research RECORD

Number | Visibility and Driver Information
440

5 reports
prepared for the
52nd Annual Meeting

Subject Areas

51 Highway Safety
53 Traffic Control and Operations

HIGHWAY RESEARCH BOARD
DIVISION OF ENGINEERING  NATIONAL RESEARCH COUNCIL
NATIONAL ACADEMY OF SCIENCES—NATIONAL ACADEMY OF ENGINEERING

Washington, D.C. 1973



NOTICE

The studies reported herein were not undertaken under the aegis of the
National Academy of Sciences or the National Research Council. The pa-
pers report research work of the authors that was done at the institutions
named by the authors. The papers were offered to the Highway Research
Board of the National Research Council for publication and are published
here in the interest of the dissemination of information from research, one
of the major functions of the Highway Research Board.

Before publication, each paper was reviewed by members of the HRB com-
mittee named as its sponsor and accepted as objective, useful, and suit-
able for publication by the National Research Council. The members of the
review committee were chosen for recognized scholarly competence and
with due consideration for the balance of disciplines appropriate to the
subject concerned.

Responsibility for the publication of these reports rests with the sponsor-
ing committee. However, the opinions and conclusions expressed in the
reports are those of the individual authors and not necegsarily those of the
sponsoring committee, the Highway Research Board, or the National Re-
search Council.

Each report is reviewed and processed according to the procedures es-
tablished and monitored by the Report Review Committee of the National
Academy of Sciences. Distribution of the report is approved by the Presi-
dent of the Academy upon satisfactory completion of the review process.

ISBN 0-309-02171-5
Library of Congress Catalog Card No. 73-10633
Price: $2.20

Highway Research Board publications are available by ordering directly
from the Board. They are also obtainable on a regular basis through orga-
nizational or individual supporting membership in the Board; members or
library subscribers are eligible for substantial discounts. For further
information write to the Highway Research Board, National Academy of
Sciences, 2101 Constitution Avenue N. W., Washington, D.C. 20418,



FOREWORD

The papers and discussions in this RECORD have one major, common concern: better
visibility for drivers on the highway. The papers deal with street lighting, signs, and
delineation and will be of interest to those involved in sign and lighting design and oper-
ation as well as to those concerned with vision per se. Administrators responsible for
funding lighting programs can also find helpful information in the papers dealing specif-
ically with roadway lighting.

Walton and Rowan present a total design process for roadway lighting. The process
involves visual information needs of motorists, warranting conditions for lighting,
guidelines for lighting design, and cost-effective priorities for fund expenditures. The
priority model presented is based on lighting effectiveness, vehicles or people served,
lighting intensity, roadway mileage, and total annual lighting costs. The authors con-
clude that their process is a rational approach through which current practice could be
revised. The three discussants of this paper are generally complimentary regarding
the extent to which Walton and Rowan's work is useful but suggest areas not considered
in their total design process.

Stark discusses 6 major studies of the effects of illumination on accidents. Wide
variability in accident rate ratios before and after lighting lead to several precautions
that the author feels must be taken in all such studies.

Forbes and Vanosdall report some rather basic visual ability data from a series
of tests on 371 subjects under conditions of simulated night-driving luminance and under
ordinary lighting conditions. Their results relate to age characteristics of the subjects
and should be useful to all concerned with better seeing by drivers at night.

By collecting and analyzing the eye movements of drivers under actual driving situ-
ations for more than 400 Interstate highway signs, Rockwell and Bhise attempted to
evaluate the signs in terms of the driver's sign-reading behavior as related to the
signs, the highway, and the traffic situations. The prime motive of their research
was to develop a methodology for using the eye-marker camera in the evaluation of
signs. They conclude that the camera can be so used and that its use can lead to a
better understanding of the many.different factors that affect sign-reading behavior.
Thought-provoking discussions point to some of the shortcomings of eye-marker cam-
era use but also suggest ways to better use this important research tool in future eval-
uation of highway signs.

Yu and Arnn report the findings of a national state-of-the-art survey of roadside
delineation concepts. The authors discuss evaluation criteria and attempt to formulate
a uniform selection process for optimum delineation treatment under given conditions.
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A TOTAL DESIGN PROCESS FOR ROADWAY LIGHTING

Ned E. Walton and Neilon J. Rowan, Texas Transportation Institute,
Texas A&M University

The design process for roadway lighting involves complex interrelations
among visual information needs, warranting conditions for lighting, guide-
lines for lighting design, and cost-effective priorities for fund expenditures.
This paper presents a lighting procedure based on information needs of
night drivers as related to those interrelations. A framework, consisting
of information needs produced by various traffic facility characteristics,
is established for development of the design process. The information
needs are presented as the requirements to be satisfied by roadway light-
ing, and the traffic facility characteristics producing the needs serve as
the justification or warranting conditions for the installation of lighting.
The number of warranting conditions is used as the determinant of design
criteria and the basis for cost-effective priorities. A priority model is
presented based on lighting effectiveness (the reduction of warranting con-
ditions through the use of roadway lighting), vehicles or people served,
lighting intensity, roadway mileage over which the people are served, and
total annual lighting costs. The priority model favors those facilities with
high warranting conditions that can be lighted most economically. It is
concluded that the total design process is a rational approach through which
current practices can be revised.

oUNDER present technological and economic conditions, fixed roadway lighting prob-
ably offers the most comprehensive means of correcting situations of poor visual en-
vironments at night. Roadway lighting practices through the years have indicated that
lighting, when properly applied, can provide quick, accurate, and comfortable seeing
conditions for the night driver and can result in an overall improvement in highway
accident statistics.

Although the state of the art in roadway lighting has progressed dramatically in the
past few decades, there remains the need to systematically integrate all of the complex
interrelations that exist in the roadway lighting design process. As of yet, there is no
comprehensive process for roadway lighting design that adequately relates to the visual
needs of the driver. Needs for lighting are specified in terms of traffic volumes, ac-
cident experience, and characteristics of abutting property. Those factors in turn
serve as warranting conditions, and the warrants then provide the justification for
lighting. Design criteria are specified in broad terms of lighting a roadway surface
rather than of providing an environment suitable to the driver. Priorities for lighting
installations are normally based on accident experience, traffic volume, or political
influence.

Ideally, the total design process should be based on requirements for a suitable
visual environment. If roadway lighting is to serve its basic function of improving the
driver's visual environment, elements of the environment must be identified and a
method established for determining the driver's needs. When these conditions are
specified, it will be possible to rationally consider requirements for a suitable visual
environment that can be provided by fixed roadway lighting. Apparently, there is a
need to identify or specify the requirements of the night-driving visual environment.

Publication of this paper sponsored by Committee on Visibility.
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The requirements in turn must be systematically integrated for the purpose of de-
veloping design procedures that will assist the designer and administrator in meeting
those requirements through roadway lighting-

The objectives of this paper are (a) to present a compendium of roadway lighting
technology, research, and practice and (b) to present a total roadway lighting design
process based on the most recent lighting technology, research, and practice.

DEFINITION OF TOTAL ROADWAY LIGHTING DESIGN PROCESS
There are 5 elements that constitute the total roadway lighting design process:

1. Informational needs that are to be satisfied by the provision of fixed roadway
lighting (requirements for a suitable visual environment);

2. Justification for lighting (warranting conditions);

3. Design criteria for lighting (provisions for the informational needs);

4. Realization of design criteria (illumination design); and

5. Cost-effectiveness priority determination (which lighting designs are most ef-
fective and should be installed first).

Heretofore, these elements have stood alone and were never integrated into a total
system. Incorporated into an overall program, the 5 elements will provide a tool with
which the designer and the administrator can carry a lighting program from the in-
vestigation of needs to the implementation of the final project.

Requirements for a suitable visual environment, warrants for lighting installation,
guidelines for lighting design, and cost-effectiveness priorities are all interrelated to
the extent that positive separation is difficult, if not impossible. Therefore, it is de-
sirable that the design process be developed around a common framework that is re-
sponsive to and compatible with all elements of the process. The common framework
is the informational basis of visual communication as related to driving performance
under various traffic facility conditions. That framework can provide for a systematic
treatment of all elements that constitute the total design process.

The requirement for a suitable visual environment provided by fixed roadway light-
ing is the visual access of information needs necessary for safe and efficient vehicle
operation. Provision of visual access and resulting comfort to the driver are positive
benefits to be derived.

On a traffic facility the need for lighting increases as the need for information in-
creases. Justifications or warrants for lighting are, therefore, informational needs,
and those informational needs are influenced by the characteristics of the traffic facil-
ities. A determining factor for roadway lighting design criteria is the extent to which
informational needs can be satisfied by roadway lighting. The level of lighting in-
tensity should be proportional to the level of information needs.

Access to needed visual information provided by roadway lighting also serves as a
measure of benefits or effectiveness. Optimum cost effectiveness occurs when the
access to information is provided to more people at an equal cost. This optimal so-
lution is also a priority indicator.

Thus, conceptually, the total design process can be defined and developed in terms
of visual information needs.

PREVIOUS RESEARCH AND PRACTICE RELATED TO
THE TOTAL DESIGN PROCESS

Visual Information Needs

A number of attempts have been made to characterize driving performance in terms
of the amount of information drivers gather from the environment and how it relates to
vehicular control. King and Lunenfeld (16) determined that visual information needs
fell into 3 categories: microperformance needs associated with lane control and ve-
locity; situational performance needs associated with interaction with the roadway,
other vehicles, and the environment; and macroperformance needs associated with
navigation from an origin to a destination.



Gordon (13), Senders (22), and Rockwell, Ernst, and Rulon (18) have determined
that microperformance visual needs are satisfied by vehicle headlighting. Rowan and
Walton (19) and Woods and Rowan (26) provided information to conclude that naviga-
tional needs (primarily signing) are satisfied by a combination of retroreflection and
headlights or external sign lighting. Walton (27) concluded that navigational informa-
tion needs are those most closely associated with fixed roadway lighting. Walton (27)
used a multidisciplinary study team consisting of various professionals and lay drivers
to determine the visual information needs to be provided by fixed roadway lighting on
both controlled-access and non-controlled-access facilities. Walton (27) also reports
the traffic facility characteristics producing or contributing to the visual information
needs.

Warrants for Lighting

Fixed roadway lighting practices in the United States vary from state to state and
from city to city. However, there are 2 accepted standards of practice: An Informa-
tional Guide for Roadway Lighting (3) and American National Standard Practice for
Roadway Lighting (2). The Informational Guide is used by the state highway depart-
ments, and the Standard Practice is used by most cities that have established lighting
programs.

The Informational Guide cites the following conditions as those warranting or jus-
tifying lighting:

1. Freeway lighting—adjacent street grid system with lighting, developmental light-
ing, close interchange spacing, average daily traffic of 30,000 vehicles, high night-to-
day accident experience, and willingness of local government to pay costs;

2. Interchange lighting—adjacent lighting at the interchange and average daily traf-
fic of 5,000 vehicles and more depending on the specific design; and

3. Roads other than freeways—in general, locations where the respective govern-
mental agencies concur that lighting will contribute substantially to the efficiency,
safety, and comfort of vehicular and pedestrian traffic and where resulting benefits,
both tangible and intangible, are in the interest of the general public.

The Standard Practice lists the following conditions that should be examined in de-
termining the need and, thus, justification for lighting: types of land use development
abutting the roadway or walkway (area classification), type of route (route classifica-
tion), traffic accident experience, street crime experience and security, and roadway
construction features.

These conditions make mention of several important traffic considerations, but
there is little indication as to how the conditions relate to driver informational needs
and roadway lighting. There is the implication that roadway lighting serves the basic
purpose of traffic safety (the prevention of accidents), whereas the informational as-
pects of lighting should be stressed. It is logical that improvement in the visual in-
formation system will improve efficiency of traffic operations, and traffic safety is a
by-product of efficiency.

Constructively, the Informational Guide and the Standard Practice do provide some
indication of informational needs. That is achieved through area classification (com-
mercial, intermediate, residential, urban, and rural) and route classification (free-
ways, majors, collectors, locals, and alleys). The implication is that driver infor-
mational needs vary with location and type of facility. The primary deficiency is the
lack of scaling or relation to various conditions on each type of facility producing or
contributing to the need for lighting. Thus, it would be desirable to use traffic facility
characteristics that produce or contribute to visual information needs as warranting
conditions.

Design Criteria

The horizontal footcandle (HFC) is the primary design criterion specified by the In-
formational Guide and the Standard Practice. Visual effectiveness is not necessarily
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directly related to horizontal levels of illumination, but a minimum quantity of light
must be provided even under the most favorable conditions before visual contact with
the surroundings can be established.

It has been suggested that road luminance be used as the primary criterion in lieu
of horizontal footcandles (12). Road luminance is dependent on type of light control
used, color and texture of the pavement, angle of incident light, and angle of viewing.
Several of these elements may be standardized for design purposes. However, pave-
ment color and texture, which determine reflectance properties, vary greatly among
different types and ages of pavement. Ketvirtis (15) has pointed out that a good con-
crete surface initially can reflect 25 percent of incident light, but that is reduced to
16 or 18 percent by the accumulation of carbon, oil, and chemicals. Asphalt surfaces,
on the other hand, have 10 to 11 percent initial reflectance, but later, because of
polishing, the reflectance is increased to 12 or 14 percent.

Ketvirtis (15) suggests using an approximation of pavement luminance based on
horizontal footcandles and on average coefficient of luminance. This approximation
provides a closer relation with actual lighting effectiveness than the method based on
horizontal illumination units and yet does not entail point-by-point luminance calcula-
tions involving information on reflectance properties that are unavailable, subject to
change, or unpredictable because of maintenance pavement overlay practices.

Uniformity of light is another important design criterion recommended by the In-
formational Guide and the Standard Practice. The ratio of maximum to minimum
levels of horizontal footcandles has been considered desirable (1_5), but average to
minimum ratios are now used for the following reasons:

1. Visual adaptation will tend toward the average level,;

2. The average level of horizontal illumination is used extensively as a design
parameter; and

3. The absolute maximum value is likely to vary greatly with lighting components.

It would be practical at the present time to use average illumination, average re-
flectance, average to minimum ratios, and maximum to minimum ratios as design
criteria. In addition, quality of light can be controlled through existing Standard
Practice luminaire designations.

TNlumination Degign

Illumination design is the process of selecting mounting heights, spacings, and lo-
cations for selected luminaire types and light sources to achieve the specified criteria.
There are 3 general types of illumination systems that are practical in illumination
design: continuous lighting of a roadway section of any length; partial lighting of inter-
sections and interchanges; and area lighting of interchanges. Continuous lighting and
partial lighting are normally achieved through what is termed ''conventional lighting"
with mounting heights ranging from 30 to 60 ft. Area lighting of interchanges is
achieved through "high-mast" lighting with mounting heights of 100 to 200 ft (24).

The design criteria may be achieved through the following methods:

1. In the computational approach (2),

) . .. LLx CUx LMF

Average illumination = =N

where LL = lamp lumens at replacement time, CU = coefficient of utilization, LMF =

luminaire maintenence factor, S = luminaire spacing, and W = width of lighting area.
2. In the point-by-point approach (27),

E _CP cos 8
T

where E, = illumination at a point, CP = candlepower at angle g, 6 = angle from the
vertical through the system to the point, and d = distance from the light source to the
point.
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3. In the design standards approach (27), typical spacings and mounting heights for
specific luminaire types and light sources for various design criteria levels are es-
tablished based on previous experience or testing.

Very acceptable results may be achieved by using any of these techniques.

Cost-Effectiveness Priorities

A detailed review of research and practice indicates that cost effectiveness is the
only method of economic analysis amenable to roadway lighting. All other methods,
including the cost-of-time method, benefit-cost method, rate-of-return method, and
total-transportation-cost method, involve monetary evaluations of effectiveness. These
methods could be used to determine best designs and set priorities, if lighting effective-
ness could be measured in dollar terms. Unfortunately, however, it is not possible
with the current state of the art to measure even in physical units the effects on mo-
torists of different types and degrees of lighting in different situations much less the
value of changes in those physical units in dollar terms.

It appears logical, therefore, that cost effectiveness and priorities be determined
on the basis of visual information needs provided by fixed roadway lighting.

DEVELOPMENT OF A TOTAL DESIGN PROCESS

Visual Information Needs

Research was conducted by the Texas Transportation Institute to identify those ele-
ments of the night-driving visual environment that are necessary for safe and efficient
traffic operations. Knowing those elements that are important to the driver as visual
information tasks allows for orderly consideration of the illumination design require-
ments to satisfactorily accomplish the tasks.

Multidisciplinary teams consisting of prefessionals and lay drivers were used in
Atlanta and Dallas in night-driving situations to identify information needs that should
always be provided at night to the driver of a motor vehicle. These needs are given
in Table 1 for controlled-access and non-controlled-access facilities. In addition, the
teams identified the operational, geometric. and environmental conditions producing or
contributing to the visual information needs. Those conditions are given in Table 2.

It is noted at this point that fixed roadway lighting is not a panacea for all visual in-
formation needs. There are elements of the visual environment that often can be made
adequately visible by vehicle headlights. There are other elements that no amount of
fixed lighting will make visible if they are not present or properly maintained (lane
lines, edge lines, and delineators). Therefore, it is paramount to state that fixed
lighting and traffic control measures cannot be considered independently. It is first
necessary to provide adequate pavement markings, delineation, signing, and even de-
sign features because fixed roadway lighting can only illuminate and supplement those
necessary elements.

Warrants

A basic classification concept has been developed for the treatment of warranting
conditions, criteria, and cost-effectiveness priorities. That concept is shown in Fig-
ure 1. The geometric, operational, and environmental parameters that produce or
contribute to information needs have been broadly categorized. In addition, accident
history has been included.

Using this concept and the needs and characteristics given in Tables 1 and 2, a pro-
fessional team consisting of representatives from traffic characteristics, traffic oper-
ations, geometric design, illumination design, and economics established the relative
importance of the characteristics to serve as the basic warranting scheme for roadway
lighting. The relative importance was determined by field studies, literature, and col-
lective judgment of the professional team. Figure 2 shows an example of the quantifi-
cations that were made for use as warranting conditions for non-controlled-access
facility lighting. Similar ones were made for lighting of intersections. controlled-
access facilities, and interchanges.



Table 1. Visual information needs to be provided by fixed roadway lighting.

Non-Controlled-
Access Facilities

Controlled-Access
Facilities

Non-Controlled-
Access Facilites

Controlled-Access
Facilities

Roadway geometry
Roadway surface
Roadway objects
Roadway edge
Roadway markings
Signs

Signals

Delineation
Intersection location
Channelization outline
Access driveways

Roadway geometry
Roadway surface
Roadway objects
Roadway edge
Roadway markings
Signs

Signals on crossroads
Delineation
Intersection location
Channelization outline
Curb locations

Shoulders
Roadside objects
Curb locations
Vehicles on facility

Pedestrians
Pedestrian crosswalks
Sidewalks

Shoulders

Roadside objects

Vehicles on facility

Vehicles on interchanging
facilities

Ramp entrances

Ramp exits

Merge points

On-ramp geometry

Off-ramp geometry

Table 2. Traffic facility characteristics producing or contributing to visual information

needs.

Location Geometric Operational Environmental

Non-controlled-access Number of lanes Signals Development

facilities Lane width Left-turn signals Type of development

Median openings and lanes Development setback
Curb cuts Median width Adjacent lighting
Curves Operating speed Raised curb medians
Grades Pedestrian traffic

Non-controlled-access
intersections

Controlled-access
facilities

Controlled-access
interchanges

Sight distance
Parking lanes

Number of legs
Approach lane width
Channelization
Approach sight distance
Grades on approach
Curvature on approach
Parking lanes

Number of lanes
Lane width
Median width
Shoulders
Slopes

Curves

Grades
Interchanges

Ramp types
Channelization

Frontage roads

Lane width

Median width

Number of freeway lanes
Main lane curves
Grades

Sight distance

Operating speed on
approval

Type of control

Channelization

Level of service

Pedestrian traffic

Level of service

Level of service

Development
Type of development
Adjacent lighting

Development
Development setback

Development
Development setback
Crossroad lighting
Freeway lighting

Figure 1. Traffic facility classification.

GEOMETRIC
IDEAL GEQMETRICS

SUPERIOR GEQMETRICS

LEVEL OF COMPLEXITY OR SEVERITY

MINIMUM GEQMETRICS

CRITICAL GEOMETRICS

EXTREME GEQMETRICS

OPERATIONAL
IDEAL OPERATIONS

SUPERIOR OPERATIONS

E)

SATISFACTORY OPERATIONS

CRITICAL OPERATIONS

5

EXTREME OPERAT IONS

1

ENVIRONMENTAL
IDEAL ENV [RONMENT

SUPERIOR ENVIRONMENT

)

SATISFACTORY ENVIRONMENT

4

CRITICAL ENVIRONMENT

5

EXTREME ENVIRONMEN

1

ACCIDENT

EXTREMELY LOW NIGHT
ACCIDENT RATES

NIGHT ACCIDENT RATE
LOWER THAN DAY RATE

]

T0O DAY RATE

NIGHT ACCIDENT RATE EQUAL

4

NIGHT ACCIDENT RATE
HIGHER THAN DAY RATE

EXTREMELY HIGH NIGHT
ACCIDENT RATE

)

4

5
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The classification factors listed in the first column are the geometric, operational,
and environmental factors identified by the multidisciplinary teams in field studies at
Atlanta and Dallas. Accident history is also included as a classification factor. The
next 5 columns are quantifications of the classification factors as assigned by the pro-
fessional team. The quantifications correspond to the basic scheme shown in Figure 1.
The next 2 columns are weighting factors assigned by the professional team to indicate
the relative importance of the various classification factors under lighted and unlighted
conditions, and the following column represents the difference between the weightings
for those 2 conditions. That difference is the measure of effectiveness that can be
achieved through the provision of fixed roadway lighting. The final column is the score
for each of the classification factors and is obtained by multiplying the rating of each
factor by the difference in unlighted and lighted weightings. The total of all scores rep-
resents the warranting points or conditions for fixed roadway lighting. This total is
compared to the minimum warranting condition points listed at the bottom; if the min-
imum points are exceeded, roadway lighting is warranted.

The minimum warranting points at the bottom of the figure were obtained by rating
all classification factors at average conditions (3 on the scale of 1 to 5). Any combi-
nation of ratings that will produce a total exceeding the minimum would warrant road-
way lighting. The degree to which the total points exceed the minimum serves as the
basis for design criteria and priorities discussed in the following sections.

It may be desirable for those using the process to set their own minimum level. The
true effect of doing so is minimal if a priority procedure is followed in conjunction with
the warrants. If this is done, those facilities with greatest needs will still be scheduled
first for implementation and will receive the available funds.

Design Criteria

The basic illumination level for a lighting project should correspond to the mini-
mum levels recommended by the Informational Guide and the Standard Practice. These
values, given in Table 3 are considered the basic values because they represent a min-
imum of modifying conditions (geometry, operations, environment). Although these
minimum values have little direct physiological or vision basis, they have been well
established through many years of research and practice. Provision should be made,
however, to adjust them on the basis of warranting conditions. For a roadway re-
ceiving a score exactly that of the minimum warranting points, the level of illumina-
tion would be the basic value given in Table 3. For any other number of points exceed-
ing the minimum, the level of illumination may be computed as

_Lpgie x E
w = B — (1)

where

w = level of illumination, in HFC;
Iissc = basic values given in Table 3;
E = total warranting points on a facility; and
MW = minimum warranting points for a given type of facility.

For example, if a non-controlled-access facility received a total of 127 points, the
level of illumination would be

W= Lpsic X E
MW

_(1.0) (127)
= (85)

=1.55 HFC
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Figure 2. Classification for non-controlled-access facility lighting.

Rating Unlit Lighted Differ- Score
— Weight  Weight  ence [Rating
Classification Factor 1 2 3 4 5 (A) (B) (A-B)  X(A-B)]
Geometric
Number of lanes 4or( = 6 - 8or) 1.0 0.8 0.2
Lane width, ft 12 12 1 10 Yor( 30 25 05
Median openings per mile (4.0or 1-way 4.0-8.0 8.1-12.0 12.0-15.0 ) 15,0 or no 50 30 20
operation access con-
trol
Curb cuts, percent (10 10-20 20-30 30-40 )40 5.0 3.0 2.0
Curves, deg (3.0 3.1-6.0 6.1-8.0 8.1-100 Y10 13.0 5.0 8.0
Grades, percent (3 3.0-39 4-49 5.0-6.9 7 or) 3.2 28 04
Sight distance, ft ) 700 500-700 300-500 200-300 (200 2.0 1.8 0.2
Parking Prohibited Loading Off-peak only Permitted one  Permitted both 0.2 0.1 0.1
both sides zones only side sides
Total
Operational
Signalized intersections All major Substantial Most major About half Not many 3.0 2.8 0.2
majority
Intersections with left- All majoror  Substantial Most major About half Infrequent 5.0 4,0 1.0
turn lane and signal 1-way majority turn bays or
aperation undivided
streets
Median width, ft 30 20-30 10-20 4-10 0-4 1.0 0.5 05
Operating speed 25 or{ 30 5 40 45 or) 1.0 0.2 08
Pedestrians at night/ Few or none  0-50 100-200 200 15 0.5 1.0
mile s
Total
Environmental
Development, percent 0 0-30 30-60 60-90 100 05 0.3 0.2
Predominant type of Undeveloped Resi i Half Industrial or Strip industrial 0.5 03 0.2
development or backup and/or commercial or com-
design commercial mercial
Sethack distance, ft {200 150-200 100-150 50-100 (50 05 0.3 0.2
Advertising or area
lighting, percent None 0-40 40-60 60-80 100 3.0 1.0 20
Raised curb median None Continuous At all inter- At signalized Few locations 1.0 05 05
sections intersections
Crime rate Extremely Lower than  City avg Higher than city Extremely high 1.0 0.5 0.5
tow city avg avg ——
Total
Accidents
Ratio of night to day (1.0 1.0-1.2 1.2-156 1.5-2.0 2,00 10.0 20 8.0
eccident rates
Grand total
®Continuous lighting warranted.
Table 3. Recommendations for average maintained horizontal
illumination.
Horizontal
Location Footcandles Lux
Controlled-access facilities, including major
interchanges 0.6 6.0
Non-controlled-access facilities
Primary arterials, expressways, and major highways 1.0 11.0
Secondary arterials, major collectors, and secon-
dary highways 0.6 6.0
Minor collectors and minor commercial roads 0.4 4.0
Local roads, streets, and alleys 0.2 2.0
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To account for differences in pavements, data from the International Recommenda-
tions for the Lighting of Public Thoroughfares (1_4) may be used. Those data, along
with a conceptual rating similar to that shown in Figure 1, can be used to scale or
modify the level of illumination. By assigning a unit value to average pavement con-
dition, one can establish a weighted multiplier for each of 5 pavement classifications.
The multipliers are as follows:

Pavement Multiplier
Extremely light 0.80
Above average 0.90
Average 1.0

Below average 1.2
Extremely dark 1.4

The illumination values for a facility can then be determined by

_Jasic X E x Ry (2)
MwW

w

where R,; = pavement condition multiplier. From the previous example, the design
level of lighting for extremely dark pavements would be

w = (1:0) (1.27) (1.4)
- (85)

=2.17T HFC

In addition to this criterion, uniformity should correspond to the accepted 3 to 1 ratio.
Also a ratio of maximum to minimum illumination of 6 to 1 should be specified.

Areas other than the roadway surface should also be illuminated. The informational
needs and traffic facility characteristics previously discussed indicate many visual
tasks adjacent to the roadway. Inasmuch as a distance of 30 {t from the traveled way
has been established as a width of frequent errant excursions by vehicles, it is recom-
mended that this roadside area be illuminated to no less than the minimum intensity on
the traveled way.

Illumination Design

Any of the 3 basic design approaches discussed previously can be used to design an
illumination system. Points to be considered are primarily mounting height and spac-
ing as related to the design criteria. Higher heights usually provide a better distribu-
tion of light over larger roadway areas and, thus, provide a more economical installa-
tion (17). The higher heights also permit the use of the larger, more efficient light
sources. On the other hand, the maximum mounting height is frequently determined
on the basis of effective working height of maintenance equipment. As a general rule,
the mounting height selected for a given design will be the maximum height commen-
surate with the average level of illumination and maintenance constraints.

A final consideration in illumination design is the location of luminaire supports
with respect to the traveled way. It is recommended that luminaire supports be lo-
cated as far as practicable from the through traffic lanes for 2 reasons: (a) The prob-
ability of impact is reduced and (b) less glare and better uniformity are achieved when
the luminary is mounted over the shoulder or curb rather than over the traffic lanes.

In addition, all luminaire supports in areas other than low-speed, high-pedestrian
situations should be the breakaway type. Several references are available for deter-
mining proper breakaway supports (17, 25).
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Cost-Effective Priority Determination

Once the visual needs, warranting conditions, and design crileria are established,
the final step in the total design process is to determine the most effective designs and
to set priorities for implementation. The final step provides the designer and the ad-
ministrator a tool for expending public funds in a manner such that maximum effective-
ness is achieved.

In general, the following cost-effectiveness procedure is used for evaluating designs
and setting priorities for a particular situation:

1. Specify several lighting designs that give the desired level of lighting effective-
ness. (For a more complete optimization procedure, consider several levels of ef-
fectiveness.)

2. For each feasible lighting configuration, specify different circuits that are fea-
sible for that configuration. Estimate the cost of each of these circuits and subopti-
mize by choosing the least costly circuit for each design. It is also possible to further
suboptimize by considering different user-utility ownership arrangements for each
circuit and to choose the least costly (or "best" in some other sense) ownership ar-
rangement for each circuit. Then compare these least costly ownership arrangements
to obtain the least costly circuit for each lighting configuration.

3. Summarize the effectiveness and cost for each feasible lighting design and choose,
using this summarized information together with judgment, the '"best'" design. (This
"pest" design, together with its effectiveness and cost, is the design that is used in
priority determinations.)

4. Determine the number of people that will benefit from the lighting installation
(night traffic) and the distance over which they will benefit (the number of lane-miles).
Then, using those data, along with the best design, effectiveness, and cost, assign a
priority for installation.

A cost-effectiveness priority model has been developed for use in achieving the above
steps. This model is expressed as

g NADT, | F
P, = AC (3)

where

P, = priority index for a given lighting installation;
E = calculated lighting effectiveness (total warranting points for the given
facility);
NADT = design night average daily traffic;
n = number of lanes;
L = affected lane-miles of lighting;
F = actual level of average illumination produced by the best design;
w = warranted design level of illumination as computed by Eq. 2; and
AC = total annual costs for the best design, including installation, operation,
maintenance, and vehicle-pole collision accident costs.

Several sources are used to provide the input data for the model. Data such as
those shown in Figure 2 are used to determine E, Eq. 2 is used to determine w, and
forms shown in Figures 3, 4, and 5 are used to summarize the other data. In addition,
forms provided by Cassel and Medville (8) may be used for detailed equipment specifi-
cation and cost data. The form shown in Figure 3 provides a total summary for each
lighting project. Form 2 (Fig. 4) can be used to summarize cost and effectiveness,
and form 3 (Fig. 5) can be used to specify roadway lighting configurations. Expected
accident costs for vehicles hitting lighting installations should be calculated and can be
done by using the procedure developed by McFarland and Walton (17). The priority
index model will favor those facilities with high warranting conditions that can be
lighted most economically.
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(16) Priority Index:

(17) Annual Cost:
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Figure 4. Costand  !DENTIFICATION NUMBER:

effectiveness EFFECTIVENESS
summary form. ANNUAL COST® © Priority Index?
(5) (7) Ave. 1)
(1) (3} (4) Mainte- | (6} Light Foot (10} Ave/ | {12) (13)
Configu- (2) Initial | Equiv- nance Sub- Pole | {8) Candles Min, Min, Multiptier | Multiplier
ration Circuit Capital | alent and total Acci- | Total Actual Foot Ratio | x Col. (9) | x Col. {9)
Number | Number® | Cost Capital® | Power | (4)+(5) | dent | (6)+(7) | (F) Candles | (9)/{10) | *Col. (8) | + Col. (8)
1
2
3
4
5
6
7
8
]
10
°Circuit number chosen as best for given configurations.
bColumn (3) multiplied by capital recovery factor for chosen analysis period and interest rate.
“For best hi idered
9“Multiplier” is taken from Form 1.
Figure 5. Roadway lighting configuration summary form,
IDENTIFICATION NUMBER:
Lamp Characteristics Pole Characteristics .
Light Hlumination
Configu- Light Mounting Over- Lumi- | Distri- {footcandles) Unifor-
ration ASA Output Power Height hand naire bution | Arrange- | Spacing mity
Number Type Designation | (lumens) {watts) (feet) (feet) Type* | Type ment {feet) Average Minimum | Ratio
2
3
4
5
6
7
8
g
10

*HB = horizontal burning.
bSE = standard enclosed.
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INTERPRETATION AND APPRAISAL

A total design process, based on efficiency of night visual communications and traf-
fic facility characteristics, has been presented. This commentary reflects an inter-
pretation and appraisal of the process.

1. There are visual information needs associated with each level of performance in
the driving task.

During the night, most information needs that can be satisfied by roadway lighting are
associated with the situational level of performance. However, in many cases, the in-
adequacy of positional information (lane lines, edge lines, and delineation) produces the
situational needs. If a driver is forced to search for positional information, he has
little time left to attend to situational and navigational tasks. It is necessary, there-
fore, to provide adequate traffic control and even design features, because fixed road-
way lighting can only illuminate and supplement those necessary elements.

2. Geometric, operational, and environmental characteristics of a traffic facility
determine the informational needs and, thus, the efficiency of night visual communica-
tions.

Informational needs identified by the study teams were classified according to geo-
metric, operational, or environmental conditions producing them. Those conditions
and accident history were used as the parameters for traffic facility classification.
The adequacy of the classification scheme is dependent on the reliability of the team
studies, accident data in the literature, and professional judgment.

3. Roadway lighting is warranted by the informational needs on a traffic facility.

The classification process presented in this research is a method of determining
visual information needs on a given traffic facility and, thus, of justifying (warrants)
for lighting. The process is a definite quantification of the conditions producing in-
formational needs as well as accident history. Minimum warranting conditions are
those for average conditions on a given functional classification. It is possible for the
minimum conditions to be changed, depending on the basic philosophy of the agency
using the procedure. The true effect of setting the minimum conditions is not critical
if a priority procedure is followed in conjunction with the warrants. If that is done,
those facilities with greatest needs will be scheduled for implementation first and will
receive the available funds.

4. The design level of intensity depends on the magnitude of the informational needs
on a given facility.

A positive method for determining design intensity has been suggested. It is quan-
titatively related to the magnitude of warranting conditions and, thus, to visual infor-
mation needs. It is not directly related to any specific visual task problem. A vision
model that accounts for every conceivable modifier in any given visual task problem
would be desirable. Also desirable would be having available pavement reflectance
data for all pavement types and having the lighting designer control pavement reflec-
tance for the design life of the lighting system. Such a visionary model is not practical
or possible now. There is no design-oriented method for obtaining pavement reflec-
tance data, and if there were current pavement maintenance practices (e.g., overlay)
would destroy its utility. Thus, the procedure presented here is a realistic and ra-
tional approach.

5. Cost effectiveness should be used to evaluate alternative lighting designs.

Cost effectiveness is the only method of economic analysis amenable to roadway
lighting. All other methods use monetary evaluations of effectiveness or benefits, and
not all lighting effectiveness can be measured in dollar terms. For example, what is
the value of informational input? What is the value of driver comfort? This paper
suggests that effectiveness can be measured in terms of supplying informational needs.
As more needs are provided, the effectiveness of lighting increases.
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6. Priorities for fixed lighting installations are established on the basis of need
related to cost.

Information needs, reflected in warranting conditions, serve as the effectiveness
measure in priority determination. The priority model presented will favor those
facilities with high warranting conditions that can be lighted most economically.

7. Full success of the total design process depends on its flexibility for growth,
change, correction, or modification that may result from field implementation and
evaluation and from subsequent research.

The process has a flexibility for growth, change, correction, or modification.
Every effort should be made by practitioners and researchers to contribute to its suc-
cess. The total design process should be subjected to trial implementation and evalua-
tion by agencies responsible for roadway lighting practices. The necessary revisions
should be made, and then the process should be incorporated into practice. It is rec-
ognized that setting policies and procedures for design and administrative purposes is
not within the province of research. However, it is believed that the current design
guidelines could be revised to incorporate the features of the total design process.
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DISCUSSION

J. Stuart Franklin, Hendersonville, North Carolina

For the first time, the roadway lighting design process is formally considered
from a systems standpoint and is based on recognized visual information needs of the
driver. That is good and represents a major step forward.

As with any first attempt, however, controversy will arise over how the rating and
weighting systems were derived. Perhaps the authors should have gone into detail in
that area, for example, the rational and mathematical analysis used, the number of
people participating in those decisions, and information on their backgrounds, training,
and especially their visual capabilities. In this area, several questions come to mind:

1. There is no mention of weather factors such as rain, snow, or fog. Why were
those important environmental factors excluded ?

2. With reference to "pavement condition multipliers,' no mention is made of wet
pavements being darker than dry pavements or of rough, good skid-resistant pavements
being darker than smooth, poor skid-resistant pavements. Also, under heavy traffic
conditions and in snow areas the pavement may hardly be visible to most drivers. Can
those considerations be included in future revisions of this design procedure ?

3. I wonder whether the statement is true that ""quality of light can be controlled
through existing standard practice luminaire designation." This appears to be an area
that needs to be included in an overall design process but is not. Individual municipal
governments are beginning to set their own standards. That practice can lead only to
confusion in the future.

A feature that this paper, which is promoting a new approach, should have included
is one or two practical examples. For example, a state highway department should
have applied this method, compared it with the standard day-to-day approach, and re-
ported whether the same or different results were obtained and what the advantages
and disadvantages are of applying this approach to real-world situations. Perhaps that
could be the subject of some 1974 papers.

A departure from present practice is in recommending "minimum" illumination in
the region 30 ft out from the pavement. Perhaps the authors could comment on the
uniformity they expect in that region and whether those conditions can be obtained from
existing luminaires.
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Quality in lighting (as in everything else) costs money. Inanalyzing Eq. 3, the cost-
effectiveness priority model, I seem to find that the priority index increases with the
number of warranting points, the number of vehicles, and the number of miles and de-
creases with increased lighting cost. Low-cost, poor-quality jobs will always have a
high priority index. That, of course, refers to my question 3 above. Will the authors
expand on how "'quality-of-lighting' factors can be better included in their mathematical
model ?

Richard E. Stark, Illinois Department of Transportation

A total design process must be based on adequate research. Basic research es-
tablishes the relation between the environment and the motorists or pedestrians.

Psychophysiological studies must be made to determine the total visual needs in a
variety of environments. Those visual needs can be divided into static and dynamic
scenes. Each one must be analyzed to determine the optimal lighting design required
to satisfy the needs. It does not appear at this point that the required research exists
although parts of the visual relation between the driver and his environment have been
defined.

Past procedures have been to determine lighting levels in terms of overall environ-
ment and operational characteristics of the roadway. The purpose here is to provide
a basic economic criterion for installation of systems. The lighting engineer has al-
ways been responsible for adjusting to geometric and operational influences on a unit
by unit basis. For example, it may be determined that a freeway is to be lighted to a
level of 0.6 ft-c. That figure establishes nothing more than a gross economic overview
of the system; it says very little about the type of system or quality. Systems could
range from one with 150-ft towers at long spacing to one of continuous luminaires
mounted a few feet from the roadway.

Specifying a uniformity ratio of 3 to 1 does begin to help; but, even using that ratio,
one can obtain a variety of designs, some of which are not very uniform.

To present, in addition, a criterion of maximum to minimum of 6 to 1 further qual-
ifies the type of design but does not automatically provide better visibility. In fact, in
some instances the design may be hindered by requiring this ratio.

At the present time, the most important asset an illumination engineer has in de-
signing a system is experience. He must be able to adequately illuminate those objects
that are important to the motorist. Sufficient illumination quantity and quality must be
provided not only on pavement surfaces but also at locations of specific geometric con-
figurations in such a way as to reveal their presence to the night motorist.

A system can meet all of the criteria set forth in this paper and still hide the areas
that are critical to the driver's visual needs. I am referring, of course, to the ge-
ometry of the lighting design. Because the 5,000- to 10,000-ft-c level of daylight is
not available to reveal all objects by surface detail, lighting engineers must concen-
trate on fixture placement and distribution patterns to reveal those areas. Examples
of those types of configurations are ramp entrances and exits, gore areas, guardrail
installations on horizontal and vertical curves, intersections, pedestrian crossings,
fixed objects adjacent to the pavement, and numerous other physical features. In ad-
dition, there arethe intermittent vehicle and pedestrian in the dynamic visual scene.
The criteria to be used in placing fixtures and selecting distribution patterns to prop-
erly illuminate those features have to my knowledge not been documented.

Regarding the matter of warrants, several factors must be considered. Many of
them have been confirmed in this presentation, but I would like to suggest two others.
One is driver comfort, which appears to have no weighting factor. It is extremely
difficult to measure as are many of the items included in the environment portion of
the warrants. We should recognize, however, that an irritated driver is more of a
potential accident candidate.

Another factor is the recognition of pedestrians as traffic. Their lighting needs
should certainly be considered. It is not always true that a lighting system properly
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designed for motorists is also adequate for pedestrians. Pedestrain problems with
glare and parkway lighting must be considered

An area that appears to have diminishing importance in this report is traffic volume.
I believe that traffic volume is still very important despite the geometric conditions.

A poor geometric situation with extremely low volumes may not warrant lighting be-
cause the number of events and conflicts are of little significance. On the other hand,
a roadway as nearly perfect as possible can still have events that are related not to
geometrics but to volume. As volume increases, events such as vehicle breakdowns,
multiple vehicle accidents, debris falling from trailers and trucks, and erratic pedes-
trian occurrences begin to increase and occur on a regular basis. Higher volume usually
means higher numbers of pedestrians: motorists who leave their vehicles because of
disabilities and accidents and an occasional hitchhiker. On the Chicago expressway
system in one year, approximately half of the fatalities were pedestrians (38). My
thought is that volume should be included with the operational factors. Also, should
not pedestrian traffic be included in Table 1 under controlled-access facilities ?

The use of the weighted system of warranting lighting on a new freeway facility
would be very difficult. Because no accident experience is possible, no lighting would
be provided. In designing new freeways, highway designers today usually attempt to
eliminate all known problems of the past. So, comparison with existing installations
is difficult. Operational factors and environmental conditions are also difficult to
assess before the roadway is actually constructed. Many of those features are actually
generated by the new facilities. Shopping centers, housing developments, frontage
roads, industrial sites, and parks usually spring up when transportation needs are met.

Another area relative to the presentation is the matter of crime and its relation to
fixed lighting. Should crime rate be included in the factors for freeway lighting? A
disabled motorist is a potential victim. How does one arrive at a weighting factor for
crime ?

A pavement multiplier to consider the different reflectance factors of the pavements
has been included in this report. As previous reports have shown, pavement reflec-
tance is extremely difficult to determine and use in lighting calculations. The reflec-
tance factor can change because of roadway wear or staining during the life of the pave-
ment. How can that be predetermined ?

The authors state that there are elements of the visual environment that often can be
made adequately visible by vehicle headlights. Some qualification ought to be made here
in terms of the inadequacies of headlights. Headlights as well as the suspension sys-
tem of the vehicle must be properly maintained. Even with new lamps and proper
alignment, vehicle speeds of more than 50 mph leave the motorist little or no time to
react to objects as they become visible. Finch has estimated that a third to a half of
all vehicle head lamps are misaimed.

The matter of cost effectiveness is somewhat confusing. Each design is optimized,
but the best design is selected based on the judgment of the designer. That design may
have the best illumination but have a higher cost, in which case it will be low on the
priority index. A poor design may have a high priority. On the other hand, one may
be able to increase the value of F design level at a higher rate than the annual cost, in
which case a higher priority will be given to jobs with higher design levels. Some de-
signs can be doubled in level for less than twice the increase in cost. In summary,
cost effectiveness is a good technique to provide decision-making information, but
good judgment is still required to select quality designs at reasonable costs.

In the introduction to the paper, the authors point out that the current practice of
roadway lighting is specified in terms of lighting a roadway surface rather than provid-
ing an environment suitable to the driver. The authors are quite accurate in that
statement, and I believe there is much evidence of this in existing installations. They
go on to say that ideally the total design process should be based on requirements for a
suitable visual environment. It is quite apparent that the authors have identified many
of the visual needs in a suitable environment. They conclude that the quantity and the
degree of needs should determine quantity of light. My question is, Is not this final
quantity specified in broad terms of lighting a roadway's surface? What relation does
that have to the supply of visual information to the driver ?
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A. Ketvirtis, Foundation of Canada Engineering Corporation, Ltd., Toronto

Walton and Rowan attempted to present "a total design process for roadway lighting"
based on drivers' information needs. That is a difficult and ambitious task indeed.

The authors deserve credit for such a courageous undertaking, particularly when the
limited frame of a conference paper imposes serious restrictions on the analysis of
such a complicated subject in more detail.

The authors first review the total design process and the present practice in North
America and then offer their alternative methods of improvement. The paper treats
warrants as part of the lighting design. The material included is interesting and, in
many ways, is new, at least the application to the illumination field.

After studying the contents of the paper, I would like to make several observations:

1. In the introduction, the authors state that the objective of their paper is to pro-
pose a ''total design process." My understanding of "totality'' in design is when most
of the major aspects of procedure are included in the considerations. An illumination
system, as the authors agree, "involves a complex interrelation' among many other
factors, such as information needs, light application techniques, roadway geometry,
paving materials, consideration of traffic conditions (density, speed, and peaking),
accommodation of the driver's psychophysiological limitations, visual perception,
acuity, visual field, lighting system geometrics, and safety requirements. Although
the authors analyze many basic aspects, many other areas are left out. Therefore,
the paper could have been of greater value had the title been more specific.

2. The authors also state in the introduction that "there is no comprehensive pro-
cess for roadway lighting design that adequately relates to the visual needs of the
driver." Research by de Boer, Dunbar, Schreuder, Adrian, and many others deals
very specifically with luminous intensities, contrasts, glare, and other aspects of the
driver's needs to perform his driving task safely and efficiently. Much of this in-
formation is included in the publication edited by de Boer (9). CIE recommendations
for motorway lighting issued in 1971 are based on such research findings.

3. The authors present a formula for correcting illumination levels suggested in
the IES recommendations. Unfortunately, the levels of illumination proposed by IES
have no scientific value because they are based on a purely empirical agreement and
are not related to eye performance. Even if the correction factor E, suggested by the
authors, reflects the true assessment of difficulty, the basic value (I) used in the equa-
tion remains empirical. Such a situation cannot produce scientifically forceful results.

In conclusion, the paper contains a considerable amount of valuable information, and
the authors should be credited for their contribution to the advancement of illumination
technology.

AUTHORS' CLOSURE

The authors express appreciation to the discussants and thank them for their com-
pliments and constructive criticisms. We are particularly pleased that they find merit
in the total design process presented.

Before specific responses to comments are made, several points are noted. The
authors are firmly convinced that roadway lighting improves highway safety. We feel
that it is important to establish practical and useful warrants, guidelines, and pri-
orities. What we are really trying to say is that elephants roam the streets (warrants,
guidelines, and priorities) while we stomp ants (0.6 versus 1.0 ft-c or luminance versus
illumination). This paper is concerned not so much with ants as with elephants. We
hope that we have at least hit the elephants and attracted attention to them.

In response to Franklin's first general comment regarding the rating and weighting
system, brevity required that much detail be deleted in the paper. In short, the vari-
ous geometric, operational, and environmental factors were determined at 8 study
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sites in Dallas and Atlanta by the diagnostic team study approach. The team in each
location congisted of 4 professionals and 4 nonprofessiocnals. The professionals rep-
resented the fields of design, lighting, traffic, and psychology. The nonprofessionals
represented the driving public and consisted of 2 males and 2 females. Their visual
capabilities were not measured in any way.

The ratings and weightings of the factors were established by a professional re-
search team of 6 people representing traffic characteristics, traffic operations, geo-
metric design, illumination design, economics, and human factors. The professional
team established the relative importance of the characteristics by using data available
in the literature and a broad base of professional expertise and judgments.

Franklin also asks about the deletion of weather factors, wet versus dry pavements,
and quality of light. Those elements could be integrated into the overall design process
for specific local areas. With regard to uniformity in the 30-ft region from the pave-
ment edge, that may be specified as it is for the main lanes and achieved with existing
equipment.

Franklin's question regarding the cost-effectiveness priority model may also be
raised because of the brevity of the report. The low-cost, poor-quality jobs will not
have high priority indexes. This is controlled through the selection of the most cost-
effective design to be entered into priority competition. To be effective, the design
must meet both intensity and uniformity criteria. In addition, a quality criterion in
terms of cutoff or some other measure of effectiveness may be included, as may any
other desired criterion.

No examples were presented in the paper in interest of time and length of manuscript.

Stark pointed out the absence of appropriate psychophysiological studies. Psycho-
physiological studies were considered in this research; however, known technology,
time, and financial limitations precluded any action. We see, however, this research
as providing direction for psychophysiological studies of the future.

We agree with Stark that the most important asset an illumination engineer has in
designing a system is experience. His points regarding geometry of the lighting sys-
tem are well taken and perfectly compatible with the suggested total design process.
Those areas are included in the optimization of system design to produce cost-effective
results.

Driver comfort is included in the process. for comfort is related ta information
need. It is also included in terms such as level of advertising lighting and level of
service. Driver comfort per se in discrete quantities is not included for the very
reason he specifies: How is it measured ?

Pedestrian traffic is included for the non-controlled-access facilities. Pedestrian
volume is not included as a warranting factor for controlled-access facilities. If it is
present, however, pedestrian traffic should have adequate lighting, as Stark suggests.

Stark's interpretation is that traffic volume is of diminishing importance in the
paper. Quite the contrary is true. Itis included in levels of service, a more meaning-
ful term than volume. It is, however, of lesser importance from a warranting stand-
point. It does not serve as the single warrant but is of extreme importance in the es-
tablishment of priorities in the attempt to serve the most people possible with limited
resources.

We also recognize that pavement reflectance is extremely difficult to determine and
use in lighting calculations. That is the reason that a judgmental rating of 1 to 5 has
been used for that factor.

We agree with Stark's statement that '"'cost effectiveness is a good technique to pro-
vide decision-making information, but good judgment is still required to select quality
designs at reasonable costs." We would want our procedure to be used in that manner.

Ketvirtis' comment regarding totality and paper title is acknowledged. We may
have left out some important areas so that the process is less than total, but the title
of the paper is unimportant.

Regarding the work by deBoer, Dunbar, Schreuder, Adrian, and others, we agree
that their accomplishments are very noteworthy. However, we see little benefit in
such minute calculative procedures when no vision model is available or practical,
when pavement reflectance data are unobtainable in a design-oriented method; when
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current pavement maintenance practices would negate such an approach even if data
were available; and when most designers in the United States would not accept such
procedures. Maybe our wording should have been, "There is no practical or useful
process currently available that relates to the visual needs of the driver."

In reply to Ketvirtis' final comment on lighting levels, we simply refer to previous
discussions of levels of intensity.

In summary, let us restate our seventh interpretative statement: Full success of
the total design process depends on its flexibility for growth, change, correction, or
modification that may result from field implementation and evaluation and from sub-
sequent research. Our total design process for roadway lighting has that flexibility.



STUDIES OF TRAFFIC SAFETY BENEFITS OF
ROADWAY LIGHTING

Richard E. Stark, Illinois Department of Transportation

Numerous laboratory studies have been conducted to relate illumination
levels and driver performance at night. Selected field studies have been
made to relate the ability of drivers to recognize certain objects on the
roadway under different illumination conditions. The latter studies have
normally been of static conditions. The purposes of roadway lighting are
to improve driver comfort and efficiency and to reduce accident frequen-
cies, Studies have been made to correlate fixed roadway illumination and
accidents, but the findings have not been entirely consistent for several
reasons: inadequate sample sizes, lack of quality control on data collec-
tion, and inappropriate techniques of analysis. The purpose of this paper
is to review some of the studies that have been made and some of the
strengths and weaknesses of various study techniques.

»TWO GENERAL types of roadways have been studied: urban surface streets, which
may be subdivided into major routes, collector streets, and local streets, and freeways,
which may be characterized as urban, suburban, or rural.

Three kinds of accident studies have been performed: accident rates or frequencies
on lighted roadways (at any illumination level) and on unlighted roadways of similar
characteristics and effects on accident occurrence of different degrees of lighting, in-
cluding illumination level or uniformity.

Special elements may be considered, such as frequencies of collision with lighting
poles at various setback distances or by type of pole, i.e., rigid versus breakaway.

The effects of lighting as related to accidents may be analyzed hy 2 general tach-
niques. One is to use before-and-after data from a given segment of roadway. A num-
ber of such studies on similar types of roadways may be combined. The second method
of comparison is the parallel type. In this analysis, accidents on comparable roadways
(except for the lighting variable) are tabulated.

REVIEW OF PRIOR STUDIES

Principal studies of accidents on urban surface streets as related to lighting have
been conducted by Seburn (1), Box (2), and De Leuw, Cather and Associates (7). Stud-
ies of freeway lighting, principally in urban and suburban areas, have been conducted
by Hube(r)and Tracey (3), Johnson and Tamburri (4), Box and Alroth (5), and Yates and
Beatty (6).

Accident data may be presented as the percentage of total accidents that occur at
night or as the night-day accident ratio, which is the number of accidents at night di-
vided by the number during the day.

Alternate ways are the night accident rate, which is the number of accidents per
million vehicle-miles (or per 100 million vehicle-miles) of travel, and the night-day
rate ratio, which is the night mileage rate divided by the day mileage rate.

Table 1 gives the routes, methods of comparison, and accident sample sizes used in
several major studies. The studies are discussed below.

Publication of this paper sponsored by Committee on Visibility.
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Kansas City

Seburn (1) reported results in the early stage of the Kansas City, Missouri, relight-
ing program and used the ratio of day accidents to night accidents on a before-and-after
kasis. Another characteristic of those studies of major routes was the subclassifica-
tion by volume groupings. At that time, the American Standard Practice for Roadway
Lighting specified illumination level as a function of vehicular volume,

Subsequent studies by Box (2) used volume groupings but employed the percentage of
total accidents occurring at night as the study method. His data also were subdivided
by different illumination levels in order to determine whether this variable could be
related to accident reduction as a result of relighting. A trend was noted, as given in
Table 2 (15).

The dafa given in Table 2 are for 97 miles of streets relighted to conform with the
then-recommended illumination levels. A change of 1 percent in accidents at night is
equivalent to a 2 percent change in the accident frequency, when the effect of changes
in the number of day accidents is also equated. On that basis, the data show that the
relighting of major routes in Kansas City reduced overall property damage accidents
about 4 percent, injury accidents about 18 percent, and fatal accidents about 28 percent.
In 1966 the data were retabulated, based on the illumination levels provided in the re-
lighting (8). Table 3 gives the percentage change for fatal and injury accidents during
a 1-year period.

Box also used traffic counts at 122 locations on Kansas City streets to determine the
average percentages of vehicle-miles driven at night. He found that total travel at
night amounted to 26 percent on major streets and 24 percent on local residential streets.
He postulated that, with that percentage of traffic at night, the expected conflicts with
pedestrians would be much lower than during the day and that the percentage of pedes-
trian accidents at night, on properly lighted streets, should not exceed about 25 percent.
Results from the Kansas City lighting program, which was initially addressed to the
major streets where most night pedestrian accidents were occurring, verified this. By
1951 nearly half of the streets had been relighted. In the 6 years prior to that period,
an average of 63 percent of pedestrian fatal accidents occurred at night. From 1951
through 1957, between 25 and 40 percent occurred at night; the average was 30 percent.

The Kansas City accident studies represent a simplified approach to analyzing the
relation of lighting and accidents. From these and other studies, authorities have con-
cluded that a serious night-accident problem may be assumed to exist when the ratio of
night-day accidents is more than 1.5 times the average ratio for similar locations or
sections on the same system of roads and streets (9). That language is part of a stan-
dard resulting from the Highway Safety Act of 1966.

§gracuse

The project in Syracuse (7) was planned to determine the type, priority, and amount
of roadway lighting needed to reduce the ratio of nighttime to daytime vehicular and
pedestrian accidents on the surface street system. A secondary purpose was to evalu-
ate the economic impact on the city of upgrading street lighting to national standards.

The work included functional classification of the street network into major, collec-
tor, and local streets in accordance with the then-current edition of the American
Standard Practice for Roadway Lighting (10). That work used prior classification
planning studies, traffic volume data, and field surveys.

The types of development abutting the major and collector streets were determined
from land use maps and field checks. Street widths were measured, and checks were
made of the lighting system on a block-by-block basis. Separate sections were set up
for each street segment where a change in width, illumination level, or functional
classification occurred.

Accident data for 1 year were used, and the night-day accident ratio was computed
for each segment. Those segments were then related by type of street and by illumina-
tion level. The night~-day ratio of accidents was plotted as a function of maintained hori-
zontal footcandles (HFC). From the curves, the optimum points of illumination were se-
lected. In practically every case, worse ratios were produced by low and high illumina-
tion levels than by the intermediate level.
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These optimum points were used for recommended changes in illumination of the city
streets. A value of 1.8 HFC was determined to be the most favorable for major streets
in downiown areas and intermediate areas. In outlying areas, a highly significant op-
timum point was not found, but a value of 0.8 HFC appeared to be appropriate. For col-
lector streets as a group, the lowest accident ratio was found at an illumination level
of about 1.0 HFC.

In the Syracuse study, a larger accident sample would have been desirable. Aside
from that limitation, the type of approach appears to hold promise for future studies
relating illumination levels and accident frequencies.

Connecticut Turnpike

As originally contemplated, a study was to be made of the effect of 3 different illu-
mination levels on the Connecticut Turnpike (§). At the time of the study, the turnpike
was lighted to a maintained level of approximately 0.6 HFC. A test section of 4.1 miles
had illumination lowered to approximately 0.2 HFC. A second revision in the section,
raising illumination to a level of 1.5 or 2.0 HFC, was not undertaken.

The lowered illumination in the test section was maintained for a 9-month period,
during which only 36 night accidents occurred. Despite the fact that excellent control
data were available from adjacent segments of the highway, the very small sample of
night accidents in the test section did not produce any evidence that the illumination
change had any effect on accident frequency.

Table 4 gives the accident data. In the test section, there was an apparent increase
in the accident rate per million vehicle-miles. However, much larger increases were
found in the control sections.

A more appropriate way of analyzing the data might be to use the night-day ratio of
accident rates. On that basis, one could postulate an apparent improvement as a re-
sult of the lowered ratio during the test. However, the east control section showed a
tremendous change in the night-day ratio, even though no change was made in the light-
ing. In the west section, where the sample of night accidents was more than 5 times
greater during the test period and more than 3 times greater than that of the east sec-
tion, little variation occurred in the night-day ratio. A more convincing demonstration
of the importance of accident sample size could hardly be found.

The Connecticut Turnpike study demonstrates the value in calculating vehicle-miles
ot travel by day and by night and computing the night-day ratio of rates from those data.

Based on MVM data given in Table 4, about 27 percent of turnpike travel occurs at
night. As will subsequently be shown, it is practical to calculate the ratio without
MVM data if the percentage of night travel is known or can be estimated from other
studies of comparable facilities.

Los Angeles

The Los Angeles study (g) was based on data on nonilluminated and illuminated free-
ways in the Los Angeles area. The study used the percentage of accidents at night and
also the night-day accident ratio. The California researchers included dawn and dusk
as part of night; with this questionable measure, they found approximately 30 percent
of travel to occur during the night.

Maintaining that definition and recalculating the figures from the California study to
relate them to the more generally accepted night-day ratio of accident rates per million
vehicle-miles, we can determine a ratio of 1.58:1 for illuminated freeways and 1.85:1
for nonilluminated freeways.

The California work had an excellent data base. Although the researchers did not
conclude that the differences in the day and night accident rate ratios were significant,
the principles of their study are valid.

Another interesting technique they employed was to compare accident rates during
the period of 5 to 7 p.m. in June, when it is daylight, with those during the same time
period in December, when it is dark. An improved accident record was found on illu-
minated freeways as compared with the ones having no lighting. However, the sample
sizes were quite small (on the lighted freeways during the 2-hour period, 34 accidents



Table 1. Characteristics of major accident-illumination studies.

Urban
Kansas Connecticut  Los Interstate
Characteristic City Turnpike Angeles IERI Highways Syracuse
Types of routes
Freeways X X X X
Major routes x X
Collector streets X
Methods of comparison
Before-and-after X X X
Parallel type, lighted versus
unlighted X X bq x
Illumination level X X X X X X
Uniformity % X b d
Mehods of study
Percentage of accidents at
night X
Night-day ratio X X x
VMT rates for selected hours X
Total night accidents X x
Night-day ratio rates x: X
Number of accidents studied 8,700 2,640 17,170 21,400 Unknown 7,500
Table 2. Change in proportion of accidents at night on relighted streets in Kansas City.
Before After
Vehicles Night Night
per
Traffic Hour Accident Type Day Number Percent Day Number  Percent
Light 150 to 500 Property damage 324 201 40 365 200 35
Injury 47 45 49 57 34 37
Fatality 3 3 50 2 1 33
Medium 500 to 1,200 Property damage 1,411 828 37 1,443 789 35
Injury 172 210 55 152 135 47
Fatality 10 17 63 6 5 45
Heavy 1,200 to 2,400 Property damage 547 323 37 672 340 34
Injury 75 96 56 59 51 46
Fatality 3 8 73 2 4 67
Total* Property damage 2,282 1,352 37 2,480 1,329 35
Injury 294 351 54 268 220 45
Fatality 16 28 64 10 10 50
Table 3. Fatal and injury accidents after major route relighting in Kansas City.
Night Accidents
Lighting Day Accidents Before After Change
Level Route
(HFC) Miles Before After Number Percent Number Percent Number Percent
0.2 to 0.39  38.7 80 99 67 46 86 46 +19 +28
0.4t00.59 40.8 126 99 173 58 82 45 -91 -52
0.6 to 0.79 7.2 45 23 43 49 23 50 -20 -47
0.8 to 0.89 5.9 31 36 72 70 28 44 -44 -61
Table 4. Accident rates on Connecticut Turnpike.
Night Day
Night-
Million Million Day
Route Vehicle- Vehicle- Ratio
Section Miles Time Accidents  Miles Rate Accidents Miles Rate Rate
West 27.6 Before 357 253 1.4 556 858 0.65 2.17
During 204 97.3 2.09 304 331 0.91 2.28
Test 4.1 Before 79 43.7 1.80 167 179.7 0.93 1.93
During 36 16.5 2.18 95 68.3 1.39 1.57
East 15.9 Before 82 83.8 0.98 263 346 0.76 1.30
During 60 31.8 1.89 95 131.8 0.72 2.62
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occurred in June and 41 in December). The technique may offer some promise, how-
ever, for application during a period of several years in arcas having significant mile-
ages of illuminated and of nonilluminated freeways.

IERI

A project sponsored by the Illuminating Engineering Research Institute (5) involved
more than 200 miles of lighted and unlighted freeways; more than half the mileage was
in urban or suburban areas. The study purpose was to relate night-day ratios of acci-
dent rates to varying illumination levels and uniformities. The study also provided
before-and-after data for 2 freeway sections and data for both illuminated and nonillu-
minated sections of another freeway.

On many freeway sections, continuous hourly traffic data were available for 12~
month periods. From light-meter readings at dusk and dawn, the researchers con-
cluded that darkness (when the natural light level is only a few footcandles in value)
ends about 15 min before sunrise and begins 15 min after sunset. Those data and
traffic volumes, including interpolation of volumes during the dusk and dawn hours,
were used to calculate night travel. Findings from Toronto, Chicago, Dallas, Atlanta,
Denver, and Phoenix (including areas without daylight saving time) were that an average
of 25 percent of annual night volumes can be expected on freeways in urban, suburban,
and rural locations.

One of the aspects of the IERI study was the care taken in accident data tabulation.
The researchers worked directly from accident reports in police files or from dupli-
cate copies in files of traffic engineers in the various cities. The researchers sepa-
rated the accidents occurring on ramps from those that occurred on the main line, at
ramp entrances to the freeway, or at ramp exits from the freeway. They screened out
accidents solely involving ramp connections to service streets because the illumination
of the latter points is not necessarily representative of a given freeway illumination de-
sign. Furthermore, because of the possibilities of misfiling and miscoding, the most
accurate method of tabulating accident data is to work from the accident reports them-
selves. This method also allowed comparison with outputs from computer systems.
Errors ranging from 19 to 62 percent were found when data from the direct reports
were compared with the printouts. Such differences in values could evidently mask
liohtino affantc

The IERI study found that lighted freeways had a night-day ratio of accident rates
equal to 1.43. The unlighted freeway ratio average was 2.37. The net effect of lighting
an urhan freeway was concluded tc be a 40 percent average reduction in nighl accidenis.
That is equivalent to an overall accident reduction of 18 percent (considering total day
and night accidents). The apparent effect of freeway lighting on fatal and injury acci-
dents represents a 52 percent reduction in night accidents.

The findings with respect to an "optimum" illumination level were similar to those
of the Syracuse urban surface street study. The lowest ratio of night-day accident rates
was found at a maintained illumination level of approximately 0.5 HFC. Based on the
maintenance factors found at the various study sites, that value is equivalent to an initial
illumination design of about 1.0 HFC.

In comparisons of lighted and unlighted sections of the same freeway and of before-
and-after studies, the lighted freeway sections were found to have lower average ratios
of night-day accident rates.

The freeway sections studied by IERI researchers had a very broad range of accident
rates. Daytime rates varied from 0.39 to 9.24 accidents/MVM. Night rates ranged
from 0.62 to 9.98 accidents/MVM. Such variations are typical of actual field conditions.
To meaningfully study the effects of an element such as lighting, the researchers con-
cluded that each section must be tested against itself. That cannot be accomplished by
comparing night MVM accident rates among different freeways, but it can be done by
calculating the ratio of night-day rates separately for each section and then comparing
the ratios.



25

Urban Interstate Highways

A lighting study was performed as part of the Interstate System Accident Research,
Study II (6). Data were furnished by various state highway agencies. The accident data
were tabulated on an hourly basis; however, a tabulation of actual traffic volumes dur-
ing only hours of darkness was not obtained. Presumably because of this, the research
on night accident rates covered a period of consistent darkness (9 p.m. to 4 a.m.) for
which traffic data were available.

The lighting portion of the Interstate accident studies was confined to the main-line
freeway sections between interchanges in urban areas. The study concluded that '"there
is no discernible relationship between lighting intensity and accident rate on 2-lane or
3-lane main-line units." (This means 4-lane or 6-lane freeways.)

Although the data tabulation procedures for the Interstate study may be adequate for
analysis of geometric design elements, some question can be raised as to their applica-
tion to studies of lighting. To make a direct check, the Illinois Department of Trans-
portation conducted a special study of accidents on several sections of Chicago free-
ways. Those sections duplicated ones that were analyzed in the IERI study, except that
the Interstate Accident Study Procedure Manual was employed. To eliminate the data
processing errors, the researchers worked directly from the same highway patrol ac-
cident reports on file with the department that were used in the IERI research.

Comparison of data from the 2 methods shows that only 60 percent of the total actual
night accidents occurred from 9 p.m. to 4 a.m. Evidently, a reduction of that magni-
tude in the data base of the samples would have an adverse effect on statistical sig-
nificance.

A comparison was also made of accidents tabulated on the main-line sections between
interchanges, as contrasted with those in the interchange areas. In the IERI project,
traffic engineers skilled in accident tabulation and analysis screened the accident re-
ports. In the Illinois studies, lighting technicians were given instruction in reading ac-
cident reports, but they performed the actual tabulation without supervision of a traffic
engineer. Differences would thus be expected in findings from the same data files. The
differences ranged from 4 to 30 percent; the average was 13 percent. The traffic engi-
neers found that a higher proportion (64 percent) of the accidents on the study section
occurred on the main-line sections.

The Illinois study also compared the accident rate per million vehicle-miles at night
and the 24-hour rate. In 2 sections on which before-and-after accident studies were
performed, the differences found between the 2 methods ranged from 0 to 42 percent;
the average was 16 percent. At one location, the change in the ratio of accident rates
was 41 percent by the Interstate accident procedure and only 16 percent by the IERI
procedure. On another section, the change in the ratio was 12 percent by the Interstate
procedure and 33 percent by the IERI procedure.

A comparison of night accident rate computations per million vehicle-miles agreed
on only 1 section. Differences as high as 33 percent were found in other sections; the
average variation was 15 percent.

Those differences suggest that studies of accident effects, especially as related to
items such as lighting, should be performed by experienced accident analysts. Fur-
thermore, the use of straight rates per MVM in the basic, original Urban Interstate
Highway Study technique, rather than the ratio of rates, runs head-on into the problem
of widely varying accident rates due to traffic congestion and other elements not asso-
ciated directly with lighting.

GENERAL DATA REQUIREMENTS FOR LIGHTING STUDIES
Accident Studies

The problems encountered and the successes achieved in various studies suggest that
certain accident-tabulation factors are important. One aspect involves the location of
the accident. That is needed to identify whether the collision actually occurred on the
route under study or whether it involved a cross route having little or no relation to the
basic analysis. The accident locations are also important to allow the subdividing of
routes into sections having specific traffic or illumination characteristics.
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A second element of accident tabulation concerns the date. Specific periods are
sometimes needed because of partial-year periods involved in before-and-after anal-
ysis or to avoid periods of traffic disruption due to maintenance or reconstruction.

With respect to time-of-day tabulation, a simple "night'" or ""day" is usually suffi-
cient. However, about 5 percent of the accidents may be found to occur in a dusk or
dawn period. If those accidents are to be classified as either day or night, the time of
accident is needed to the nearest 5 min. If hourly comparisons are to be made (as in
the California studies), then the accident tabulation can be within clock hours.

Traffic Volumes

Box has shown that, if the percentage of traffic at night is known, it is unnecessary
to secure vehicle mileage data in order to calculate the night-day ratio of accident rates
on a mileage basis (5§). The ratio is given by the following equation:

_A, (1-P)
B==a7
where
R = ratio of night-day accident rate as a function of exposure,
A, = number of night accidents,
A, = number of day accidents, and
P = percentage of travel at night.

The findings on percentage of travel at night on urban surface streets in Kansas City
and on freeways (Connecticut Turnpike plus the IERI study sites) are generally consis-
tent. In another study on multilane major routes, Billion and Parson also found 25 per-
cent of traffic mileage to occur at night (11). A study by Carroll, Carlson, and McDole
on driving exposure of 7,145 persons throughout the country included information on day
and night vehicle-miles (12). Interpolation of the data showed the calculated average
percentage of travel at night to be 23 percent.

On the basis of those 5 studies, the application of a rounded value of 25 percent for
night travel in urban areas (at least) appears warranted.

If it is desired to check ar confirm the narcentase of aetenl night traffic at a given
location, hourly tabulations of volume are needed for a full 365 days. Those data are
customarily taken from automatic recording stations along freeways. They should in-
clude the volume in both directions of travel. The calculation method, as reviewed in
the IERI study, is as follows:

The “dark’’ percentage of volume is separately calculated for the morning and evening dawn and
dusk hour in which the threshold lighting condition (15 minutes before sunrise and 15 minutes af-
ter sunset) is reached. These percentages are applied as factors to interpolate volume during these
two hours.

The factored night volumes are added to the volume during the remaining hours of night traffic
to obtain the total night volume of traffic. This value is then subtracted from the 24 hour total to
secure the volume during the daylight hours. This procedure is repeated for each day of a full year,
utilizing local sunrise/sunset tables and correcting as required for daylight saving time.

Selection of Study Sections

Each section of route should have relative stability during the entire study period.
This includes no major change in traffic volumes, physical features, abutting land use,
or illumination.

Reliable and accessible accident records are important, and their availability should
be ascertained with respect to breakouts to conform with the selected study sections.
Similarly, if traffic volume calculations are to be made, accessibility of counts must be
verified.

If variations in illumination are to be compared, they should be considered when field
measurements are taken of the existing illumination. This can be done in almost any
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conditions. In the IERI study, illumination was measured on a point-by-point grid
method on freeways having as many as 10 lanes and under live traffic conditions. They
were generally taken between 2 and 4 a.m.

Study Period

To secure comparable data requires that the seasons be similar. Data from the
given months of one year must be compared with data from the same months of another
year in most types of studies. An exception is the peak-hour winter versus summer
study done in California.

In before-and-after studies, a sufficiently large total number of accidents must be
tabulated to reach statistical significance. One measure of this could be the employ-
ment of Poisson and chi-square curves as given by Michaels (13). The Poisson curve
is recommended by Michaels for use to minimize the chance of calling a reduction not
significant when it actually is. At the other end of the scale, the chi-square curve is
used to minimize the chance of calling a reduction significant when it actually is not.
To illustrate the application of those curves, two hypothetical findings, based on before
and-after accident studies, may be considered. In the case of illumination analysis, it
would be appropriate to use only the night accidents. If, for example, 40 accidents oc-
curred at night with a given condition of lighting, a reduction of 25 percent (30 acci-
dents in the after period) would be essential to justify a conclusion that an actual reduc-
tion and not chance had taken place. However, a reduction of as much as 40 percent
(24 accidents in the after period) would be needed to reach a high level of statistical
significance.

By comparison, a sample of 100 night accidents in the before period would require
a reduction of only 18 percent to achieve probable significance, and a reduction of not
more than 25 percent would be required to meet the more stringent chi-square test. If
200 accidents are involved in the before night sample, then a reduction of only 13 to 19
percent would be significant.

There is no such thing as a statistical guarantee of significance. The extreme vari-
abilities in accident occurrence produced by chance alone may well hide the benefits of
an improvement. Conversely, a chance reduction in accidents can cause an unwary
researcher to conclude that he has improved a situation when, in fact, his changes have
produced no meaningful results. The development of well-controlled accident analysis
techniques is currently the subject of an NCHRP project (14). Meanwhile, the applica-
tion of simple techniques such as that presented by Michaels, coupled with common
sense and care in data tabulation, will greatly aid the researcher.
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LOW-CONTRAST VISION UNDER MESOPIC AND
PHOTOPIC ILLUMINATION

T. W. Forbes and F. E. Vanosdall, Michigan State University

The objective of this research was to obtain normative data for 3 measures
of visual ability under simulated night-driving luminance (mesopic) and
ordinary lighting (photopic) conditions, to compare the performance of dif-
ferent age groups, and to compare results with those of a previous study.
A total of 371 subjects aged 16 to over 60 were given the Titmus standard
acuity test and a Titmus low-contrast test at photopic (34 ft-L) and me-
sopic (0.4 ft-L) background luminance, the latier simulating night-driving
conditions. They were also given the Allen night vision performance test
with a 10 percent contrast target at 10 and 0.2 ft-L.. Comparisons were
made with a previous study in which the NVPT target was 50 to 60 percent.
Average scores (thresholds) were higher (poorer) on the Allen test with
the 10 percent contrast target than with the 50 to 60 percent, but lower
contrast targets were seen on the low-contrast Titmus test. The results
seem to indicate that the Allen test with a 10 percent contrast target mea-
sured ability to see low-contrast targets against glare in both photopic
and mesopic luminance and the Titmus low-contrast test measured low-
contrast vision of a different type. Average low-contrast visual discrimi-
nation decreased with age. However, some subjects in all age groups
exhibited poorer visual performance than most of their own and other age
groups, and performance by most older subjects was as good as that of a
large proportion of younger subjects.

oVISION of drivers under night-driving conditions is a problem that has concerned a
number of investigators. Night driving often presents drivers with difficult conditions
of vision because of low illumination and because of low-contrast targets on the highway.
For example, pedestrians' clothing, vehicles, or other objects may be of such texture
and color that they present relatively liittle contrast with the background. This prob-
lem is of special importance because visibility distances at night are all too limited
for present-day driving speeds even under the best seeing conditions.

Low-contrast seeing tasks in daylight driving also may require similar visual dis-
crimination, e.g., seeing one or more vehicles ahead in a snowstorm, especially
when the vehicles are overtaken on a snowy road.

A key question is whether low-contrast seeing is mainly a problem for people in
older age groups only, as some studies suggest, or whether some drivers in all age
groups may show difficulty with low-contrast vision. Normative data are needed to
answer this and related questions.

OBJECTIVES OF THE RESEARCH

The objectives of the research were to determine normative score distributions for
drivers in 10-year age groups on 3 tests under 2 levels of surround lighting. The tests
were the Allen night vision performance test (NVPT) with a 10 percent contrast target,
the Titmus standard acuity test (TSAT), and a Titmus low-contrast test (TLCT), a special
test slide using broken-circle test objects forming a graded scale of contrast.

Publication of this paper sponsored by Committee on Visibility.
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The two conditions of lighting were a 10 ft-L level representing ordinary room
lighting conditions and a room lighting level of about 0.2 fi-L simulaling night-driving
conditions. For the TSAT and the TLCT, photopic and mesopic backgrounds were 34
and 0.4 ft-L respectively.

PREVIOUS STUDIES BY OTHER INVESTIGATORS

Pease and Allen (3) and Richards (5) noted a loss in visual efficiency of older age
groups at low illumination levels similar to those of night driving indicated by Richards
to be about 0.2 to 0.4 fi-L. Allen and Lyle (2) reported results on a small number of
subjects in tests that used targets with contrast as low as 10 percent and filters to sim-
ulate visual characteristics of older people. Those results indicated that older subjects

would have special difficulty in seeing low-contrast targets.

EARLIER STUDY AT MICHIGAN STATE UNIVERSITY

Forbes et al. (_§) reported a study in which the NVPT and TSAT were used. The
target letters supplied were intended to present 20 percent contrast, but our measure-
ments with a Pritchard photometer showed that the letter contrast was actually in the 50
to 60 percent range.

The results of that study showed that some subjects in the age 60 and over group and
some in younger age groups had difficulty in discriminating the NVPT targets. These
subjects also tended toward poor acuity scores in the TSAT at photopic and even more
at mesopic illumination levels.

When NVPT scores were correlated with TSAT scores at full brightness (about 34
ft-L) representing photopic vision, correlations of 0.50 to 0.65 or higher were obtained.

PRESENT STUDY

It seemed that measurements with a lower contrast target were needed because they
might( show the much greater deficiency reported for older individuals by Allen and
Lyle (2).

Therefore, a 10 percent contrast target (this target was supplied through the courtesy
and interest of Merrill Allen) was used in a second series of measurements on another
group of subjecls as repui ted iu iis paper. Also, pecause of interest in the low-
contrast vision problem, a special target for the TSAT was supplied for this research.
(R. A. Sherman and the Titmus Optical Company made this special target available

or usc in this research.)

TEST EQUIPMENT

Two testing devices were used: the Allen night vision performance tester and the
Titmus vision tester.

The Allen tester uses 20/40 dark letters presented against a luminous background.
The background illumination is raised gradually until the subject is able to read 4 out
of 5 test letters. The device consists of 11- by 12-in. white translucent opal glass
transilluminated by four 40-W incandescent bulbs. Three rows of reversible letters
on photographic film are mounted on the opal glass screen. Two neutral density filters
mounted 90 deg to each other form a V in front of the stimulus field; the vertex is
toward the subjects to reduce effects of room illumination. The field and filters are
enclosed in a black box. An intensity control and light-intensity measurement meter
are mounted in a remote-control box. A black card was hinged to cover the front of
the device so that the experimenter could cover test letters while the readout meter
stabilized and also during recording of the meter reading. The subject viewed the test
at a distance of 10 ft,

The Titmus tester is a binocular optical device for screening visual performance.

It uses, for acuity measurements, slides bearing targets composed of Landholt rings

of about 90 percent contrast and varying acuity steps from 20/13 to 20/100 and 20/200.
Targets are transilluminated from the rear by tungsten bulbs. The targets are enclosed
in a housing, which prevents outside light from entering. This instrument may be used
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for measuring acuity of both eyes simultaneously, for the right eye or the left eye
separately, and for other visual measurements.

In this study, the standard visual acuity tests and specially prepared graded contrast
targets were used, both binocularly.

The standard acuity targets were presented at about 34 ft-L (photopic) and 0.4 ft-L
(mesopic) luminance levels as were the graded-contrast targets. Each graded-contrast
target presents 20/40 Landholt broken circles in a graded contrast series.

As in the earlier study, the mesopic level of lighting simulating night-driving condi-
tions was obtained by use of 2 gooseneck lamps pointed at 45 deg to the rear of the room
behind the subject and placed to produce about 0.2 ft-L on a white card on the front of
the test equipment.

To simulate ordinary room lighting conditions that might be met if tests were admin-
istered in connection with driver licensing (called photopic in this report), luminance
on the card was adjusted to give 10.0 ft-L. That level of room lighting was obtained with
2 banks of fluorescent-tube ceiling lights in diffusing fixtures slightly behind the subject.
Similar lights in front of the subject were turned off to avoid possible glare from those
sources,

Figure 1 shows a diagram of the layout of the test location in East Lansing. The
testing room setup in the State Office Building in Lansing was very similar. All of the
lighting conditions were checked photometrically and adjusted to be as nearly the same
as possible.

SUBJECTS

A total of 397 subjects ranging in age from 16 to 70 were each given 3 different tests,
each under mesopic and under photopic conditions. The number of subjects in each age
group is given in Table 1. Because of incomplete records, the total number of subjects
dwindled to 371 as shown below:

Age Number
15-19 28
20-29 119
30-39 60
40-49 83
50-59 49
60+ 32
Total 371

The first group of 309 subjects was obtained from new driver license applicants,
from parents escorting them, and from renewal license applicants at the East Lansing
office of the state driver licensing authority. Additional subjects were obtained
through the courtesy of several state offices in Lansing. The latter group included
a larger number of subjects in the older age groups.

PROCEDURE

The procedure was similar to that of the preceding study (§). All subjects wore
glasses if they reported using them while driving at night. Each subject entered the
experimental room and took a seat facing away from the lights in the back of the room
and facing the NVPT instrument. The subject was ""dark adapted" for approximately
5 min while the experimenter explained that the purpose of the project was to find out
what most people can see under simulated night-driving conditions as compared to
higher illumination conditions. The subject was told that the scores would be confiden-
tial and would not affect his or her driving record. Vision test records were identified
only by number,

The Allen night vision performance test was given first, then the Titmus low-contrast
test set for low illumination, and then the Titmus standard acuity (high-contrast) test,
also under low illumination. Following this, the lights were turned up to the photopic
room condition, and the tests were given again in the same sequence.
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The graded series of contrast values for the TLCT are shown in Figure 2. The con-
trast values for the target letters of the NVPT and the broken-circle test obiects of the
TLC test were checked by measurements with a Pritchard photometer.

ANALYSIS OF THE DATA

The data were plotted as distributions by 10-year age groups. The scores of the
different tests were coded and keypunched. Means, standard deviations, and product
moment correlation coefficients were calculated by electronic computer. The entire
group and the downtown and the East Lansing groups of subjects were analyzed together
and separetely. Finally, the scores on each test were ordered, the poorest 20 percent
were located, and sequential sorts were carried out to determine the number of those
subjects common to each pair of tests.

RESULTS

Figures 3 to 8 show for each age group the percentage scoring at the levels indicated.
Mean values are indicated by an X, and brackets to each side indicate the standard
deviation of each distribution.

Figures 3 and 4 show the TSAT photopic and mesopic scores. As expected, the
average scores increased with age. Mean photopic scores ranged from about 0.8 to
1.3 min of visual angle, and mesopic average acuities ranged from about 1.1 to 2.0
min of arc. The group means (Fig. 12) were similar to those of the group of subjects
tested in the earlier study (ﬁ ). Some subjects in each age group exhibited visual acuity
scores considerably poorer than average for their age group. There were more of
those in the mesopic than in the photopic acuity scores.

NVPT scores are shown in Figure 5 for photopic room lighting and in Figure 6 for
mesopic or simulated night-driving room illumination. Mean NV PT scores for young
to older age groups represented background luminances of about 4.0 to 40 ft-L for the
photopic and about 7.0 to 55 ft-L for the mesopic scores. Each age group showed some
extreme cases of poor visual discrimination. The deviant scores were much higher
(indicating poorer discrimination) in this study than in the previous study. Average
NVPT scores in the previous study ranged from about 0.5 to 1.6 fi-L. They also showed
in each age group some subjects with much poorer scores than the rest of the group
/. 100\

\L g, LU ).

Figures 7 and 8 show the photopic and mesopic score distributions on the Titmus low-
contrast test. The average photopic scores for age groups varied from 2 to 8 percent
contrast, and mesopic average scores for different age groups varied from 4 to 18
percent contrast. Again, a few cases in each age group exhibited much poorer scores
than the remainder of the age group.

Figures 9, 10, and 11 show the proportion of subjects in the poorest 20 percent of
each of the test score total distributions common to each pair of tests under photopic
or mesopic conditions. The results of sequential sorting of the poorest 20 percent
indicate that from 50 to 75 percent of the subjects in the poorest 20 percent were the
same people, but the highest commonality occurred for the NVPT under the 2 lighting
conditions.

Table 2 gives correlations for each combination of test scores at photopic and
mesopic luminance levels. Considerable commonality is demonstrated among the
scores on the different tests, but correlation coefficients indicate that the tests did
not measure exactly the same visual ability. Correlations were highest between scores
of the same test at photopic and mesopic levels. The NVPT was highest with a corre-
lation of 0.867; the TSAT was next with 0.621. The TLCT showed the lowest self cor-
relation of 0.468. Correlations between NVPT and TLCT involving low-contrast targets
ranged from 0,36 to 0.50. Correlations within the subgroups and within age groups were
also run and were quite similar,

DISCUSSION OF RESEARCH

Figure 12 shows that average TSAT scores of the 371 subjects in this study were
very similar to those of the 396 subjects in the earlier study (6) for both the photopic
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Figure 5. Allen night vision performance test,
photopic condition.
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conditions.

X+ MEAN
J-tone so

MICROANPS
2 FI- LAMBERTS

28

28
o

—

™o

R
o

g

e |
80% L

sl === .= - - -
400

(1)

140

NVPT SCORE

100 |20,

80 |4
60
40

20

PERCENT
OF GROUP o 20 ° 0 o 20 ° e o 20 o

AGE GROUP 1540 20-29 30-39 40-49 80-89% 80-0VER

Figure 8. Titmus low-contrast test, mesopic condition.

8 i ]

64
.60
56
82 X = MEAN
. I-i‘om:\so
aa l

40

CONTRAST

22 |

. |

] I
O IO DN JUNR DN SN | D

N |
" g | i F

OF GROUP =] no o 50 G 80 o a8l ] 20
AGE GROUP (3-19 20-29 30-39 40-49 50-39 60-OVEF

PERCENT




35

and the mesopic levels of background luminance. The mesopic acuity correlated with

the photopic about 0.62, and average acuity decreased consistently with age from about
1.0 to 2.0 min of are. Those relations are in general agreement with results reported
by Uhlaner and Drucker (7) and by Richards (5). Blackwell and Blackwell (4) report a
threshold ""contrast multiplier" for the 60 to 70 age group compared to the 20 to 30 age
group of 2.5, which is roughly in the same range.

Table 3 and Figure 13 show that the NVPT 10 percent contrast target resulted in
higher average scores (poorer discrimination) for all age groups in both photopic and
mesopic conditions. Contrary to the earlier results, photopic scores (room lights on)
were lower (better). Therefore, the room lighting in which the test is given is impor-
that when the 10 percent contrast target is used.

The poorest 20 percent of the subjects required more than 50 ft-L under mesopic
and more than 25 ft-1. under photopic room conditions. (The foot-lambert values shown
in Figure 13 represent an average of mesopic and photopic readings taken with a Pritch-
ard photometer.) Those levels were very much higher than the 1.0 to 1.6 ft-L in the
previous study using a target contrast of 50 to 60 percent. That difference in score
level again shows the effect of the 10 percent contrast target.

The 10 percent contrast target apparently introduced different factors into the visual
performance. In fact, when viewing this target, a few of the subjects were unable to
discriminate the test letters even with the highest luminance level available.

In the TLCT at photopic background luminance, most subjects discriminated 4 per-
cent contrast targets, and all subjects discriminated targets at or below 12 percent
contrast. At mesopic background luminance, the majority discriminated targets at 12
percent contrast or lower, but a few subjects in each age group required 20 percent or
higher.

Although a majority of the subjects discriminated mesopic Titmus target contrast
as low or lower than the NVPT target, very few discriminated the 10 percent NVPT
target even at a 2 ft-L background luminance. Most required a much higher level.
This suggests that the NVPT with the 10 percent contrast target measured some other
factor than low-contrast discrimination alone.

Because the NVPT background luminances for discrimination were much higher than
those in the previous study, it seems that the - NVPT background may have been bright
enough to introduce pupillary contraction and veiling glare to produce the poorer
scores. Thus, the NVPT with the low-contrast target apparently served as a test of
vision against glare. That interpretation is supported by comments of some subjects
that the NVP test gave them trouble because of glare.

As in the previous study, the average scores for the different age groups showed a
gradual decrease of acuity from the lowest to the highest 10-year age group. Some
subjects in each of the age groups showed much poorer visual performance than the
majority in their age group, and many in the older groups did as well as many in the
younger groups.

CONCLUSIONS

1. Normative scores for 3 visual tests at both photopic and mesopic luminance
levels were determined for 371 subjects divided into 10-year age groups. As expected,
average visual performance decreased with age, but age-group scores overlapped
greatly on the 3 tests.

2. The NVPT with 10 percent contrast target appears to measure ability to discrim-
inate low-contrast targets against glare. A few subjects in younger as well as older
age groups (except those under 20 years) showed poor performance compared to the
majority of the people in that age group. Therefore, low-contrast vision in low illum-
ination may be a problem for some drivers of all ages.

3. The TSAT (with about 90 percent target contrast) at low luminance level (0.4 ft-L)
simulating night-driving vision conditions showed somewhat similar relations (i.e.,
gradually decreasing acuity from lowest to highest 10-year age groups). Some indi-
viduals with very poor scores were in younger as well as older age groups.
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4, Inthe TLCT, however, many subjects discriminated targets at 12 percent con-
trast or lower, but some in each age group required 25 percent contrast or higher for
discriminating the broken-circle test objects.

5. Correlations of the different test scores ranged from 0.36 to 0.55 for the tests
involving low-contrast targets. Photopic and mesopic scores for each test showed
higher correlations (0.55 to 0.87).

6. Each of the tests must be interpreted in terms of its own normative score dis-
tribution by age groups.

7. A difference has been demonstrated in the ability to discriminate low-contrast
targets against a background of low-level luminance as compared to the ability to dis-
criminate a very low-contrast target against a background of increasing luminance
that may reach levels of glare. The NVPT appears to measure ability to see low-
contrast targets against glare, whereas the TLCT apparently measured ability to dis-
criminate low-contrast targets as such.

8. Although, as expected, subjects in the 50 to 60 age group showed poorer scores
on the average, many did as well as most younger subjects. Some younger subjects
had much poorer vision than their own age group and than most of the older subjects.
Therefore, individuals should be made aware of such deficiencies regardless of age.

9. Use of the tests for selection or licensing is not recommended because no
actual relation has been demonstrated to safe driving. However, use of such tests
for informing drivers and alerting them to the existence of visual problems is probably
desirable because of the possible relation to safe driving.

10. If the tests are used for informing and educating drivers and for research pur-
poses, norms must be determined for the particular test and target contrast used as
well as for the surrounding room illumination in the case of the NVPT with a very low-
contrast target,
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TOWARD THE DEVELOPMENT OF A METHODOLOGY
FOR EVALUATING HIGHWAY SIGNS BASED ON
DRIVER INFORMATION ACQUISITION

Vivek D. Bhise and T. H. Rockwell, Ohio State University

This paper presents the findings of a research study conducted to develop
a methodology for evaluating road signs by the use of an eye-marker cam-
era as a primary research tool. The methodology attempts to evaluate a
road sign by determining the degree of match between the sign-reading be-
havior of drivers and the characteristics of the signs, the highway, and
the traffic situations. Data were collected on the eye movements of drivers
under actual driving situations involving more than 400 different Interstate
highway signs. The data were analyzed by specially developed computer
programs that also computed sign evaluation measures describing sign-~
reading behavior of the drivers. Further analyses showed that the sign
evaluation measures were related to many factors associated with the
characteristics of the signing, the driver, the highways, and the traffic
situations. Understanding how various factors influence sign-reading be-
havior provides a basis for the implementation of the methodology for both
the evaluation and the design of highway signing.

e«THE PROBLEM of evaluating signs by determining the degree of "match' among the
characteristics of the signs, the abilities of the drivers, and the other components of
the highway such as the traffic and road geometrics was the focus of this research.
The evaluation of the road signs was accomplished by using an eye-marker camera.

The eye-marker camcra system provides countinuvus records of the driver's eye
movements (i.e., where the driver's eyes are directed while driving) superimposed on
the driver's view of the forward road scene, which includes important information such
as traffic flows, sign configuration, and layout as the vehicle proceeds down the high-
way. The analyses of the eye-movement data recorded on film (or video tapes) enables
a researcher to determine how a driver acquires, or does not acquire, information
from oncoming road signs.

The use of an eye-marker camera system as a primary research tool for the evalu-
ation of highway signs results in benefits not realizable with other types of measuremen
systems. One of those benefits is lack of bias. Eye movements are, to a large extent,
involuntary and thus relatively bias free when compared with other types of driving per-
formance parameters. Another benefit is lack of prejudice due to instructions. The
reliance on information acquisition and control performance measures enables data
concerning signing to be obtained without instructional references to the signing in-
terest. For example, the instructions '"Drive in your normal manner and exit at US-62'
require that the driver rely on route guidance and regulatory signing without being
specifically told about any of the signs that are being studied.

Further, an extensive review of signing-research literature conducted in the early
stages of this research suggested that most signing research was conducted in the
following 3 areas:
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1. Sign legibility (i.e., determination of effects of factors such as contrast of let-
ters, height of letters, and stroke width on legibility distances),

2. Sign visibility (i.e., determination of effects of factors such as area of sign,
color, and brighiness contrast with background on "target value' or "attention value"
of a sign), and

3. Driver's reactions to highway signing (which includes studies conducted by col-
lecting data through traffic observations, e.g., erratic driver maneuvers, or driver
interviews).

The literature in the areas mentioned above does not clearly address the basic ques-
tion, How do drivers acquire or fail to acquire information from a sign? Clearly, because
the information displayed by the sign is acquired visually by the drivers, the collection
of eye-movement data to investigate sign-reading behavior of drivers is important.

Both the consideration of the driver's visual capabilities (e.g., visual acuity) and the
consideration of the driver's sign-information-processing capabilities and sign-reading
behavior play a crucial role in the proper evaluation of highway signing.

OVERVIEW OF RESEARCH

The primary aim of the signing research involving eye-movement recordings was to
develop an assessment technique for the evaluation of highway signs. The objectives
of the research were, therefore, as follows:

1. To develop a scheme for measuring sign-reading behavior of drivers based on
their eye movements;

2. To identify important variables related to the characteristics of the various
components, such as drivers, signs, highways, and traffic, that affect the sign-reading
behavior of the drivers;

3. To investigate the effect of those important variables on the sign-reading be-
havior of drivers;

4. To develop a methodology for evaluating road signs on the basis of the observed
relations between sign-reading behavior and characteristics of signs, highways, and
traffic; and

5. To use the developed methodology to evaluate various signing situations.

The experimental work in this 3-year research study included a set of 8 field studies
and 3 laboratory experiments. In the field studies, the eye movements of test drivers
were recorded under actual driving conditions for more than 400 Interstate highway
signs. The 3 laboratory studies were conducted to relate sign reading under controlled
laboratory conditions to the same signs studied under actual road conditions,

The objectives and experimental procedures of the studies are presented briefly in
a later section of this paper. The objectives of each of the 11 studies were such that
they collectively provided information for determining effects of the following variables
on the sign-reading behavior of drivers:

1. Factors related to differences in signing characteristics, including (a) letter
size, (b) length of message, (c) relevancy of message with respect to exiting or route-
following instructions, (d) type of mounting, (e) number of signs in a sequence of signs
presenting the same route-guidance information, and (f) multiple signs or number of
signs at a location;

2. Factors related to drivers, including (a) binocular visual acuity of the driver's
visual field, (b)characteristics of driver's informational needs (i.e., type of information
needed and urgency of the informational need), and (c) driver's familiarity with the
highway;

3. Factors associated with visual load on the drivers, including (a) traffic density
(car-following demands) and (b) special driving instructions (e.g., in one of the studies,
the driver's instructions were, '"Stare at the lead car as much as possible and exit at
Cleveland Avenue'');

4. Factors related to highway geometry (i.e., the relation of the characteristics of
signing to the characteristics of the geometric design of the highway), including
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(a) signing at the most commonly designed highway geometric situations (e.g., standard
right exit) and (b) situations where signs present information contradictory to the geo-
metric highway design (e.g., signing requiring a turn to the south in order to eventually
go north).

MEASUREMENT OF SIGN-READING BEHAVIOR FROM EYE MOVEMENTS

The sign-reading behavior of the driver can be defined as the visual behavior that
is responsible for acquiring the information displayed by the sign. The driver's eye
movements while he approaches a sign are only one of the variables that are needed in
understanding how a driver acquires the information from the sign. More specifically,
to evaluate whether a driver can or actually does acquire the information involves con-
sideration of the following factors:

1. Characteristics of the sign (e.g., sizes of letters, contrast of letters with sign
background, and size of sign),

2. Characteristics of the driver (e.g., his visual capabilities, eye movements, at-
tention, and information processing loads),

3. Characteristics of visual information transmitting medium (e.g., visibility under
different weather conditions),

4, Driver's location and path of motion on the highway with respect to the sign, and

5. Vehicle speed.

Further, while he is driving, the driver's eyes do not continually sample information
but make successive discrete "fixations." A fixation can be defined as an apparent
stationary position of the eyes between 2 successive eye movements. A driver can
extract information from the optical image on his retinas only in a fixation (§). The
durations of fixations while one is driving generally range between 100 to 600 msec.

The problem of measuring sign-reading behavior is, therefore, the same as the
problem of measuring fixations during which the driver acquires information from an
oncoming sign. Further, the problem of determining the fixations in which a driver
can and cannot obtain information from a sign is extremely complex. One of the pri-
mary reasons for that complexity was found during the course of this research. The
driver need not make direct fixation on a sign (i.e., directly point his eyes or visual
axis on the sign) but can obtain information from the sign from extra-foveal parts of
niis visual fleld provided the visual capability of the portion of the visual field (where
the image of the sign, i.e., the displayed message, forms) is high enough to be re-
solved (1).

Therefore, the visual information displayed by a sign can be considered to be avail-
able to a driver only if the optical image of the sign formed on his retinas while he is
driving is ""resolvable."” The image of the sign can be considered to be resolvable only
if the letters (or numbers or symbols) displayed on the sign form an image that is clear
enough such that a driver with a given acuity can extract information when needed. To
determine resolvability of letters on a sign in the driver's visual field, we made the
following assumption: A letter (or number) on a sign is considered to form a resolv-
able image on a driver's retina if the angle (measured in minutes) subtended by the
height of the letter (or number) is greater than or equal to 5.5 times the resolution
angle (i.e., reciprocal of visual acuity) at that radial position (i.e., eccentricity) on
the retina where the image of the letter is formed.

A detailed discussion of the considerations involved in making the above assumption
and the definition of visual acuity are given by Rockwell et al. (5), LeGrand (4), and
Davson (3). The above assumption was supported by conducting controlled field studies
in this research (1). All field studies were conducted under daytime luminance levels
ranging between 10 to 10" cd/m?.

A computer program was developed to determine the availability (or resolvability)
of information displayed by a sign to a driver in the successive eye fixations he makes
as he approaches a sign. The program, which is called SEADEM (sign evaluation by
analysis of driver eye movements), requires the following inputs:



41

1. Eye-movement data collected on the test section (eye-movement data consist of
angular coordinates and durations of successive eye fixations made by the test driver
as he approaches a sign);

2. Highway geometry;

3. Velocity profile and the path (i.e., lane position) of the test vehicle on the test
section;

4. Sign characteristics, such as location of sign, sizes of letters, sign size, and
contrast; and

5. Visual acuity in the binocular visual field of the test driver.

With those inputs, SEADEM determines the eye fixations that provide resolvable in-
formation about the sign to the driver and then computes the following measures that
are used to define the sign-reading behavior of the driver (Fig. 1):

To.x = maximum time-distance during which information displayed by the largest
letter or symbol on the sign can form a resolvable image on the driver's
retina if the driver were fixating foveally on the sign;

T, = time-distance at the beginning of the first fixation when the largest letter
(or number) on the sign forms a resolvable image on the driver's retina;

= time-distance at the last fixation when a letter (or number) on the sign forms
a resolvable image on the driver's retina;

T, = (T,-T,) = time interval in which perceptual time is shared with the sign and
the tasks in driving;

T,..a = total time during which information displayed by the sign forms a resolvable
image on the driver's retina (this represents total time available for obtaining
information from a sign); and

= minimum possible value of T, below which a sign cannot present resolvable
information to a driver because of limitation of driver's visual capabilities,
angular position of the sign, and angular velocity of the sign in the driver's
visual field.

T

T

enin

In addition to the above measures, another measure called T,,, was defined as the
minimum time necessary for an unfamiliar driver to acquire information displayed by
a sign.

For purposes of determining values and distributions of T,,, as a function of variables
such as length of displayed message and type of informational need of the driver in re-
lation to the message displayed by the sign, a controlled experiment using a research
sign that can be programmed was conducted. The description of the experiment is given
in another report (1). The measure T,,, was defined primarily to enable comparison
between the observed values of T,,,, and T, for the same sign and to investigate the
problems related to partial or excessive sign reading by the drivers.

HYPOTHESIZED RELATIONS

The variables defined above were conceptualized (either by definition or for ex-
perimental testing) to be functionally related to various factors such as sign charac-
teristics, driver familiarity with the route, and traffic density. A partial list of func-
tional relations is briefly presented as follows:

T,.x =1 (size of letters, speed of vehicle, visual acuity, and location of driver with
respect to sign);
T,.as = g (traffic characteristics, familiarity, complexity of message on the sign,
and highway geometry);
T, = h (sign detection, urgency of information, traffic characteristics, visual
acuity, and height of largest letter);

T, =k (complexity of message, familiarity, T,, height of the largest letter, and
relevancy of message);
T,..» =1 (relative angular position of sign with respect to driver's path, velocity,
and visual acuity); and
T,;, =m (complexity of message, familiarity, and relevancy of message).
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In this research, the relevancy of the message displayed on the sign to the driver
was defined by considering the following 3 categories:

1. Signs that are not relevant (NR), i.e., the driver does not need information to
continue on the highway;

2. Signs that are not pertaining (NP) to route, i.e., that do not present information
pertaining to route or destination; and

3. Signs that are pertaining to route (PR), i.e., that present relevant information
pertaining to route or destination.

The following important basic hypotheses are some that were developed to investigate
the functional relations presented above:

1. The time-distance at the first fixation from which the driver begins to sample
information from a sign would be related to T_,,. More specifically, it is hypothesized
that, the higher the value of T,,, is, the higher the value of T, will be,

2. The measure T, depends on the driver's informational need and on the visual
load on the driver's information acquisition and processing capacity due to other driving
tasks. It was hypothesized that, with an increase in the urgency of the information to
the driver, the value of T,,,/T, would tend to move close to 1.0. Further, itis hy-
pothesized that, with an increase in visual load (primarily due to traffic density), the
value of T,,,/T, would increase.

3. The total time, T,,,, during which a driver obtains information from a sign
depends on (a) (T, - T,,,) = total time available to the driver to obtain information from
the sign, (b) relevancy of information presented by the sign in relation to driver's in-
formation need, (c) amount of message presented on the sign, and (d) visual information
demands in performing other tasks in driving. The difference (T, - T, ) defines the
maximum time that is actually available for a driver. It is, therefore, hypothesized
that, depending on the information need, the driver time-shares his visual attention
(in the period T, - T, ,) between the sign and other sources that provide him informa-
tion necessary to perform other driving tasks. The time-sharing process is further
hypothesized to be a trade-off type of process where the driver has to make decisions
on (a) proportion of (T, - T, , ) time to be spent between acquiring information to per-
form other tasks in driving, (b) percentage of needed information to be acquired from
a sign withont interpretation errore, and l¢) urgency associated with oblaining ihe in-
formation from a sign.

4. The ratio T,/T,,., is hypothesized to be a descriptor of the trade-off process
mentioned above. The signs for which values of T ,,, are higher and the values of
T, /T,s.a are lower would then indicate the driver's increased concentration on the
signs. Therefore, it is hypothesized that the important criteria for determining
"adequacy' of a sign are (a) T,,,/T, should be as small as possible [the time period
(T,,x - T,) indicates unused time, i.e., a driver does not use the available information
from the sign], and (b) values of the ratio [(T, - T,,.,)/Ts ] should be greater than or
equal to T,/T,,., (T,, is defined as the time required by an unfamiliar driver to obtain
the needed information with no interpretation errors and, if less than T,,,, indicates
that the driver did not obtain all the information adequately or only partially read the
sign).

SOME DETAILS CONCERNING THE FIELD DATA COLLECTION

The hypotheses presented in the previous section were investigated and the effects
of many other factors on the sign-reading behavior of drivers were determined in 8 field
studies. Table 1 gives some details concerning the studies. Details concerning each
of the studies are given in the final report of this project (1).

In all 8 studies, the data were collected by using an instrumented vehicle that was
equipped to record simultaneous synchronized data on eye movements and driving per-
formance. The eye-marker camera system used in this research works on the principle
of corneal reflection. The system essentially records superimposed images of the
position of the driver's visual axis and the driver's forward visual scene encompassing
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a 20 x 20-deg visual field. A detailed description of the eye-marker camera system,
the instrumented vehicle, and the data collection procedure used in this research is
given in another report (1).

Most of the eye-movement data in this research were collected under experimental
conditions, and the subject drivers were totally unaware of the objective of the re-
search. In the field studies, drivers were only given freeway entering and exiting in-
structions, and nothing was mentioned to them about the signing. The collection of
eye-movement data, thus, enables the researcher to obtain unbiased (instruction-free)
data on the sign-reading behavior of drivers during a period of time. Field studies
F-2 and F-5 (Table 1) included testing under controlled situations where specially de-
signed research signs were erected and employed with the cooperation of the Ohio De-
partment of Highways. In all the field studies, the total eye-movement data collected
in this study amounted to more than 2,000 sign passages. The data were analyzed by
the SEADEM computer program, and sign evaluation measures were computed.

The 3 laboratory studies in this research were conducted primarily to investigate
the effect of message content and informational need of the driver on the minimum
time necessary to acquire information from a sign. The laboratory studies are de-
scribed in the earlier report (1).

RESULTS

Many results were obtained from the 11 studies. In this section, basic findings are
presented first and then some specific results are illustrated. Further, it is important
for the reader to know the range of values of the different measures that were obtained
in the studies.

Five subjects were used in this research. Their binocular foveal visual acuities
ranged between 20/15 and 20/35. In general, the 50th percentile values of the measures
T,y T and T, for standard freeway signs and travel speeds of about 60 mph ranged
from 11 to 16, 7 to 10, and 1 to 4 sec respectively. The values of T ,,,, in general,
ranged between 0.5 and 4 sec.

The sign-reading behavior of a driver is a highly adaptive process. While the driver
adapts his sign-reading behavior depending on relative level and importance of factors
such as traffic density, relevancy of the sign with respect to the driver's intended
destination, and driver's familiarity with the highways, there are some basic and
relatively stable relations between T_,,, T,, and T,,,. The word "stable" is used here
to indicate that the relations do not appear to be appreciably affected by factors such as
those described above. The basic and stable relations found among T,,,, T,, and T, ..
are as follows (Table 2):

1. T, and T, were found to be significantly and positively correlated under all
types of driving and signing conditions;

2. T,and T,,,, in general, were found to be significantly and positively correlated
under all types of driving and signing conditions; and

3. T,,and T, in general, were found to be uncorrelated.

The variable T, (defined as the first time-distance from which a driver actually be-
gins to sample information from a sign) is the key variable for both the evaluation and
the design of road signs. That is primarily because how a driver acquires information
from the sign depends highly on when he begins to attend to the sign. The period
(T, - T.,..) denotes the time that is available to the driver to read the sign before he
passes it. Therefore, the results indicate that, depending on his informational need,
the driver adapts his sign-reading behavior in the period (T, - T,,,,) to obtain required
amounts of information during time T, ,, from the sign. Some positive correlation
between T,,, and T, is expected because of the manner in which they are derived. T,
is dependent on eye movements, but T, is independent of eye movements. The primary
factors that are needed for the determination of T, , are maximum letter size (i.e., the
highest size letter on the sign), visual acuity of the driver, velocity of the vehicle, and
location of the sign with respect to the driving lane. It appears, therefore, that the
positive correlation of T,,, and T, suggests that, as a driver approaches a sign, the



Table 1. Summary of field studies.

Num- Dependent
ber Title Objectives Variables Independent Variables
F-1 A study for developing To collect driver eye-movement Sign evaluation Relevancey of signing to
data based on sign- data under different signing and measures the driving task (3
reading behavior of traffic conditions to generate a levels), i.e., no re-
drivers data base, primarily intended levancy, relevant but
for use in developing an under- not pertaining to route,
standing of sign-reading be- and relevant and per-
havior of drivers and subse- taining to route
quently in developing a method- Type of mounting, side
ology for evaluating road signs and overhead mounted
Visual loading level,
i.e., open-road driving,
car following, and car
following at minimum
safe distance
Signing density, low and
high
F-2 A controlled valida- To determine maximum sight dis- Maximum sight Speed prior to response
tion study using tances from which a driver can distances at the  to speed-limit sign (4
speed-limit signs read a sign initiation of levels)
To determine relation of sight driver control  Height of letters on
distance to visual acuity of response speed-limit signs (2
drivers Sign evaluation levels)
To determine effect of lateral measures Lateral position of sign
placement of signs on sign- (2 levels)
reading behavior of drivers
F-3 An exploratory study To investigate possibility of a Amount of mes~  Location of fixation point
for investigation of driver's sign reading by extra- sage read by (2 levels)
sign reading by foveal vision lor the validation the driver
extra-foveal vision of assumption used in the de-
veloped methodology
F-4 A study for the eval- To apply the developed method- Sign evaluation Signing differences, old
uation of sign ology for evaluating sign measures and new signing
changes on 1-90 changes made by Ohio Depart-
ment of Highways on 1-90 in
Cleveland
F-5 A study for determi- To determine minimum time Treqa = minimum  Length of message, lines
nation of T, , using necessary for a driver to time (sec) re- (2 levels) and words
research sign that acquire required information quired to ac- (2 levels)
can be programmed from a sign quire required Familiarity (2 levels)
information Type of information
from sign needed
F-6 A study for the inves-  To investigate the effect on sign- Sign evaluation Number of signs per
tigation of effects of reading behavior of drivers of measures location (3 levels)
sequential and multi- number of signs per location Number of sign locations
ple signs (multiple signs) and number of per exit (3 levels)
lacatiane nf aign lor cigne) nox
exit (sequence of signs)
F-7 A study of signing in To determine effects on sign- Sign evaluation Geometric configurations,
Akron reading behavior of drivers of measures i.e., right turns for
signs that provide information continuing on highways
conflicting to highway geomet- on left side, left turns
rics for continuing on high-
ways on right side, and
left exit
F-8 A study of signs of To study sign-reading behavior Sign evaluation Signing situations
special interest of drivers under signing situa- measures
tions that are generally re-
garded as confusing, have spe-
cial merging signs, and have
diagrammatic signs
Table 2. Correlations of T oy, T¢, and Tygeq.
Tux and Ty Ty and Tueee Taax and Tyaea
Num- Significance Significance Significance
ber Condition Correlation  Level Correlation  Level Correlation  Level
F-1 Open-road driving 0.3291 < 0,05 0.3077 <0.25 -0.0466
Normal car following 0.2973 < 0,10 0.3780 < 0.10 -0.1069
Car following at minimum 0.2412 < 0.05 0.5334 < 0.01 -0.16025
safe distance
F-4 Old signs on I-90 0.552 < 0,01 0.186 <0.10 0.064
New signs on I-90 0.642 < 0.01 0.415 < 0.05 0,197 < 0.05
F-6 Car following under in- 0.505 < 0.05 0,684 < 0.05 0.268
structions to stare at
the lead car
F-17 Difficult route selection 0.497 to <0.25 0.416 to < 0.01 0.48 to <0.01
in moderate to heavy 0.769 0.902 0.853

traffic density




45

time-distance from which the driver first obtains the resolvable information from the
sign depends on the driver's awareness of the legibility of the maximum-sized letters
(presumably by extra-foveal vision, which is also generally responsible for the de-
tection of the sign).

Table 3 gives the effects of some important independent variables on the sign
evaluation measures. The arrows show the directions in which the sign evaluation
measures were found to be related with increases in the value of each of the independent
variables. For example, the first row of the table shows that, in general, as the traf-
fic density increases, (a) T,,,, T,, and T, decrease; (b) T,,,/T, decreases; and (c)
values of T, and T,/T,,,, appear to be unaffected.

In the following paragraphs, some of the important and specific results are pre-
sented briefly:

1. The T,,,/T, ratio was found to be a good descriptor of the sign utilization by the
drivers; if T,,,/T, is equal to 1.0, the driver can begin to acquire information from
the sign as soon as it is legible. The higher the value of T,,,/T, is, the less is the
utilization of the information availability of the sign. The T,,./T, ratio increases as
the visual load on the driver's information acquisition process increases. For the
same drivers, the values of the T, /T, ratio were higher under car-following situations
than under open-road situations (Fig. 2). The T,,,/T, ratio decreased as urgency in
obtaining sign information increased. The values of T,,,/T,, in general, were higher
for side-mounted signs than for overhead-mounted signs.

2. T,.s was found to be related in various ways to different factors.

a, T,,,.is significantly and positively correlated to T,, indicating that, if T, is
higher, a driver can spend more time in obtaining information from the sign (Table 2).

b. T,,., increases as relevancy of the information presented by the sign in relation
to the driver's objectives increases (Fig. 3).

c. T,..is related to the driver's visual load due to traffic situations. As the traf-
fic density increases, the time that is available for the drivers to obtain information
from the signs decreases (Fig. 3).

d. T,,,depends on the amount and the type of information the driver needs. T,
increases as length of sign message increases. Further, values of T,,,, were smaller
when the information required by the driver was displayed on the sign than when the
displayed information did not contain the information required by the driver.

e. In a sequence of signs such as X ROAD, EXIT 1 MILE; X ROAD, EXIT Ya
MILE; X ROAD, EXIT NEXT RIGHT, the values of T,,,, for the first sign are generally
higher than those on subsequent signs, except for the last sign (or signs) where a major
control action such as exiting or lane changing is required.

f. When a driver approaches a group of signs, the values of T, , are governed by
the natural tendencies of the driver in relation to his objectives and positional ex-
pectancy of relevant signs and by the fact that a driver who wants to continue on the
highway (i.e., in through traffic) generally spends more time looking at the signs on
the left side and a driver who wants to exit generally spends more time looking at signs
on the right side.

g¢. As the driver becomes familiar with a sign, he requires less time to obtain in-
formation from it. T, . is negatively correlated to driver familiarity; but if the sign-
ing is inadequate, poor, or confusing at low levels of increasing familiarity, T, , de-
creases as familiarity increases (Fig. 4). (In Figure 4, F1 represents the situation of
an unfamiliar driver, and F2 represents the situation of an unfamiliar driver driving
the second time on the test route.)

h. Drivers do not just concentrate on a sign (after T,) until they obtain the required
information from the sign but share their time after T, between the sign and objects on
the road. It appears that under normal freeway driving situations (i.e., under low to
moderate visual loads) and for adequate signs the driver time-shares with the signs
such that the 50th percentile values of T,/T,,,, lie between 3.00 and 4.00.

i. The drivers, in general, do not read all the information displayed by a sign but
make trade-off decisions between amounts of information to be acquired from the sign
and time to be gpent in performing other driving tasks.



Figure 1. Measures used to define sign-reading behavior of drivers from eye movements.
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j. As the relevancy of signing with respect to the driver's informational need in-
creases, the values of T,/T ., decrease.

3. The minimum time necessary to acquire required information from a sign is
related to different variables.

a. T, decreases as driver familiarity increases.

b. T,, increases as the amount of message read by the driver increases (Fig. 5).
(In Figure 5, IN1 = searching for the mileage number for a given destination, IN2 =
searching for a given destination when it was displayed along with other destinations,
and IN3 = searching for a given destination when it was not displayed on the sign.)

¢. When a driver is looking for specific information (e.g., a destination, the min-
imum time necessary to obtain such information depends on the position of that infor-
mation on the sign. Drivers, in general, read the signs from top to bottom. There-
fore, if the required information is displayed on the top line, T,,, is the smallest.

d. In general, less search time is required when the information needed by the
driver is presented on the sign than when the required information is not presented on
the sign (Fig. 5). Further, when a driver is searching for specific information on a
sign, the minimum time necessary to search and acquire the information increases as
the amount of words and lines displayed on the sign increases (Fig. 5).

4. A negative for (T,,,, - T,,,) indicates either that the driver read only a partial
message from the displayed message on the sign or that the driver is familiar with the
highway or read more completely the preceding signs.

5. When a verbal response to signing was requested from the subjects, their sign
reading in the laboratory correlated to their sign reading on the road. But the road-sign
reading generally requires about 300 msec additional time. Further, the sign-reading
behavior of drivers under normal conditions (i.e., when the drivers were simply asked
to follow a given route) is different from their behavior when they are asked to verbally
report the information concerning the given route. The difference is due to a difference
in a driver's strategy in reconfirming or reassuring himself about the message on the
sign.

6. The sign-reading behavior of drivers on unfamiliar roads where the signing is
confusing (or contradictory) and inadequate had the following characteristics: high
values of T,,,/T, (more than 2.0); low values of T,/T,_,, (less than 2.5); and very low
values of T, (approximately equal to T,,,,).

use

PROJECTED IMPLEMENTATION OF THE RESULTS

The results obtained in this research, in general, provide information on under-
standing how drivers obtain information from signs under different driving and signing
conditions. Therefore, as stated earlier, the problem of the evaluation of signs can be
effectively solved if a proper match is achieved between the sign-reading behavior of
drivers and the characteristics of the signing and related variables such as traffic
density and highway geometry.

When all the results obtained in this research are assembled, they suggest that the
most important variables associated with determining the degree of match between a
sign and the sign-reading behavior of drivers are as follows:

1. T, (defined as the maximum time-distance from which the driver first begins to
acquire information from an approaching sign),

2. T, (defined as the minimum time-distance from which a driver can obtain in-
formation from the sign),

3. T,,, (defined as the minimum time necessary for the driver to obtain the required
information from the sign), and

4. T,,,, (defined as the time during which a driver obtains or can obtain information
from a sign).

Those 4 variables, when further analyzed in relation to the following variables,
provide detailed information on how a driver shares or uses the time period (T, - T__, ):
difference between T, and T,,,, T,/T,,.q (T, = T,,,.)/Tus, and relations between T,
and T,,, when considered by the ratio T, ,/T,. The last variable provides information
about the driver urgency and use of the sign information availability.
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Table 3. Effect of increase in value of independent variable on sign evaluation measures.

Mumber Independent Variabie Tusea Ty T Ty Taus/Ts T/ Tusea
1 Traffic density (open-road LF-2 1F-1 UA 1F-1 tFP-1 UA
driving to car following) F-6 F-6 F-6

F-7 F-17 F-7
2 Signing relevancy to driving tF-1 NAE {F-1 tF-1 NAE 1 F-1
task F-4 F-4
3 Type of informational need -F-5 NC NC NC NC NC
L-2
4 Urgency associated with ob- NC-NA tF-4 NC-NA NC-NA 1F-4 NC-NA
taining information from
sign
5 Driver's familiarity with the ‘{F-4 {F-4 tF-4 F-4 tF-4 UA
highway (or signs) F-5
L-1
L-2
6 Average angular location of {F-4 VF-2 tF-4 ‘F-4 tF-4 NAE
sign from path of vehicle F-4
i Location of sign in sequence -F-1 -F-1 -F-1 -F-1 -F-1 ~F-1
of signs F-4 F-4 F-4 F-4 F-4 F-4
F-6 F-6 F-6 F-6 F-6 F-6
8 Position of sign in group of - F-7 -F-7 -F-7 -F-7 -F-7 -~ NAE
(multiple) signs
9 Awareness of sign and its NC tF-4 NC NC 1 F-4 t F-4
legibility (size of sign and
size of letters)
10 Amount of message (i. e., tF- NA-NC |} t NA-NC i

words, lines, and letters)
on sign and message com-
plexity

Note: UA = unaffected; NAE = no apparent effect; NC = not considered; NA = not applicable; t = value of sign evaluation measure increases with increase
in the value of independent variable; § = value of sign evaluation measure decreases with increase in the value of independent variable; = = significant effect
due to levels of independent variable (difficult to quantify); and alpha-numeric notation by arrow = study in which effects were observed,

Figure 4. Effect of driver familiarity on T sq.
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The characteristics of good signs can, therefore, be briefly presented as follows:
The value of T,,, should be sufficiently high such that, for an unfamiliar driver, (a) the
ratio T,,,,/T,,, should be close to 1.0 (under higher visual loads); (b) the ratio T,/T,,,,
should be large, i.e., at least more than 3.0; and (c) the ratio T,“/T, should be close
to 1.0.

An increase in T, /T, indicates decreased use of the availability of the visual in-
formation displayed by the sign. Further, smaller values of T,/T,, , show increased
concentration of the driver on the sign in his time-sharing process with the sign and
other driving tasks. For an unfamiliar driver, a ratio T,,,,/T,,, smaller than 1.0 in-
dicates partial reading.

Because there exist intersubject and intrasubject differences in the sign-reading
behavior of drivers, it is extremely difficult to make inferences about the adequacy of
a sign just by observing data of one subject. Therefore, it is recommended that for the
sign to be evaluated data on sign-reading behavior of many subjects be collected and,
based on the characteristics of the distributions of the measures developed above, in-
ferences on the "goodness' or "adequacy' of a sign be drawn.

From the distribution functions of the sign-reading behavior of a driver, the follow-
ing estimates can be obtained in relation to certain preestablished values of criteria
such as K¥, K*, ..., KX

1? 4°

1. Evaluation of information availability (estimate of the probability that T,,, > KO) y

2. Evaluation of sign utilization and driver urgency (estimate of the probability that
T,../T:<K)});

3. Evalﬁation of the completeness of sign reading (estimate of the probability that
T eea 2 KF (K¥ can be selected as a suitable percentile value of the T,, obtained from
the distribution of T, );

4. Evaluation of the time-sharing process (estimate of the probability that T,/T,,,, =
K$);

5. Estimate of K¥ - K, where K} is the theoretically computed value on the estimate
of the time-sharing process by the equation K} = (T, - T,,,.)/Tp.-

In general, it can be stated that the higher values of the probability estimates de-
scribed above indicate better effectiveness of the sign.

In this research the data on the sign-reading behavior of drivers under many dif-
ferent driving situations were obtained to gain an understanding of how the values of the
sign-evaluation ratio are related to different variables involved in the problem of the
evaluation of the signs. From such an understanding, the critical values of the varia-
bles K¥, K¥, ..., K¥ would be selected for both the evaluation and the design of a road
sign so that the characteristics of the sign would be matched with the sign-reading be-
havior of the drivers under the traffic and highway situations existing in the vicinity of
the sign.

Current highway signing standards presented in the Manual on Uniform Traffic Con-
trol Devices for Streets and Highways do not provide sufficient information to a high-
way engineer for designing highway signs. The design guidelines in such manuals only
make a highway engineer aware of considerations such as use of safety factors to ac-
count for driver information and time associated with reading the sign.

Many of the findings of this research are still too exploratory in nature to provide
quantified information on many such considerations, which are currently described
merely as guidelines and have mathematical explicitness in the Manual on Uniform
Traffic Control Devices. However, the findings strongly suggest that further research
would lead toward the development of more mathematical and practical guidelines.

For example, some of the findings of this research offer solutions in the following
directions in sign design based on sign-reading behavior of drivers:

1. This research has shown that, under normal traffic conditions and lower visual
loads, the 50th percentile values of T, /T, lie in the neighborhood of 1.5; under higher
visual loads (due to higher traffic density), the 50th percentile values of T, /T, tend to
lie over 2.0. That result clearly indicates that, if the sign designer considered the
driver's sign-reading behavior, he should not merely consider the legibility distances
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but should take into account the factor T,, /T, (obtained for the level of traffic density
on the highway where the sign would be installed).

2. This research has shown that the time required by the driver to obtain informatic
from the sign depends on factors such as length of message displayed on the sign and
type of information need of the driver. Therefore, based on this research and future
research in this area, some estimates of T, and T,,,, can be provided to a highway
engineer for better design of signs.

3. This research has also shown that drivers do not just concentrate on the sign to
obtain information but share time with the sign and other objects. Therefore, standard
values of T,/T,,., for different driving and signing conditions can be established for
better design of the signs.

The discussions above were presented only for the purposes of illustration. It ap-
pears that a more complete and detailed implementation of this research would lead
toward developing schemes and guidelines for both the evaluation and the design of road
signs. Currently, further research in this area is under way at the Ohio State Univer-
sity to implement the results obtained in this research and to develop an operational
tool that can be used by a highway engineer to solve the signing system design and
evaluation problems.

CONCLUSIONS

Two major conclusions can be derived from the research. The first is that con-
crete proof has been provided to the research community that an eye-marker camera
system is a valuable research tool among many other systems available today for the
study of highway signing under actual driving situations. Second, the eye-movement
data collected in this research have, for the first time, provided quantitative infor-
mation on the driver's sign-sampling behavior. The data clearly show that, in general,
drivers do not just concentrate on a sign (i.e., read a sign in one glance) but rather
make several glances to it. The time-sharing process of the drivers with the signs
and other objects on the road is found to be dependent on factors such as time-distance
fo first fixation on the sign, traffic density, type of informational need of the driver,
length of message displayed on the sign, relevancy of information to the driver, and
driver familiarity. Such data on sign-reading behavior of drivers under actual driving
conditions wele previousiy nonexistent. rurther investigations into the results ob-
tained in this study would no doubt lead to the development of better tools or assess-
ment techniques for both the design and the evaluation of highway signs. Research in
that direction is currently under way at the Ohio State University.
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DISCUSSION
M. M. Zajkowski, Wayne State University

The research reported by Bhise and Rockwell represents an important innovation in
highway safety research technology. Especially significant is the utility of the eye-
marker camera system for evaluating a multitude of variables that may affect the avail-
ability or acquisition of guide-sign information. The authors have suggested that be-
cause eye movements are involuntary they are relatively bias free when compared to
other driving performance parameters. Although some saccadic eye movement is
relatively automatic and involuntary, eye-movement patterns seem to reflect a sys-
tematic sampling of environmental information, and the sampling is based on the
driver's interpretation of incoming sensory information (7). This suggests that eye
movements not only may be involuntary but also may be under the influence of current
stimulus conditions and past experiences of the driver.

An additional point of some importance is related to the notion of using eye move-
ments as the dependent variable in evaluating sign-reading behavior. It is quite ap-
parent that frequency, pattern, and duration of eye movements reflect the impact of
environmental, target, and subject variables on the information-search process.
Therefore, it is reasonable to assume that eye movements provide an index of in-
formation availability. However, the relation of eye movements to the central infor-
mation process of the driver is less clear. Thus, it would seem important to make a
distinction between information availability and information acquisition. It seems
logical to conclude that if an individual fixates on a guide sign the information contained
on that sign will be available to him to the extent that it is legible and interpretable.
One can be relatively certain that items have been acquired only if the driver is re-
quired to make decisions based on that information or if it can be inferred from his
behavior that subsequent changes are correlated with informational input. In any event,
eye movements constitute a critically important mediating process in the chain of events
between the presentation of information and the response to it. Equally important is
the authors' conceptual model of the components of this mediating process, their de-
velopment of eye-marker system designed to provide meaningful data, and their de-
velopment of the SEADEM program for analyzing the data.

In discussing the criteria of sign adequacy, the authors suggest that unused time
should be as small as possible and that the ratio of the time of information availability
to the time required by unfamiliar drivers to extract information from signs should be
greater than or equal to the ratio of perceptual time sharing to the time that the sign
information forms a reasonable image on the retina. Those criteria are appropriate
given that sign adequacy is equated with the efficient use of information-display time.
However, in concurrence with points made earlier, it is felt that such criteria would
represent an extremely important but partial set of evaluative standards by which to
assess the adequacy of signs. One must include measures of correlated decision-
making and driving behaviors in order to have a complete picture of sign adequacy.

The results obtained by the authors are important in several respects. First, the
relations between critical variables for highway research and information-search
processes have been quantified by the use of a dependent variable that is unique in that
it sensitively reflects both situational and psychological factors. For example, an ex-
amination of the summary table of results reveals that increasing the values of the
situational factors of traffic density, sign angular location, and sign complexity gen-
erally has a negative impact on the sign evaluation measures; that is, available in-
formation is not used effectively. Likewise, as a driver becomes familiar with a
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roadway, he is less likely to attend to sign information, It is interesting to note that
inereaging the value of sign relevancy, driver urgency, and sign and legibility aware-
ness is related to a more effective use of information. Those variables might well be
classified as psychological. Location of sign, position of sign, and information need
also seem to be correlated with the evaluation measures but are less amenable to in-
terpretation. Those results would seem to suggest, as many earlier authors have
pointed out, that psychological variables that affect driving performance have too often
been ignored in design and evaluation of guide signs. This study clearly identifies the
importance of those variables and provides a means of quantifying and evaluating them.

The second important agpect of the results is related to the specific utility of the
various sign evaluation measures. As the authors have pointed out, T, (maximum
time-distance from which a driver actually begins to acquire reasonable information)
is the key variable in evaluation and design of road signs because of its impact on the
information-search process. T,_,. (minimum time-distance from which driver can ob-
tain information), T,,, (minimum time necessary for the driver to obtain required in-
formation), and T,, , (time during which a driver obtains or can obtain information
from a sign) are also considered important variables because when used in various
types of analyses one can determine how a driver utilizes the period of time in which
the sign information is available to him. The authors then use those values to establish
the characteristics of good signs. Stated verbally rather than in the ratio form used
by the authors, the maximum time-distance during which the sign can form a reasonable
image for an unfamiliar driver should be of such a value that

1. The amount of time spent fixating on the sign should approximate the minimum
time required for an unfamiliar driver to extract the required information;

2. The amount of time spent fixating on the sign should be significantly less than
the time required to perform other time-shared driving tasks; and

3. The time-distance of the first resolvable fixation should be the same as the time
distance when the sign information can first provide a resolvable image.

Those criteria are critical and obviously related to the assumption that effective
highway signs must perform their communication function with a minimal disruption
of driving behavior. However, it might be desirable to assess the ultimate validity
and reliability of those criteria in future studies hy expanding the concentual medel to
include various kinds of driving behavior that might serve as correlates of the visual
behavior described in this paper.

In summary, the authors have developed an innovative and pragmatic method for the
evaluation of highway guide signs. Future applications and refinements of the technique
will undoubtedly serve to validate the logic of this approach. One is struck by the pos-
sibility of additional applications of such a model, and we shall be looking forward to
reports of such applications.
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The Bhise and Rockwell paper represents an important piece of research. The eye
is the point of entry of most information from the highway environment. The visual
stimulus is the initial incident in the chain of events that leads finally to the driver's
steering and braking reactions. We are, therefore, fortunate that during the past 4
or 5 years, Rockwell and his associates at Ohio State University have concerned them-
selves with studying the driver's eye fixations. That is no easy task, as those of us
who have tried to record eye movements in the accelerating and jolting car can attest.
In the latest phase of their work, Bhise and Rockwell have applied eye-registration
techniques to the evaluation of signs. Their paper presents the findings of this phase
and comprises results of 8 field and 3 laboratory studies.
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BASIC CONTRIBUTIONS OF EYE-MOVEMENT STUDIES

Before discussing the contributions of this work to the evaluation of signs, I would
like to mention some of the basic findings. In developing their assessment tool, Bhise
and Rockwell first had to understand how the eye operates in obtaining road information.
The basic factors that affect eye movements had to be taken into account in interpreting
the results.

Eye-movement studies by early investigators, such as Javal, Dodge, and Judd, go
back almost a hundred years. Those studies showed that the eye does not move in a
continuous sweep as it seems to the viewer but rather exhibits long fixations inter-
rupted by short saccadic (jump) movements of about %0 sec. The fixations last about
‘2 sec each. The early studies also showed an amazing compensation by the viewer's
eye for head movements and time-phased movements of convergence and divergence.

I mention this early work because the findings of eye-movement studies have always
been fascinating and somewhat unexpected.

Bhise and Rockwell's basic contributions concern the effects of driver and sign
characteristics on eye movements. They have shown that eye fixations reflect the
driver's familiarity with the sign, his trip purpose, the relevance of the message to
the driver's goal, the redundancy of the signs, and the size of the sign letters. Some
of their findings are given to illustrate the novelty of this work:

1. Although drivers spend more time viewing a sign whose message is relevant,
nonrelevant guide signs are also fixated. The authors show that the majority of freeway
guide signs are actually looked at by the driver as he passes.

2. The driver spends more time viewing a sign when the information he is looking
for is absent than when it is present.

3. The driver starts to view the sign relatively later when traffic is heavy than
when traffic is light. His fixation is also delayed when he is closely following another
vehicle.

4. If the driver gets relevant information from an advance warning sign, he spends
less time viewing subsequent signs than he would otherwise.

5. Although the driver spends less time scanning a familiar sign than an unfamiliar
sign, the difference in times is less than one might expect.

6. The driver sometimes takes less time than he needs in viewing the sign. The
comparison is with minimum times found in laboratory studies of sign viewing.

These are some of the basic findings of these studies. Earlier phases of this work
were concerned with fixations during the process of learning to drive and with the ef-
fects on visual fixations of alcohol and fatigue. The virtue of all the work is that the
conclusions flow from and are supported by quantitative performance data.

APPLIED CONTRIBUTIONS

The main purpose of these studies was to develop a method of evaluating signs. To
do this, the authors evolved a set of measures of the efficiency with which information
was obtained from the sign. Those measures are based on time relations. T, is the
point in time at which the sign can first be read; T, represents time at which the driver
first fixates the sign; T, is the total amount of time available to the driver for viewing
the sign; and T,,./T, is the relation between the time at which the sign can first be
seen and the point in time at which it is actually fixated. A full description of those
and other evaluation indexes is given in the report itself. Predictive equations were
programmed on the computer to indicate trade-offs among the factors affecting read-
ability. The number of messages, letter size, and sideward positioning of the sign
may be mutually arranged to reach a level of adequate readability.

Bhise and Rockwell state that a bad sign is shown by several symptoms: (a) The
first fixation occurs much later than necessary, (b) the sign receives an excessive
amount of attention, and (c) the sign receives attention even when the driver is very
close to it. These symptoms are defined in terms of fixation times. Although it may
seem intuitively evident that those measures indicate sign pathology, one would feel
more comfortable if their validity was experimentally demonstrated. For example,
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the contrast of a sign may be systematically decreased. In this case, the eye-fixation
times should show more and more pathological symptoms, thus indicating the validity
of the symptoms. One also wonders how driver unfamiliarity would affect eye move-
ments. A novel sign, such as an unusual diagrammatic design, will invite a long vi-
sual ingpection whether or not it is a good sign. Driver unfamiliarity may be overcome
in the laboratory by special training on a set of signs similar but not identical to the
test signs. It is much more difficult to give this sort of training on the road.

Although eye-fixation techniques are a valuable addition to sign evaluation methods,
there are other methods. Signs have been evaluated by Roberts, Kohlsrud, and others
in terms of erratic maneuvers. Berger, Gordon, and Zajkowski separately have used
a laboratory technique to assess signs. The driver was shown retouched highway pic-
tures that had experimental signs added. He was asked to state as quickly as possible
the lane he should be in to reach an assigned destination. That technique provides
measures of the time required to extract information from the sign and indications of
the correctness of the driver's interpretations as shown by his lane choices. Another
assessment technique developed by Mace, Hostetter, and Seguin and perfected by Mast,
Hooper, and Chernisky involves projecting signs on a screen in front of the driver.
Fictitious signs and exits are used to prevent the effects of driver familiarity. The
driver's reaction time, vehicle speed, and acceleration noise are measured by that
technique. There are also operational indications of sign failure: drivers stranded on
the gore and shoulder of the road and letters of complaint from frustrated motorists.

I mention these methods because they seem to have been overlooked or at least not
referred to by Bhise and Rockwell. On the other hand, eye-movement techniques for
evaluating signs have important potential advantages. They can be carried out in the
operational setting, and they involve the visual mechanism by which drivers obtain and
use road information.

The Bhise and Rockwell studies raise a number of challenges for all of us, and I
think for the authors too. So far, Rockwell and his coworkers in the United States and
Keith Rutley in England have been almost the only ones involved in eye-movement work.
Many more of us would be involved il we could use the equipment or, better yet, if a
simpler registration device was developed. Present methods are fussy and uncomfort-
able and require the attendance of a trained {echnician. A number of questions remain
to be answered. Are the performance measures so far proposed the most effective for
assessing a sign? How do the eye-movement results check with other sign-testing
methods or combine with other methods to provide a complete evaluation? What
other vehicular-guidance problems can be effectively approached with eye-fixation
techniques ? There is also need for further review of the work already accomplished.
After completing their large-scale program of 11 studies, Bhise and Rockwell must
feel a bit by themselves and appreciative of whatever feedback is offered by the traffic
engineering community. Novel methods of improving roads and signs do not so often
appear. When one does, it benefits us to pay attention and give it a fair and thorough
hearing.

Fred Hanscom, Virginia Highway Research Council

The authors are to be commended for an important effort in which they examine
some meaningful parameters in relating motorists' performance to highway-signing
characteristics. The problem of matching signing with driver behavior is, without a
doubt, representative of one of the most critical research needs in the area of motorist
information systems. The variables explored in this paper provide much insight rel-
ative to driver sensitivity as an optional method to evaluate highway signing; yet, the
research should be considered as a basis for an evaluation methodology rather than a
completely operational tool.

The focus of this discussion will be on some ideas relative to the integration of eye-
marker camera research into the development of sign evaluation methods. Some
specific recommendations that relate to work presented by Rockwell and Bhise will
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be given first, and then some general concepts will be presented evolving from other
signing research in light of potential refinements using eye-marker camera techniques.
The intent will be to provide some impetus for incorporating advanced human-factors
technology into eye-marker camera research.

Although the authors have alluded to many essential considerations, their work still
does not constitute a workable tool for the evaluation of highway signs. The presentation
of the research for practical interpretation by a traffic engineer should define various
driver task-loading situations indicative of different levels of driver attention sharing
between the sign-reading tasks and other necessary driving tasks. Various task-loading
situations should be delineated according to various levels of traffic density, highway
geometry, weather, and similar non-signing-related parameters. Then, for purposes
of providing a practical traffic engineering tool, it would be desirable to prescribe
signing requirements in terms of maximum number of signs for a given highway sec-
tion, sign content as a function of information loading, and the like for each of the
previously delineated driver task-loading situations.

However, the accomplishment of those steps would involve considerably more re-
search than has been done to date. An interim approach, based on data already col-
lected, could be to provide practical "engineering'' guidelines for T, ,, K* and other
variables as a function of the already observed sign content and driver task loading.

A key to future incorporation of eye-marker camera techniques in the evaluation of
highway signs rests in the researcher's ability to define and analyze the driver's
information-seeking task. Research by King and Lunenfeld (8) has provided much in-
sight relative to motorists' satisfaction of their information needs. Their analysis of
the driving task disclosed that the operations performed by a driver can be character-
ized in terms of a hierarchy. The basic tasks of tracking and speed control (called
microperformance) are at one end of the hierarchy; driver responses to road and traf-
fic situations are in the middle; and direction finding and trip planning (called macro-
performance) are at the other end. Driver information needs were also seen to be re-
lated to this hierarchy. It was found that a demanding priority exists in satisfying
information needs; microneeds have priority over situational and macroneeds. Satis-
fying this priority of information needs was said to be basic to the design of a motorist
information system.

The systematic approach to the information-seeking process of drivers opens the
door to some interesting applications of eye-marker camera research. Of particular
interest could be the situation where information at all 3 levels is competing for the
driver's attention. Driver response to each of the performance levels can be quan-
tified; hence, verification of the Lunenfeld and King research would be available.
Further, a closer examination of the driver attention-sharing trade-offs among the
control, guidance, and navigational tasks would be a valuable asset in the development
of a sign evaluation criterion.

In a recent follow-up article, Alexander and Lunenfeld (9) asserted that traffic en-
gineers should use the time-sharing trade-offs to locate navigational information at a
place where the guidance task is not so complex that low-primacy information cannot
be processed. Through use of eye-marker camera techniques and related research,

a quantification of the guidance task for a given section of highway could allow a de-
termination of the optimal placement and content of navigational information that a
motorist could process. However, the determination of driver task loadings may be
difficult for a number of reasons that impose limits on the interpretation of eye-marker
camera data. First, spare driver visual capacity often results in eye fixations on ir-
relevant information. Second, it is difficult to account for the effects of peripheral or
extra-foveal vision. A measured fixation may merely represent a meaningless point of
focus while the motorist is peripherally acquiring significant information. Finally,
there is the problem of a motorist looking at an object but not processing the informa-
tion.

Although such problems are no doubt inherent in eye-marker camera research,
some of the existing difficulties can be resolved with continued effort. One such dif-
ficulty, which was cited in an earlier work by Rockwell (10), is that of accounting for
intersubject differences resulting from varied idiosyncratic perceptual characteristics
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of drivers. This problem denotes the obvious need for refined human-factors tech-
niques to be combined with eye-marker camera research.

An interesting approach to provide some insight relative to individual driver dif-
ference in perception of highway signs might be the application of "expressive self-
testing'' principles that have recently been researched by Roberts et al. (11). Their
work has demonstrated that certain motivational and attitudinal differences between
individuals, which are detectable through questioning techniques, can be used to predict
certain biases affecting many motorists' decisions. Of particular interest is the capa-
bility of the technique to show differences in perceived danger in a driving situation
between groups of high versus low self-testers. The use of that method or related
psychological techniques may help explain some of the individual differences that con-
found the interpretation of eye-movement data.

There is an urgent need to develop more sensitive techniques to evaluate highway
signing. The recent acceptance of graphic-signing concepts makes this need more
apparent. Current evaluation techniques such as conflicts studies and erratic-maneuver
analyses do not provide insight into driver decision-making processes. The authors
have provided a significant advancement in the complex process of providing a human-
factors approach to determine the impact of signing on the motorist. Suggestions for
future research outlined in this discussion include revising the format of the evaluation
technique to provide signing standards as a function of driver task loading; using eye-
movement data to quantify various components of the driving task; and combining eye-
movement results with psychological testing to partially resolve intersubject perceptual
differences.
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ROADSIDE DELINEATION CONCEPTS: A NATIONAL STUDY

Jason C. Yu and Alvah C. Arnn, Department of Civil Engineering,
Virginia Polytechnic Institute and State University

The need for national, uniform designs and applications of roadside delin-
eation has long been recognized by traffic authorities. A comprehensive
study was, therefore, undertaken to obtain abetter understanding of present
practices of roadside delineation and to further establish criteria for the
selection of an optimum roadside delineationtreatment at a given condition.
In this study, an extensive literature review and a national survey of all
state highway departments were conducted to form a state-of-the-art sum-
mary of roadside delineation concepts. Attempts to formulate a uniform
selection process for roadside delineation treatments involved discussions
of evaluation criteria and presentation of a suggested selection program.
The results of this study provide updated and thorough knowledge of exist-
ing and proposed roadside delineation techniques.

eWHAT is it that causes night driving to be so hazardous? It has been found that more
than 50 percent of night accidents can be directly attributed to poor roadway visibility.
A large percentage of all night traffic accidents are single-car accidents that occur

when the vehicle runs off the road. Those accidents are the result of complex interac-
tions among vehicle design, visibility, and other design characteristics of the roadway.

Daylight delineation of the roadside can be accomplished with reasonable satisfaction
by using currently available materials and methods. Night roadside delineation, how-
ever, requires an entirely different approach and frequently leaves much to be desired.
Reflectorized materials of various types have been used with considerable success.
Those materials best serve their intended purpose when properly placed. Even when
properly placed, many of the present materials will not function adequately on a wet
night.

The two most common forms of roadway delineation are the post-mounted delineator
and the pavement-level markings with paint or raised pavement markers. Post delin-
eators of various forms have gained wide acceptance throughout the country as a road-
side delineation treatment. This treatment has been recognized by the Joint Committee
of the Institute of Traffic Engineers, Federal Highway Administration, and American
Association of State Highway Officials. As a result, the use of delineators is authorized
in the Manual on Uniform Traffic Control Devices (MUTCD) (22). The popularity of
post delineators is undoubtedly due to their effectiveness both at night and during in-
clement weather when painted markings are ineffective.

Many reflective materials are available for increasing roadway visibility, but there
is limited information concerning the effectiveness of these materials. In recent years,
most of the highway delineation studies have been directed toward the physical efficiency
of the materials themselves. Yet, one of the greatest needs is to specify effective uses
of reflective materials. The effective use of roadside delineators depends on a number
of variables such as the type of material, its self-cleaning ability, the durability of the
device, the maintenance cost, and the rate and methods of application. Because guide-
lines do not recommend a standard installation, many highway agencies do not get opti-
mum results from roadside delineation devices.

Publication of this paper sponsored by Committee on Traffic Control Devices and Committee on Motorist
Information Systems.
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Traffic safety is linked directly to visibility. When a motorist has good visibility,
he will alsc have good roadway definition. Conversely, if good roadway definition can
be provided, better visibility will be realized, and that in turn should result in a reduced
accident rate. Adequate visibility requires that delineators be correctly placed and
illuminate efficiently. A delineation technique must be effective under all conditions,
including rain and fog at night and during the day. The delineator must retain visibility
under conditions of typical wear, deterioration, and dirt buildup.

The warrants and the practices regarding the application of roadside delineators
vary widely among states, even among districts within a state. Delineators have been
applied without regard to national standards, particularly on roadways that possess one
or more of the following characteristics: metal guardrail dividers, fences mounted on
raised concrete or blacktop dividers, reinforced concrete wall dividers, center island
dividers with curbing, entrance and exit ramps, bridge abutments, lampposts, and road
edges. These all pose a potential hazard to the driver especially since the speeds on
such highways are in the 40- to 70-mph range.

STUDY OBJECTIVES

The primary objectives of this study were to review current delineation techniques,
define current needs, and stimulate research and development to improve the present
roadside delineation. The specific objectives of this study were to review past and
present practices of roadside marking delineation, establish a standard set of criteria
for the selection of roadside delineation techniques, and suggest a simple yet thorough
procedure to help determine optimum roadside delineation treatments for given condi-
tions.

PROBLEM OF INTERESTS

A literature review of the state of the art of roadside delineation techniques produced
some very interesting findings. The pertinent information is summarized as follows:

1. No nationally accepted technique has been developed to evaluate the effectiveness
of roadside delineation techniques;

2. Although a wide variety of raised pavement markers is being used, no single
iarker nias beeu develuped ihal is suitable Ior poth day and night use;

3. The state highway departments do not devote particular attention to delineation but
generally handle it as a part of their overall operations (the delineation task force in
California is an exception);

4. Post delineators provide good advance delineation at night, especially during in-
clement weather, but there are questions concerning their placement with respect to
curves; and

5. Driver information is a principal part of delineation treatments and falls into 2
areas—advance delineation to clearly define the driver's path and near delineation to
aid the driver in his lateral placement.

NATIONAL QUESTIONNAIRE SURVEY

An opinion survey was conducted to determine more accurately the existing state of
the art of roadside delineation. A survey questionnaire (Fig. 1) was sent to all state
highway departments, the District of Columbia, and Puerto Rico. Of the 52 question-
naires distributed, 49 were returned. The intent of this survey was to gain a thorough
knowledge of current roadside delineation practices and especially to obtain an insight
into new delineation techniques. Emphasis was placed on the raised pavement marker
and the post-mounted delineator. Also of importance in the survey are the comments
of the highway departments with respect to the policies in the MUTCD concerning these
markers. Increasing interest in the possible use of a pavement edge marker has created
questions concerning the existing policies of height and placement of roadside delin-
eators and has suggested modifications for uniformity and new delineation techniques.
This survey presents the current opinion of highway departments in this area and trends
related to roadside delineation.



Figure 1. Roadside delineation questionnaire.

1.

5.

and their employment by the state highway departments.

Which of the following roadside delineation techniques do you
most commonly employ?

Raised Pavement-edge Markers
Contrasting Shoulders

( ) Lighting

( ; Painted Curbs

( Indirect Methods, i.e. trees, etc.

g Post-mounted delineators
)

List any new methods and/or materials of roadside delineation in
addition to the above which are employed by you.

What, 1f any, are the dominant factor(s) in the above choice(s)?

() Type of roadway
() Traffic condition of roadway
( Physical condition of roadway
§ Economic

Other (please specify)

The revised Manual on Uniform Traffic Control Devices, MUTCD, states
that "delineators should be placed at a constant distance from the
edge of the roadway" and spaced from 200 to 528 feet apart. “They
shall be placed not Tess than 2 nor more than 6 feet outside the
face of the curb or the outer edge of the shoulder..." Are you in
agreement with this policy of delineation placement and, if not,
what do you think would improve it?

By having a delineator at pavement level, 1t would be affected by
both high and Tow headlight beams and also keep the driver's
attentfon on the actual pavement edge rather than some four feet
above {t. If a maintenance problem incurred equal to or less than
present delineator maintenance costs, would you accept a lower
roadway delineator {f it were available?

What is your practice for delineation along limited access highways
with respect to:

b) Fences mounted on raised concrete or blacktop dividers
c) Reinforced concrete dividers

(d} Center island dividers with curbing

e} Entrance and exit ramps

tf Bridge abutments

q) Lampposts

(h} Road edge

ta} Metal guardrail dividers

The revised MUTCD specifies a minimum 4 foot height for post delin-
eators. Are you in agreement with this standard? If not, what
alteration do you suggest?

Do you feel that delineators have value in lighted sections?

An expressed opinion on this topic will be greatly appreciated.
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The first question of the survey related to current roadside delineation techniques

Technique Percent
Post-mounted delineators 93
Raised pavement edge markers 30
Contrasting shoulders 5
Lighting 42
Painted curbs 49
Indirect methods 3

The results are as follows:

The highway departments were also asked to indicate any new roadside delineation

State

District of Columbia

Idaho
Nebraska
Pennsylvania

methods or materials or both in addition to those mentioned in the questionnaire.
following states reported additional techniques:

Technique

Barricades, flex-
posts

Snow poles

Pavement grooving

Experimental raised
pavement markers

The
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State Technique

Kentucky "Codit” refliective
paint

Utah Flexible post de-
lineators

Wisconsin Flexible (spring
and plastic) de-
lineators

The highway departments were also asked to indicate the dominant factors considered
in the selection of roadside delineation techniques. A summary of those factors and the
order of their relative importance follow:

. Type of roadway,

. Traffic conditions of roadway,
Physical conditions of roadway,
Economic considerations,

. Ambient conditions, and

High accident locations.

Two questions concerned specifications in the MUTCD and whether the state highway
departments were in agreement or would accept substantiated modifications. With re-
spect to the placement of the roadside delineators, 63 percent of the states agreed with
the present standards, 5 percent disagreed, and 32 percent partially agreed. In regard
to the acceptance of a lower delineator of the post-mounted type, the following conclu-
sions were obtained: (a) 47 percent accepted the lower delineation, if the maintenance
cost incurred is equal to or less than the existing cost; (b) 34 percent would not accept
the new delineation technique; and (c) 19 percent partially accepted the technique and
requested more information.

The question associated with the 4-ft delineator height closely parallels the previous
question but puts more emphasis on delineator height standards. Of those returning
questionnaires, 84 percent agreed with the present standard and 16 percent disagreed.

Responses to the question about the eifect of delineators in lighted sections were

DO WD

that the delineator definitely has value in a lighted section, 14 or 29 percent disagreed,
and 12 or 24 percent partially agreed. The major criticism arose from the fact that
most highway departments felt that delineators lose their effectiveness in a lighted
situation. The typical agreement and disagreement comments are respectively as
follows:

Delineators assist and guide motorists in the lighted section during daylight hours as well as at
night and during adverse weather conditions. The delineators are dependable and a great aid to
motorists.

We do not feel that delineators have sufficient value on lighted sections to be worth their ex-
pense. Failure of the entire lighting system is so rare that delineators serve little useful purpose.
Delineators tend to prevent vehicles from pulling far enough off the highway when an emergency
stop is made.

This policy inconsistency of the highway departments warrants future consideration and
research aimed at standardizing a policy.

Question 6 attempted to ascertain how the various state highway departments employ
delineation with respect to specific roadside hazards. Eight specific hazards were
listed in the questionnaire, and the following are the reported techniques of delineation
for each hazard:
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Technique States
Metal guardrail divider
Post-mounted delineators 14
Reflective tab inserts 11
Edge line striping 6
No practice 11

Fences mounted on raised concrete
or blacktop dividers
Post-mounted delineators 4
Edge line striping 4
Reflective tabs 3
No practice 26

Reinforced concrete dividers

Hazard markers 9
Edge line striping 5
Reflective paint or tape 3
White slurry concrete 2
No practice 21
Center island dividers with curbing
Painted curb 20
Post-mounted delineator 11
Edge striping 10
No practice 6
Entrance and exit ramps
Post-mounted delineators 23
Painted edge line 12
Raised pavement markers 12
Bridge abutments
Hazard marker 34
Post-mounted delineators 8
Reflective paint 3
Lampposts
Reflective paint 2
Breakaway units 1
No practice 38
Road edge
Painted edge line 39
Post-mounted delineator 26

This survey of roadside hazards clearly revealed a need for improved roadside de-
lineation practices. The number of states reporting no practices for the marking of
the hazards warrants further studies if the national roadway system is to be made safer.

UNIFORMITY OF ROADSIDE DELINEATION

The MUTCD sets forth the basic principles that govern the design and usage of traffic
control devices including roadway delineation. The manual gives the design, applica-
tion, placement, and maintenance of the delineators and strives to creat uniformity.

The application of delineation devices along highways and streets is desinged to com-
municate either desired or needed information to motorists to help them pass over the
particular section of highway safely and expeditiously. There is another reason for
stressing uniformity. If similar situations on the highway are treated in the same
manner, drivers can see, recognize, and understand the delineation treatment quickly.

The selection and the use of roadside delineators have become a challenging task.

To be successful, delineation programs must be administered by trained engineers.



62

As the result of the literature review and national questionnaire survey, two sections
of roadside delineation in the MUTCD have come under question.

Delineator Placement

The first area of question concerns the placement of roadside delineators, especiall:
post-mounted delineators. The MUTCD presents the following specifications:

Delineators, if used, shall be mounted on suitable supports so that the top of the reflecting head
is about 4 feet above the near roadway edge. They shall be placed not less than 2 nor more than 6
feet outside the outer edge of the shoulder, or if appropriate in the line of the guardrail.

Normally delineators should be spaced 200 to 528 feet.

Spacing should be adjusted on approaches and throughout horizontal curves so that several delin-
eators are always visible to the driver.

Many state highway departments are generally in agreement with the above policies;
yet, there are some who feel that the policies should be modified. In the questionnaire,
the state highway departments were given the opportunity to express views on these
policies, and the following responses were received:

Arizona: We concur with the main-line placement, but we do not concur with the policy of place-
ment of delineators on ramps. We feel that a maximum spacing of 200 ft should be allowed.

Maryland: Spacing along road should be more specific.

Montana: We specify a minimum distance of 15 ft from centerline to delineator. This allows for
snowplowing and wide loads on narrow roadways.

Ohio: Delineators are spaced 200 ft on tangent sections and are spaced on horizontal and vertical
curves so as to make 5 delineators visible ahead of the driver.

Tennessee: Disagree with the policy because it provides a range of spacing between delineators
and a range in the spacing from the edge of the roadway. The motoring public is best served when
we provide them “‘constants’ on which they can develop conditional responses.

Minnesota: We would consider a maximum lateral limit of 7 or 8 ft reasonable; that would avoid
conflict with our snowplowing operations without reducing delineation effectiveness.

Wisconsin: We have been placing delineators 200 ft apart. but experience indicates that it would
have been better had we started placing them 20 to the mile. We lose quite a few which are placed
2 ft outside of the shoulder but feel that they should not be placed farther away from the roadway
because their effectiveness decreases rapidly as they are moved out.

Illinois: Should be placed a minimum 2 ft outside the curb or usable shoulder or in line with the
face of the guardrail.

Idaho: The Idaho Department of Highways supports the basic standards set forth in the MUTCD.
However, it is felt that allowances should be made for some flexibility to permit deviations such as
snow poles. The delineator spacing on horizontal curves set forth in the MUTCD results in too many
delineators.

Those comments reveal that the principal criticisms of the policy deal with the range
of values presented by the MUTCD. It appears that the spacing for delineators would
satisfy most departments with respect to main-line placement but that present standard
for horizontal curves and ramps are adequate. Placement of delineators 15 ft from
roadway centerline and approximately 250 ft apart on the main line appears to be an
acceptable compromise.

The extended distance between the delineators reduces the number of delineators
per mile, does not sacrifice effectiveness, and reduces overall installation cost. The
distance, if accepted nationally, would standardize delineator spacing and provide a
"constant' for the road user. This constant would allow the driver to judge his speed
at night without taking his eyes from the roadway by repeated glances at the speed-
ometer. Intime, the road user would develop a conditioned response to the placement
of delineators and thus gain driving security. A more secure driver performs better
and would be able to achieve the highest as well as the safest level of service of the
delineated road.
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This modification would also provide for the uniformity of specifications within the
MUTCD and make it more acceptable to all state highway departments. The altered
policy could be supplemented with another policy stating that engineering judgment and
personal experience can be and should be employed in any questioned situation. That
would allow states to handle special delineation problems in their locality. Further-
more, it would be more in line with the true purpose of the MUTCD and the manner in
which it is to be employed.

Delineator Height

The second area of question concerns the policies of the height of roadside delinea-
tors. The present policy specifies that '"delineators, if used, shall be mounted on suit-
able supports so that the reflecting head is about 4 ft above the near roadway edge."
That policy is in conflict with one given in the Interstate Manual, which specifies a 3-ft
height.

The rationale of the present specification is that delineators placed lower than 4 ft
above the pavement surface are quickly rendered ineffective by ''road splash' and film
from passing vehicles. A delineator is supposed to indicate to the driver where the
pavement bounds are located and the direction of the roadway. However, it is felt that
the present delineators located in a plane 4 ft above the pavement give the driver a false
impression of the roadway edge and do not satisfy the driver's 2 major needs:

1. A progression of delineators to best accentuate the contour of the road ahead of
the driver's perspective; and

2. A device low enough in profile and close enough to the road to be seen clearly
when the driver uses the low-beam headlights.

To a large extent, information required by the driver in roadway situations is a
function of the reasons that dictate the requirement of roadside delineation treatments.
Therefore, delineators define the vehicle path more effectively if placed lower to the
ground, for then they are directly associated with the roadway. A delineator placed at
roadway level more accurately informs the driver of the actual pavement edge and also
keeps the driver's eyes on the roadway. Eye-motion studies indicate that drivers tend
to look down the road to check for other vehicles and roadway hazards and then view
the pavement center or edge for lateral placement guidance. During night driving, the
opportunity for long-range forward vision is reduced, and the short-range vision in
front of the vehicle and on the sides of the highway lane receives more emphasis, espe-
cially when the road is curvy and other vehicles are not present.

The questionnaire also asked the state highway departments how they felt toward the
employment of a road edge delineator if it were available and cost no more than present
delineators. Some of the constraints placed on the delineator, if accepted, are as fol-
lows:

1. It must not interfere with snowplowing;

2. It has to withstand road splatter;

3. It should be readily visible in inclement weather; and
4. It should supplement present techniques.

Existing road edge pavement markers meet most of these constraints, yet they still
have a major shortcoming. They improve roadway delineation in wet weather, but do
they cause drivers to drive faster than the roadway surface conditions warrant? Several
states seem fo think that is the case but do not have workable solutions to the problem,
excluding actual enforcement or driver education. In addition, because of the wide
variation of climatic conditions, it may be improbable that the same delineation device
employed by certain states can also be used in others with the same degree of effective-
ness. For example, a low-level delineator could readily be employed in most southern
states but would not be practical in extreme northern states because of the excessive
snow accumulations. Therefore, the idea of uniformity on a national level would have
certain limitations that must be considered before it is adopted.
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One of the questions concerned the acceptance of a lower delineator of the post-
mounted type, and the following responses were obtained:
Response Percent

Accept the lower delineation if a maintenance cost
incurred is equal to or less than the existing costs 47

Would not accept the new delineation technique 34
Partially accept the technique and request more in-
formation 19

The question associated with the 4-ft delineator height closely parallels the previous
question but puts more emphasis on delineator height standards. Of the returned ques-
tionnaires, 84 percent agreed with the present standard and only 16 percent disagreed.

New Delineator Concepts

The existence of a pavement level delineator with the characteristics already men-
tioned is not totally unrealistic. Experimental markers exhibiting even more advantags
are under study and need only extensive acceptance to be readily employed. The Texas
Highway Department has undertaken this challenge and has used pavement level delin-
eators in their roadside delineation program. Its comment on this practice is as fol-
lows:

Reflectorized pavement markers, which amount to a delineator at pavement level, are now being
used extensively and do serve a definite purpose. They do a better job of delineating the intended
path of a vehicle than do roadside delineators but being located at the pavement level are not visible
for nearly as great a distance. Maintenance problems on the two are about the same; both are vulner-
able to traffic and require considerable maintenance mostly in the form of replacement. A combina-
tion of the two types of delineation is probably most effective depending on the alignment of the
roadway and the intricacies of the vehicle paths to be delineated.

The Florida Department of Transportation expressed its opinion as follows:

Although the pavement delineators are a very helpful device, we do not feel that the present type
is the ultimate answer. The cost and maintenance are too high. Several research projects are under-
way now to find a better system of pavement delineation, and it is hoped that they will overcome the
probilem of wet night refiectivity.

The experimental markers use the principle of light reflected from the sun and from
automobile head lamps and are designed to give the drivers a safer guidance route along
increasingly extensive and complicated highways. Those delineators, when placed at
close intervals on the very edge of the road, provide the driver with a continual stream
of sensory data. Therefore, while the driver can receive through his peripheral vision
an uninterrupted picture of the exact contour of the road edge, he can also keep his eyes
on the traffic. The device can also aid in helping the driver judge relative speed when
either there are no indicators on the highway or the ones passed are unevenly spaced.
A driver can sense and measure his speed by observing the rate at which evenly spaced
indicators appear to pass by. Sense of speed can become conditional, and indecision ca
be eliminated in high-speed traffic if the interdelineator spacing is properly varied to
give the driver reflected stimuli at a rate that he can interpret from experience to be
above or below the reasonable speed for that section of highway.

DELINEATION DESIGN METHODOLOGY

A means of correlating principal parameters to determine the optimum roadside de-
lineator to install on a roadway or to supplement already existing delineation is essen-
tial in improving roadway visibility at night. A simple yet thorough procedure is neede
to aid in the selection of adequate delineation techniques with respect to certain basic
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criteria. Figure 2 shows a decision-making process that may readily be employed for
delineation selection based on specific criteria.

Inventory Study

Numerous roadway characteristics can be shown to be grounds for initiating this
process although there are 3 principal ones: frequency and type of accidents, level of
roadway visibility, and effectiveness of existing devices. Accidents receive the greatest
emphasis and provide the grounds for many highway delineation needs studies. Many
single-car accidents in which the vehicle leaves the roadway are attributed to the fact
that the driver did not know where the roadway actually went. Roadway level of visi-
bility, particularly during the night, is another means of determining the need for a
roadside delineation improvement study. Improved roadway visibility through the use
of delineation devices can create an increase in speed and thus a reduction in travel
time as more drivers are able to safely identify the road contour and gain a more secure
and confident feeling as they travel over the delineated roadway. Another characteristic
considered in the inventory study is the effectiveness of the existing roadside delinea-
tion devices. The investigating agency studies the existing system and attempts to de-
termine its deficiencies, if any. Once completed, this effectiveness study, joined with
the accident and roadway visibility studies, will form the basis for a comprehensive
delineation needs study.

Needs Study

The objectives of a needs study can also be simply stated: to formulate a broad plan
for the orderly development of the delineation system as a whole, to provide a basis of
adequate and systematic financing of the delineation system, and to provide a basis for

Figure 2. Roadside delineation evaluation.

INVENTORY STUDY

Accident Statistics

Roadway Visibility

Effectiveness of
Existing Devices

| oE TUDY be——
*| DELINEATION NEEDS STUDY [~

ESTABLISHMENT OF
ANALYSIS CRITERTA

NEW DELINEATION Roadway Conditions CURRENT DELINEATION
CONCEPTS Traffic Conditions PRACTICES
AND Ambient Conditions AND
TEQHNIQUES Briver Requirements TECHNIQUES

COMPARATIVE ANALYSIS

OF COST-EFFECTIVENESS

DETERMINATION OF DESTRABLE PUBLIC
DELINEATION TREATMENT OPINION

DELINEATION
IMPLEMENTATION

USER IMPACT ON
ACCEPTIBILITY ROADWAY OPERATION

T

—
LPERFORMANCE EVALUATTON |




66

coordinated improvements to all related systems. The needs study results not in an
installation program but rather in cost estimates and long-range plans on which annuai
implementation programs can be based. Its basic goal is a macroscopic picture of
total need during a period of years from which a financial program can be arrived at
and a construction program can follow.

Each state conducting a delineation needs study should devise its own organization
and procedures, Many states set up through legislative action a special agency or
commission to conduct the needs study; other states have their highway departments
conduct the study. However, a comprehensive delineation needs study requires the
full cooperation, assistance, and understanding of all governmental units responsible
for highway safety.

Public opinion should also enter into the highway delineation needs study as an in-
direct result of the performance evaluation of the current delineation technique. The
public reaction to the delineation system in use provides the nonprofessional attitude,
which is a fundamental part of a well-rounded study. The views of motorists with
respect to the system provide the engineer with input that can be effectively used to
aid in the development of delineation systems. That will gear the study more closely
to actual driver requirements. Coupled with the technical performance evaluation, the
public opinion of the implemented system creates a complete picture of the actual needs
of the highway and its users.

Two important aspects in the needs study are financial and technical. The financial
study incorporates items such as material costs, installation costs, replacement costs,
and maintenance costs. The technical study determines what is actually required to
delineate a roadway section or to supplement an existing delineated roadway section.
The work required leads directly to a thorough review of both new delineation concepts
and current delineation practices and techniques.

Analysis Criteria

Once various delineation concepts and techniques have been thoroughly reviewed, a
cost-effectiveness analysis is then carried out. That analysis is preceded by the es-
tablishment of criteria for evaluating delineation systems. The prinecipal criteria are
roadway conditions, traffic conditions, ambient conditions, driver requirements, and
economy. Thnse characterictice give o complcte view associaled witl ilie delineation
requirement and form the basis for sound engineering judgment in the selection of the
delineation system.

The characteristics of roadways are the first logical considerations io be encounterec
in this analysis. The direction of the traffic (1-way or 2-way), lane width, lateral
clearance, and location of weaving areas and ramp terminals all should be considered.
In like manner, operating speed, roadway capacity, and demand volume must be also
analyzed. Ambient conditions relate primarily to weather and include measures, such
as clear, dry, cold, warm, hot, rain, snow, fog, smog, smoke, wind, and wet or icy
pavement, that affect the ability of a roadway to accommodate traffic and, thus, are im-
portant considerations in an analysis of a delineation system. Moreover, to be able to
select the delineation treatment under various conditions, one should also know the
minimum as well as the optimum visual information needed by the driver. If "adequate"
information is available to the driver, proper driving behavior with respect to roadway
conditions should be evident. The information received by the driver must allow him
to act on the information under various circumstances. In addition, the delineation
treatment must be economically feasible. Of the many costs to be considered in the
analysis, those that appear to constitute the largest percentage are material costs, in-
stallation costs, maintenance costs, replacement costs, and costs attributed to acci-
dents. The cost analysis usually is the most important and has the greatest weight in
determining the final choice.

Cost-Effectiveness Analysis

Once the factors of the analysis criteria have been established, a cost-effectiveness
analysis is undertaken. A cost-effectiveness analysis describes benefits and costs as
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a function of different levels of achievements and effectiveness. The delineation tech-
niques are compared through trade-off analysis among the criteria discussed previ-
ously. Prevailing roadway, traffic, and ambient conditions; driver requirements; and
economics are taken into consideration, and the benefits as well as the shortcomings of
each technique are rated with regard to those factors. A reliable comparison of vari-
ous delineation methods and devices must depend on cost-effectiveness on both an initial
and a continued basis. The actual selection of the delineation treatment and of the de-
gree of the improvement requires the management decision-making process on a lower
level.

Implementation and Performance Evaluation

The selected technique is then put into operation. Once the delineation system be-
comes exposed to motorists, user acceptability becomes part of the overall perfor-
mance evaluation of the system. Also, impact on the roadway operation is another
input to the performance evaluation. If the system installed proves to be as effective
as expected, positive changes should be seen in the number of accidents, the roadway
level of service, and the capacity of the delineated roadway. As the driver becomes
more secure and confident as a result of the improved delineation, traffic flow over the
highway will become steadier.

The performance evaluation not only benefits the road user but also supplies addi-
tional input for any future highway delineation studies. This forms a continual process
of evaluation and reevaluation of the employed techniques and ensures that the treat-
ments are not kept dormant but undergo continual refinement.

CONCLUSIONS AND RECOMMENDATIONS

The national survey in this study revealed the current practices of state highway de-
partments with respect to roadside delineation concepts. The survey allowed the offi-
cials associated with highway safety to express their opinions and to indicate any fur-
ther studies that they felt should be made. The measure of the relative extent to which
the delineation benefit contributes to increased safety is essential to the systematic
development of ways and means of obtaining maximum effectiveness of the varioustypes
and combinations of roadside delineation.

Based on the results derived from this study and the hope that further research on
highway delineation is undertaken, the following recommendations are made:

1. A professional organization should be maintained on a full-time basis to accumu-
late all of the currently available information on roadside delineation techniques and
their effectiveness and to maintain the data on a current basis;

2. Roadside delineation with respect to roadway hazards should be given needed re-
search, especially with respect to delineation techniques and evaluation criteria for
effectiveness standard;

3. Further research should be given to areas that require engineering judgment in
the specifications of roadside delineation so that the amount of judgment required is
reduced to 2 minimum;

4. Research toward the design of innovative, self-cleaning, nationally accepted de-
lineator devices should be undertaken;

5. A selection program of a roadside delineation technique that is acceptable to all
highway departments should be implemented so that uniformity of delineation practices
may be more readily obtained and their effectiveness increased; and

6. Further study should be given to a program that all states can readily employ to
educate drivers and make them aware of roadside delineation techniques.
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