,
several hints are offered from experiences.

Shooting tape at an accident site can be improved by the use of a
tripod or other support. A tripod reduces bounce and vibration and
produces a higher-quality and more satisfactory picture. Newer
cameras with anti-bounce controls can help reduce the problem,
especially if the camera is inside a moving vehicle.

In panning from one location to another, the camera operator
must move slowly and smoothly so that the scene does not appear
blurred or rushed to the observer. A camera mounted on a tripod is
much easier to pan than a hand-held camera. An autofocus feature
may have trouble keeping focused if the operator swings too
quickly to the next view.

It is usually best to start each new scene with a broad view of the
accident site or of the horizon, then slowly move to details of the
site. This allows the viewer to become oriented to the site before
examining the detail of the particular scene. This approach repli-
cates the way a human eye works in becoming oriented to the whole
scene before focusing on a detail; however, the eye and brain per-
form this process much more naturally and rapidly than a video
camera.

Auto focus and auto exposure features make it easy to operate a
video camera. However, manual operation may be better for mov-
ing the camera from light to dark areas or between objects at vary-
ing distances from the camera. This is particularly true for shots into
the sun, items of drastically different color from the background, or
moving objects. With a little training and some practice, manual
operation can produce better video in these situations. When color
is important, the camera should be “white balanced” before each use
to provide truer and more consistent colors.

Care must be used when a scene is shot with the camera pomted
into the sun. Important features will show up as silhouettes unless
the camera operator compensates the exposure. Signs and signals
shot into the sun may be difficult to read because they appear darker
than in real life. Jurors may be led to believe that the sign or signal
is always dark and hard to read. With careful planning, it may be
possible to select the time of day or the camera location to minimize
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the adverse effect of silhouettes, overexposure, glare, or obtrusive
shadows. The presence of shadows becomes especially important
when shooting shoulder drop-offs, pot holes, or steep side slopes.
Shadows exaggerate heights and slopes.

A professional camera operator will be familiar with the effects
of sun angle and will know how to exaggerate or minimize the
effects of distance and slope through the video camera lens. The
quality of the tape is enhanced by a professional operator, and the
attorney may save the cost of a second trip to the site to reshoot a
tape of inferior quality. ‘

Zoom lenses are handy, but they may change the perspective. The
apparent closeness of objects and the relationship between objects
can be drastically altered by zooming. If a zoom lens is used, the
camera operator should be prepared to testify about the extent and
effect.

Narration may be helpful or harmful. If well done, it might
describe the location of the scene and provide useful background
information. On the other hand, wind noise, vehicle noise, or poor
enunciation could diminish the quality of the tape. Some judges
routinely require that narration be removed before admission into
evidence. The basis for this decision is that videotape, like a photo-
graph, should speak for itself if it fairly and accurately depicts a
scene. If additional explanation is desired, it may be given at trial
by a properly qualified expert.

For some uses of video, a proper foundation is necessary before
it can admitted. If so, the attorney should treat the videotape as a
photograph or other piece of evidence. If it is material and relevant
and is not likely to mislead or confuse a jury, a tape is generally
admissible. A video may be easy to admit into evidence if it dupli-
cates the essential conditions of the scene, or qualification may be
necessary only for those aspects that do not replicate the accident
site. Another option is to use the video only as demonstrative
evidence.

DRIVER’S VIEW

It is frequently important to indicate what a driver saw while
approaching a collision site. If so, the camera should be located
toward the windshield and away from the rearview mirror. This
removes obstructions from the video and encourages the viewer to
concentrate on events in the center of the video. In some instances
the exact view of the driver must be replicated. If so, the camera
should be placed at the position and height of the driver’s eyes, and
the vehicle should be located laterally within the traffic lane at the

same place as the vehicle involved in the collision. To provide foun--

dation for admission of the evidence, the camera operator may have
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to testify about eye height measurement of the driver sitting in the
vehicle and how this was replicated with the camera position. Tes-
timony that the speed and type of vehicle were the same as involved
in the collision may also be appropriate. Although such detail is
rarely necessary, there are instances when it is essential. For exam-
ple, eye height may be crucial in determining how far a driver could
see over the crest of a vertical curve. A second example is that the
camera’s lateral and vertical placement inside the vehicle would be
important in determining the adequacy of viewing angles for traffic
control devices.

If possible, the video should be shot at the same time of day as
the accident. For some positions of the sun, this may produce shad-
ows or glares similar to those seen by a driver. The video camera
does not necessarily treat this glare in the same manner as the
human eye does. It is helpful to cover the dashboard with a black
cloth during shooting to reduce reflection and glare.

Water or dust on the windshield, particles in the air, fog, or other
substances may cause poor focus or blurry pictures. It may be
necessary to shoot the scene several times to produce a tape that
reasonably depicts the scene. If so, the court may require that all of
the tapes be admitted. Opposing counsel may point out to the jury
that the very worst tape might represent actual conditions during
the collision.

The human eye can dart quickly toward a point of interest and
then dart back to another location. Typically the eye requires 0.25
to 0.67 sec to move and focus. Additional time is then spent as the
eye absorbs the new information. This speed cannot be achieved
with the video camera without producing a blur on the TV screen.
Another limitation is that the camera cannot see over the horizon or
around a curve or glance quickly at signs on the side of the road-
way. The human eye normally sees a wide periphery. The video
camera cannot duplicate this; a portion of the top, bottom, and sides
of the scene will be lost through the video camera. The video

" observer in the courtroom will have a limited view of the site.

Because of this, the effects of speed, horizontal curves, and hills are
usually exaggerated on a videotape. What the video camera opera-
tor may have thought was a casual drive along the road can appear
jerky, rapid, or disconcerting on videotape.

The human eye judges distance through stereo vision. The brain
measures the minute angles between the right and left eyes as they
focus on a distant object. This angular measurement is converted
into an estimate of distance by the brain. This concept is illustrated
in Figure 1. This calculation is not possible when viewing video-
tape. The plane of focus is always that of the video screen or mon-
itor, no matter what object the eyes are focused on. Therefore, cal-
culations based on observed angles will yield the same distance
between the eyes and the screen (see Figure 2). The brain can some-
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FIGURE 1 How eyes measure angles to objects so brain can
~ “calculate” objects’ location and distance.
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FIGURE 2 All objects on video screen are same distance
from eyes, making them appear equal distances from viewer.

times overcome this limitation and obtain clues about distances by
comparing object sizes, through perspective by watching lane
stripes come together in the distance, or by noting that buildings get
smaller toward the horizon. Because of the difficulty in establish-
ing perspective, videotapes or photographs may not be good for
estimating distances. :

In a video picture the focus is normally very good in the center
of the screen and less clear at the periphery. When a video is shot
from a moving vehicle, objects near the edge of the screen will not
be in focus. They also appear to pass very quickly while those in the
center move more slowly. Consequently, reading signs or deter-
mining the condition of traffic control devices along the periphery
is difficult. A 35 mm photograph of a traffic sign may more accu-
rately depict color and condition than a videotape.

The human eye can distinguish contrast better than a video cam-
era can. This is important in night video and in trying to read signs
from a passing vehicle. Black and white contrast is much sharper on
a videotape than are some other colors. Even with these limitations
there are times when videotape evidence is very effective in the
courtroom. The examples discussed later provide useful illustra-
tions.

PITFALLS OF USING VIDEOTAPE AS EVIDENCE

The attorney may have to work hard to have the tape admitted into
evidence. The camera operator may have to testify about how the
tape was shot, the capabilities of the camera, and whether the tape
replicated what the human eye saw at the scene. The court may also
require the testimony of others who assisted in the planning, shoot-
ing, or editing of the tape.

The court may rule that all tapes shot at the site must be admitted
into evidence. The initial tape of a site may not be of good quality
or may not emphasize the items the attorney sought. When this hap-
pens, a second tape is often made. If the judge rules that both tapes
must be admitted, the jury may have trouble deciding which tape to
believe.

There have also been instances in which the court refused to
admit a tape that had been edited to remove pieces of information
the attorney wished to withhold from the jury. If an edited tape is
admitted, the jury may be entitled to know what material was
removed and why. If the opposing attorney can extract this infor-
mation, it may cloud the usefulness of the edited tape.

It is often appropriate to practice shooting the videotape before
actually going to the site of the accident. This should be done at a
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scene similar to the one where the collision occurred. If the practice
tape is of poor quality, it does not have to be admitted because it was
not shot at the collision scene.

It is difficult and time consuming to shoot night video that repli-
cates what the eye saw. Any lights pointed at the camera can pro-
duce glare, halos, spots, and streaks that move within the camera
lens barrel. The video camera cannot distinguish contrast as well as
the human eye can, especially at night. Things that can be seen by
the eye may not be discernable on videotape. On the other hand, traf-
fic signs that were not visible at a scene can reflect enough light to
produce glare on the videotape and sometimes can become unread-
able. The tape may have to be shot several times at different light
exposure levels to obtain a version close to what the observer saw.

EXAMPLE VIDEOS

Several videotapes used in highway tort cases will be discussed as
examples of good and bad practices. Because most of the example
cases were settled before trial, there were no judge’s rulings on
admissibility or other issues. The examples do, however, illustrate
some of the grounds for objecting to use of video.

Example One—Construction Zone Signing

This case centered on the adequacy of a detour and construction
zone traffic control devices. An accident occurred on a short two-
lane detour that connected a four-lane bypass to a two-lane road-
way. The plaintiff crossed over the center line in a reverse curve at
the end of the detour and was involved in a head-on collision. A pas-
senger in the plaintiff’s vehicle died later, allegedly from compli-
cations resulting from the accident.

A videotape was prepared by the plaintiff’s investigator 2 weeks
after the collision, to illustrate the difficulty in using the detour. The
investigator drove through the site several times, at 32 km/hr (20
mph) and then at 56 km/hr (35 mph). The exact speeds of the vehi-
cles involved in the collision sequence were unknown, but the speed
limit was 32 km/hr (20 mph) and the investigating officer estimated
the speed of both vehicles to be 56 km/hr (35 mph). Additional
footage was shot at the accident site to show roadway geometrics,
visibility, traffic control devices, and other details.

It was raining when the collision occurred. In the first sequence
on the videotape, the plaintiff’s investigator simulated this by sprin-
kling water on the windshield. In later sequences, the vehicle’s
windshield wipers were operated as water was periodically sprayed
on the windshield. For reasons discussed later, neither method repli-
cated the effects of rain. In addition, with little water on the wind-
shield, the wipers produced a grating sound that probably would
have been distracting and irritating to a jury.

Several types and colors of signs were posted throughout the
work zone. It was obvious that some sign colors offered higher
contrast and more visibility than others. For example, a black-
and-white speed limit sign was much easier to read at the edge of
the screen than an orange-and-black construction zone sign was.

The final sequence on this tape illustrated one of the differences
between the eye and the video camera. As the vehicle drove through
the site, the camera was turned toward one sign, pointed at it for
several seconds, then turned back to view the roadway. When the
camera was pointed directly toward this sign, it was crisp, clear, and
easy to read. The contrast between the orange background and the
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black wording was much sharper than when the camera pointed
straight ahead and the sign was on the periphery.

Positive Effects

The video documented the traffic control devices and locations for
the day of the videotaping. The state’s expert used the videotape
to estimate the distance between signs by using a stopwatch to
measure elapsed time at given speeds. It was also possible to draw
preliminary conclusions about the size, color, lateral clearance,
spacing, clarity, and other aspects of each sign from the video.

Negative Aspects

The video was intended to represent the driver’s view of the con-
struction zone signs, but the location of the camera within the
vehicle did not correspond to the driver’s eye location. The camera
was mounted to the right of the driver. It was aimed too low and
sometimes showed major portions of the dashboard but only a
partial view of the site through the lower part of the windshield.
This did not correspond to the view of the driver. The camera was
pointed straight ahead and focused at infinity. As the vehicle passed
a sign, the sign was at the edge of the picture and out of focus. This
lack of focus made it very difficult to read the sign from the video
screen and would not have represented the driver’s ability to read
the sign.

Because the camera was not in the same position as the driver’s
eyes, it was not possible for the observer to experience the view
from the driver’s perspective. Depth perception, alignment of bar-
rels, and visibility of signs were all affected by improper location of
the camera. These were important issues because the adequacy of
the detour and control devices was under dispute.

An attorney could have raised several objections against the
admission of this tape. The location of the camera within the vehi-
cle would serve as grounds for an objection. In addition, the water
sprayed on the windshield did not replicate the effects of rain—for
example, the pavement was not wet. Visibility of pavement mark-
ings would be much different during rain. A second difference is
that sunlight shining through water on the windshield produced a
glare and interfered with the driver’s vision, but the sun was prob-
ably not shining during the rain‘at the time of the collision. It is hard
to believe that the essential conditions affecting the driver’s vision
were accurately replicated by squirting water on the windshield.

Example Two—Visibility Of Pedestrian At Dusk

In this case, the plaintiff received debilitating injuries as a pedes-
trian. Issues in doubt included the exact time of the evening when
the collision occurred, the amount of daylight available to an
oncoming-driver, the design of the intersection, and the presence of
a phantom vehicle that blinded the oncoming driver with its lights.

Short video segments were shot at time intervals on the first
anniversary of the accident. These video segments showed the light
available to an oncoming driver at the time in question.

The plaintiff’s brother wore the same clothes the plaintiff wore
on the evening of the collision. The brother was approximately the
same size as the plaintiff and stood in the roadway at dusk at the
approximate location of the collision.
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The video camera’s internal clock was set at the same time as the
U.S. Naval Observatory. An automobile entered the roadway from
a side drive and turned directly toward the camera, in the same
sequence as a phantom vehicle that was alleged to have blinded the
oncoming driver. The intent was to show the range of visibility over
a 30-min period at dusk and to document the effects of headlights.

Positive Effects

The video provided a good overview of the scene of the collision.
Jurors could have obtained an impression of whether an oncoming
driver should have seen a pedestrian on or near the roadway. The
video also illustrated that light was available even after the official
time of sunset. The video did a good job of imparting to viewers a
perspective of how headlights might have blinded an approaching
motorist and how long this blindness might have lasted.

Overall, the video served its purpose well. It provided evidence
that could not have been obtained through the testimony of wit-
nesses or through photographs.

Negative Effects

This example illustrates the advantages of practicing the video ses-
sion at another site before the actual taping. During the taping, time
passed very quickly and it was difficult to reset the automobile and
the pedestrian for succeeding shots. If a practice session had been
made the night before the taping, procedures could have been
worked out for smoother shooting, and a better camera could have
been used to minimize stray beams of light from bouncing into the
camera barrel. As it was, glowing dots and tracers of light moved
around the picture as the vehicle entered from the side road and
turned toward the camera.

The difference between the automobile’s high beam and low

‘beam lights was dramatic on the videotape. A practice session

would have provided knowledge of this difference, and the scene
could have been shot with high and low beams during each of the
planned time periods.

The video could have been improved if the camera had been
mounted on a tripod instead of held by hand. Annoying jolts and
bounces of the picture could have been prevented and the quality of
the presentation would have been enhanced.

There was a major difficulty with using this videotape. The tape
included a drive through of the accident scene. Because the camera
would be pointed into the sun during part of the time, the camera
operator elected to use manual focus and manual exposure instead
of autofocus to minimize the silhouette effect when the camera
pointed into the sun. The camera operator also sat outside the vehi-
cle instead of inside, so that the dashboard, windshield wipers, and
hood would not dominate the shot. Unfortunately, the operator did
not have a secure seat on the vehicle and slipped back and forth on
the hood during the drive through. Consequently, the picture was
often overexposed and it bounced and swayed. As a result, this por-
tion of the videotape resembled a bad ride on a.roller coaster and
imparted a negative effect to the viewer. The failure to secure proper
exposure during this portion of the videotape cast doubts about
whether the exposure at dusk was accurate.

Possible objections to the video were that (a) it was not shot from
the height and location of the driver’s eyes as the vehicle approached
the pedestrian; (b) the camera might not have replicated the actual
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light conditions during dusk; (c) the phantom vehicle’s position and
orientation on the roadway were never documented, and the video
may not have accurately demonstrated how its lights shone toward
the approaching driver; and (d) the camera was stationary during the
sequence in which the approaching driver (which the video was try-
ing to replicate) traveled a great distance down the roadway.

Example Three—Vehicle Leaving Roadway

The third example video was used to show the scene of an accident
that occurred in a southwestern state. The accident involved a
pickup truck that failed to negotiate a low-water crossing when it hit
a bump 23 m (75 ft) before the low point of the crossing. The dri-
ver lost control, the truck overturned, and an occupant was killed.
The speed limit was 72 km/hr (45 mph), but the crossing was posted
with a 32 km/hr (20 mph) warning sign. The plaintiff’s witness tes-
tified that the pickup truck became airborne when it hit the bump at
low speed, but the state contended that the speed was more like 96
km/hr (60 mph). The videotape was shot to provide a view through
the windshield of a similar pickup as the vehicle navigated the low
water crossing and of vehicles proceeding through the crossing at
various speeds.

The video camera was set up on a tripod beside the road to record
a small pickup truck, similar to that driven by the plaintiff, moving
through the crossing. The speed was varied in 8 km/hr (5 mph)
increments to show the effect of the low-water crossing and a slight
bump over a culvert as the truck passed through the scene. The
plaintiff alleged that at 40 km/hr (25 mph) the truck became air-
borne and produced a fatal collision. The videotape illustrated com-
plete control of the truck at this speed with no hint of difficulty. The
scene provided an excellent overview of the site and allowed the
observer to draw conclusions about the circumstances surrounding
the accident.

Shooting sites like the one in this case requires care not to exag-
gerate slopes or distances with the use of a zoom lens. The person
shooting the video may be asked to testify about the use of zoom
lenses to ensure that the appearance of the video matched that
observed in real life. ‘

The first sequence on this tape showed the state’s expert driving
through the site in a pickup truck similar to the one driven by the
plaintiff. The sequence shot through the windshield illustrated the
peril of video work. The camera was too low and focused on the
windshield wiper instead of the outside scene. The roadway and sur-
roundings were out of focus. Signs could not be read easily. A
viewer could not draw conclusions about the suitability of the road-
way, the signs, or the traffic control devices. :

Viewers are particularly sensitive to windshield shots of curves
and hills shot by means of hand-held video photography. This site
was in rolling terrain with hills and curves. The tape suggested that
adriver could not see around the curves or over the hills, and jurors
viewing the tape might have been led to believe that the road was
hazardous.

Positive Aspects

This video included a detailed examination of the accident site and
showed the perspective from both approaches. It also contained a
narrated close-up examination of the roadway edge, the low-water
crossing, and other features that might have contributed to the
collision.
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The most positive aspect of this video was the taping of the
pickup truck moving through the low-water crossing at various
speeds. It would be difficult for a viewer of the tape to conclude that
a 40 km/hr (25 mph) trip through the crossing would result in an
accident if the driver was operating the vehicle properly.

Negative Aspects

Major portions of this tape were shot by the daughter of the state’s
expert. Most of the tape featured the expert and daughter driving
toward the accident scene, describing the approach road. Unfortu-
nately, the video camera was aimed directly at the windshield wiper.
The autofocus feature of the camera caused the windshield wiper to
stay in sharp focus and all else to be out of focus. Important signs
beside the roadway were visible only briefly and were out of focus.
The camera operator bounced as the truck hit bumps. Unfortunately,
she lost control of the camera completely as the truck passed over
the low-water crossing. This loss of control and the resulting wild
swinging of the camera substantially offset any positive effects the
video might have had.

Example Four—Computer Animation Prepared From
Photographs

Another good use of video involves computer animation of accident
sequences. Better software has become available, making it easier
to make these videos, improving their capabilities, and enhancing
their quality. As a consequence, the price of production has fallen
and their use in court has become more frequent. Typically, a pro-
fessional laboratory produces the animation from maps, measure-
ments, and photographs of the site. For example, the laboratory may
digitize aerial photographs to create a three-dimensional computer
database. The database yields animated versions of the sites, which
can be viewed from any perspective desired by the observer. This
technique produces high-quality, convincing evidence.

Animation allows a realistic view of the sequence of events in an
accident, which can seldom be obtained through other methods.
Certain events may be difficult for a juror to understand from look-
ing at scattered drawings. In particular, the juror may not grasp the
intermediate events between drawings. One example case involved
an accident that was animated to show the driver’s view of a vehi-
cle moving through a roadway construction zone, then striking a
tree. Another accident was computer animated to show two vehicles
hitting a third vehicle in the roadway. The camera then zoomed in
on a front seat passenger in the first vehicle, to show what happened
in the separate impacts with the two other vehicles.

Example Five—Modeling a Train Collision

Another example video involved a scale model duplication of vehi-
cle movements in a train-car collision. The basic data for the video
were gathered by a reconstructionist who had the train crew return
to the site. With the locomotive stopped at various spots on the
approach, a vehicle was driven down the highway and through the
grade crossing until train crew members could independently iden-
tify the approximate speed of the vehicle involved in the collision.
The train was moved to several locations and the vehicle’s speeds
were established at each point. With these data, the reconstruction-
ist calculated the appropriate speeds and angles of vision.
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A table top model was constructed on the basis of measurements
taken at the site. Scale models of the train and the car were fitted to
the model. They were configured to move up and down the track
and road by means of fine wires strung through pulleys. With posi-
tions calculated from the field observations, testimony, and mea-
surements, the model train and model car were aligned at starting
points and one frame of videotape was shot. Next, the wires were
moved in small increments to relocate the train and car to the exact
scale distance they would have traveled in one-thirtieth of a second,
then another single frame of videotape was shot. This process was
repeated until the collision sequence was completed.

The collision sequence was repeated several times and taped
from various camera locations, even from a platform moving along-
side the model car. The method produced reasonable reproductions
of what happened during typical scenarios related to the accident.
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The resulting video gave the jury an excellent idea of the relative
speeds of the vehicles and how the collision could have happened.

SUMMARY

This paper was prepared to encourage the use of videotape as evi-
dence in highway tort trials and to encourage the documentation of
such uses. Discussions about the differences in how the eye and the
video camera gather information, hints on improving the quality of
video, and good and bad uses of video were included. Example
videos from actual cases were discussed to illustrate the main points
of the paper.

Publication of this paper sponsored by Committee on Tort Liability and Risk
Management. !
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