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The purpose of this report is to review the status of knowledge as of June 
1968 regarding roadway illumination at rural at-grade intersections and to 
summarize current practices. Over 300 references have been reviewed. 
From this review of literature and the results of a survey of current prac
tices, it was determined that very few research studies pertaining to illu
mination problems at rural at-grade intersections have been conducted; but 
the need for such work has been shown by the interest states and other or
ganizations indicated in their replies to survey questionnaires. The scarcity 
of developed programs of intersection illumination across the country sub
stantiates the need for standard lighting programs and warrants for these 
rural problem areas. Background information on the extent of current 
practices in the area of rural at-grade intersections was obtained by survey 
questionnaires sent to 49 state highway departments and various other or
ganizations and industries concerned with roadway lighting problems. Re
plies indicated that very few programs were in operation but that there was 
a widespread interest in roadway illumination programs. 

•ACCIDENT STATISTICS reveal that operating a motor vehicle is more hazardous at 
night than during daylight. Although there may be many reasons, such as tired or 
drunk drivers, for the increase in the nighttime accident rates, the primary difference 
between the 2 periods is the level of roadway illumination. Thus, the rate of nighttime 
accidents, which is 2 to 3 times greater than that for the daytime period, can probably 
be attributed to the reduced visibility at night. 

The most comprehensive means of correcting poor nighttime visibility is roadway 
illumination. Highway lighting provides quick, accurate, and comfortable visual con
ditions for the driver at night and thus reduces nighttime accidents and attendant human 
misery, increases roadway capacity, facilitates traffic flow, and saves money and 
working time. 

Fixed roadway lighting has been effectively utilized for a number of years in urban 
areas where illumination has generally reduced accident rates, improved traffic flow, 
and improved overall operating efficiency of the roadway. The use of street lighting or 
fixed roadway illumination in rural areas, however, has been limited. Although many 
illumination experts currently think that all high-speed highways should be illuminated, 
they realize that current financing and the extensive mileage of rural highways do not 
permit the lighting of all of these roadways. In essence, whether to light a section of 
roadway becomes a compromise between safety and economics, and priorities must be 
assigned to the locations of greatest need. 

Accident rates at intersections are generally higher than elsewhere on the roadway 
because of the increase in the opportunity of conflict between motor vehicles and the 
increase in driver decisions and complexity of the driving task. It is reported that 
about 15 percent of fatal rural accidents and 25 percent of all rural motor vehicle 

Paper sponsored by Committee on Visibility. 

33 



34 

accidents occur at intersections (!)· The intersections, however, account for a very 
small portion of the total rur al highway mileage. 

In view of the urban experience with roadway illumination and the rural intersection 
problem, the rural intersection illumination project was initiated. The general objec
tive of the study is' to develop techniques and procedur es for the selection of rural at
grade intersections to be illuminated and, subsequently, to determine the level and 
types of illumination to be used. 

The value of intersection lighting has been demonstrated in several studies including 
one in Virginia where fatalities were reduced by 92 percent after the installation of 
lighting (24). However, this study analyzed data collected at 9 intersections located in 
urban areas. Further study is needed to determine more precisely the effect that il
lumination of rural intersections has on nighttime accident rates, capacity and flow 
improvement, and financial savings. This information would make it possible to es
tablish a set of criteria or warrants for the illumination of rural intersections, with a 
view toward encouraging the more efficient use of available highway funds. 

This report by the project staff compiles information as of June 1968 concerning 
roadway illumination of rural intersections . Although there has been a gr eat amount 
of work accomplished in the general area of roadway illunination, very little research 
has been directed toward the rural area. 

After more than 300 references dealing with roadway illumination were compiled the 
findings were organized into an overview of the status of knowledge about illumination 
of rural at-grade intersections. The various factors or characteristics of illumination 
have been considered individually in the report ; but each phase or element must be 
considered as a part of the entire system if the installation of lighting is to be 
successful. 

In addition to reviewing previous work, the project staff felt it should include, as 
an integral part of this status report, a summary of current rural intersection illumina
tion practice. To determine the current status of rural at-grade illumination, question
naires were sent to state and county highway departments and to other organizations con
cerned with this problem. The summary of replies to these questionnaires is included 
in this report. 

HISTORY OF STREETLIGHTING 

Although emphasis on the various objectives of streetlighting has changed during the 
past 400 years, the basic aims have remained the same: (a) crime reduction and civic 
betterment, (b) improved traffic capacity and operations, and (c) improved traffic 
safety. 

Crime reduction was the primary motivation when Paris installed lighting systems 
as early as 1558. At that time the city was so plagued with robberies that the municipal 
government passed an ordinance requiring all citizens to keep lights burning in their 
front windows. Today, too, lighting is used to detect vandalism and make public areas 
safer. Evidence of the value of good streetlighting was offered by the "Christian Sci
ence Monitor", which stated in 1959 (61), "In both New York and Boston this year, care
ful tests comparing the number of crimes committed under bright lights and under dim, 
or inadequate, street lights have given convincing evidence that light bulbs can be used 
to fight crimes." 

Civil betterment has been important to the illuminating engineer since 1880 when in 
Wabash, Indiana, giant arc lamps were placed atop the courthouse to light the business 
district. Merchants in other towns soon discovered that attractive streetlighting could 
draw customers to their shopping areas. This realization prompted the development 
of the "White-Way" ornamental lighting systems that were in popular use from 1907 to 
1930. 

Although crime reduction and civic betterment are important benefits of streetlight
ing, improved traffic capacity and operation and improved traffic safety are more di
rectly related to a study of illumination of rural intersections. Since the 1920's, em
phasis in streetlighting has been on these 2 goals, which will be discussed further in a 
later section on benefits of lighting. 
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The trend toward modern streetlighting began in 1924 when the International 
Commission on Illumination recommended that a study of streetlighting be under
taken and the findings be presented at its next meeting. During the same year, the 
National Bureau of Standards, in consultation with the Illuminating Engineering Society 
(IES), developed the first circular on streetlighting. 

In 1925, the Council of IES voted to organize a committee on streetlighting; that 
committee, now known as the Roadway Lighting Committee, has been in existence ever 
since. Its purpose reflects the evolution toward scientific methods in streetlighting by 
that time and is stated by the Council as follows (62): " ... to establish the scientific 
principles underlying street and highway lighting;to collect data on the results of the 
application of such principles to actual practice; and to prepare such reports thereon 
as will assist technicians and benefit the public. " 

The original IES Roadway Lighting Committee was composed of representatives of 
varied bodies such as government, industry, consulting firms, electric utilities, manu
facturers, and universities. Thus, reports produced by the Committee integrated in
formation from many sources with an interest in, or responsibility for, street and 
highway lighting. These reports have become authoritative sources for technical street
lighting knowledge. The Committee formulated, for example, the American Standard 
Practice for Roadway Lighting (2), which is approved by the American Standards As
sociation and serves as a basis Tor new lighting systems installed by both city officials 
and utilities. Other publications of the Committee include the following: Principles of 
Street Lighting (1928), Code of Street Lighting (1930, 1935), Code of Highway Lighting 
(1937), Recommended Practice of Street Lighting (1940), and Recommended Practice 
of Street and Highway Lighting (1945). 

In 1961, a new lighting system using the results of the most comprehensive survey 
ever taken up to that time was installed in Milwaukee. The new installation, a landmark 
in application of scientific knowledge to streetlighting, featured calculated control of 
light by means of refractors, which decreased the light directly below the luminaires 
and increased the light at points between adjacent luminaires. High mounting heights 
were used to help distribute the light and to minimize the glare and blinding effect. The 
entire installation conformed suprisingly closely to the requirements in the IES pub
lication, Recommended Practice for Street Lighting, published 24 years later (62). 

Just as the streetlighting program in the United States was gaining momentum, World 
War I interrupted most construction. By 1920, however, construction was again in full 
swing, and most utility companies began to replace their old lighting systems with the 
more efficient and economical incandescent filament bulbs. During the next decade, 
improvements involving light sources and luminaire design led to major changes in the 
existing methods of streetlighting. In 1934 both the mercury vapor lamp, rated at 400 
watts, 1, 500-hour life, and 35 lumens/watt, and the sodium vapor light were intro
duced. Both were designed for higher mounting heights (25 to 30 ft) than had previously 
been used. They provided more uniform light distributions, had higher utilization ef
ficiency, and were easier to install and service than the systems they replaced. 

When the importance of night vision in reducing traffic fatalities became apparent in 
the late 1930's, investigations were begun to determine the part streetlighting could 
play in accident prevention. On December 9, 1947, the Connecticut Highway Safety 
Commission reported on streets relighted in 1936 (62): "During the 10-year period, 
July 1, 1937, to July 1, 1947, there was a 76 percentreduction in night fatalities, a 78 
percent reduction in night pedestrian accidents, a 71 percent reduction in night car
occupant injuries and a 58 percent reduction in all types of accidents." 

With the onset of World War II, lighting progress came to a standstill once more; 
materials were difficult to obtain and the only construction permitted was that neces
sary to maintain the existing systems. Shortly after the end of the war, the Roadway 
Lighting Committee submitted to the Council the 1945 edition of Recommended Practice 
of Street and Highway Lighting. Included were recommendations for greater mounting 
heights for luminaires, a minimum lamp size of 2, 500 lumens, and the classification 
of luminaires into the 5 lateral light distributions that are in use today (62). 

The trend toward the mercury vapor lamp gained momentum in 1952 because of de
velopments that increased its life expenctancy. During the mid-1950' s the color quality 
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of the characteri stic blue-green mercury light was improved by a coating of red
fluorescing phosphor on the interior of the outer bulb. Meanwhile the fluorescent bulb 
was being used in experimental installations to determine its feasibility for streetlight
ing. Early attempts proved economically unfeasible, but in 1952 a high-output fluores
cent lamp with improved low temperature characteristics was combined with a new type 
of luminary to make fluorescent street lighting ,practical and attractive (62). 

The trend in roadway lighting in the last 15 years has been toward arCiamps in the 
form of mercury arc discharge lamps. The use of 1,000-watt mercury lamps, produc
ing more than 50,000 lumens in each luminary, is rapidly increasing as appreciation of 
the visibility really essential for night driving grows (55) . 

BENEFITS FROM lLLU MINATION 

The illumination of rural at-grade intersections should be carried out with 2 primary 
objectives in mind: (a) reduction of accidents at the site, and (b) improvement of the 
capacity of the intersection and facilitation of traffic operations. 

Accident Reduction 

During 1967, traffic accidents killed 52,000 people, injured another 4.2 million and 
result ed in an economic loss to the nation of over $9billion (3). The severity of night
time accidents is pointed out by Baldwin whose study of traffic accidents during 1952 
showed that 55 percent of the fatal ac iden s that yea r occurred during night hours (5). 
The Joint Committee of the Institute of Traffic Engineers and the Illuminating Engineer
ing Society reported that during 1964 the rate of deaths per miles of travel at night was 
2% times as great as the day rate (50). The mileage death rate quoted by Baldwin using 
1952 data was even more severe: 14 deaths in 100 million miles at night compared to 
5 deaths every 100 million miles in daylight, exhibiting a ratio of almost 3 to 1. 

These statistics indicate that nighttime creates special problems for drivers. There 
are substantial differences between day and night driving, the most obvious of which is 
visibility. Other factors that may contribute to night driving problems include fatigue, 
alcohol, and the type of driver on the road. Richards has stated (56) that "vision is 
necessary but not sufficient for safe and efficient night driving. Other factors, other 
senses, the coordination of the central nervous system, motor responses, the vehicle 
and the road, are also important and must be considered." 

Lauer sampled drivers on highways in Iowa in each hour of the day (5). He reported 
that travel and age were inversely related at times when traffic flow was lightest. For 
instance, on rural roads between midnight and 7: 00 a. m., 51 percent of the drivers 
were between the ages of 20 and 29, with most of them younger than 24. This same 
age group of dl'ivers constituted only 23 percent of the daylight traffic. Lauer reported 
that a significant portion (about 10 percent of the 20- to 24-year-old age group) "fla
grantly and dangerously violated safety rules from midnight to 4:00 a. m." He found 
only isolated cases of excessive speed among other age groups. Lauer's findings sug
gest that after midnight there is more r eckless operation of motor vehicles than at any 
other time of the day (at l east in pr oportion to the miles driven) . Therefore, it is not 
surprising to find the death rate during dark hours relatively high. 

Accur ate information about the effect of fatigue on accidents is difficult to obtain. 
Although accidents in which the driver is reported as "apparently asleep" occur most 
often during the hours of darkness when most drivers are accustomed to sleep, no real 
quantitative measures are available to estimate the importance of this problem. 

There is evidence to indicate that the incidence of alcohol consumption among drivers 
reaches a peak during hours of darkness. A study made in 1938 indicated very definite 
peaks in the time distribution curve for drivers under the influence of alcohol for both 
accident and nonaccident cases (5). In Michigan, 77 percent of the accidents involving 
drinldng driver s occuned duringthe hour s of darkness (5). 

Reduced visibility is also a proven hazar d to nighttime drivers . Increased illumina
tion along the r oadway leads to a reduction in nighttime accident rates (17). The anal
ysis of t he effect of lighting on accident s , howeve1·, is extr emely complex . The instal 
lation of new lighting or the improvement of an existing system does not necessarily 
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result in a decrease in the actual number of nighttime accidents (50). Before-and
after studies of illuminated areas are therefore often based on the percentage of night
time accidents as compared with the total. This method takes into consideration the 
possible traffic fluctuations over a long period that generally appear as increases in 
total traffic. Ideally, lighting studies should be based on the rate of vehicle-miles of 
travel as determined by extensive traffic counts for both day and night. 

In Kansas City, primary and secondary arteries in the urban area were lighted to 
levels of illumination believed at that time to be adequate for the traffic volume, as rec
ommended in the 1947 American Standard Practice for Street and Highway Lighting (50). 
A study of all accidents was made then on nearly 93 miles of major routes, and the ac
cident reduction was compared with the level of illumination provided on the various 
routes. Overall nighttime accidents along these routes decreased in direct proportion 
to the amount of illumination installed (Fig. 1). A comparison of only fatal and injury
producing accidents on these routes showed no improvement where streets were lighted 
to less than 0.4 footcandle (ft-c), but produced an average nighttime reduction of 53 
percent for the better lighted routes (0.4 to 0.9 ft-c). 

Similar studies in Connecticut, Indiana, and New Jersey reaffirmed the effectiveness 
of roadway lighting in reducing vehicular and pedestrian accidents. The Connecticut 
study was based on accident experience on 6 city streets before and after relighting. 
Day and night traffic increased about 24 percent and 29 percent respectively, indicating 
the general increased use of motor vehicles and also the preference on the part of 
motorists for driving on well-lighted streets. Although the number of day accidents 
increased after relighting, following the general trend of the increased traffic volume, 
the number of nighttime accidents was reduced by 24 percent in spite of the increase 
in night traffic volume (21). 

A safety lighting program at approximately 60 locations was instituted in Indiana. 
The results of a study of the accident experience at several locations where reliable 
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Figure 1. Percentage change in number of nighttime fatal and injury accidents 
for routes relighted in Kansas City, Missouri (50) . 
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before-and-after accident information was available showed a significant reduction in 
accident statistics after illumination. At one intersection near Gary there were 3 
fatalities in 11 night accidents in the year prior to the installation of 5 lights. The fol
lowing year there was only 1 night accident (10). 

In Trenton, New Jersey, the streetlightingsystem was improved by a 36 percent 
increase in average illumination (Fig . 2). Pedestrian nighttime accidents (fatal and 
injury) were reduced by 30 percent. The effective reduction, based on the ratio of day
time to nighttime accidents, was 37 percent whereas the overall nighttime reduction 
was 10 percent (50). 

The subject ofSafety has received considerable attention in the past and will prob
ably receive even more emphasis in the future. In analyzing the results of various 
accident studies, researchers often disagree because of improper definition of the prob
lem. For example, research projects are frequently carried out on inadequately lighted 
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roads with low levels of illumination and uniformities below the minimum requirements. 
In such cases, with low levels of illumination, poor uniformity, and a considerable de
gree of glare, theJighting may not help the motorist as much as it hinders him. Before 
a lighting system is tested to determine its effectiveness in the reduction of accidents, 
the lighting system itself should be appraised by experts. The degree of necessary 
illumination is still open to consideration, but the effectiveness of better lighting in in
creasing road safety is not longer debatable in principle (72). 

Capacity Improvement 

Although accident reduction due to roadway lighting is an accepted fact, the effect of 
roadway lighting on capacity improvement is questionable. There is a long-established 
theory that fixed lighting might increase the ability of a given facility to carry its traffic 
load during the peak night hours, but no concrete information exists to confirm this 
hypothesis. 

It is known, however, that basic lane capacity and minimum vehicular headway are 
directly related. Headway varies with speed, ranging downward from 3.1 sec at 10 
mph to 1.7 sec at 38 mph, then increasing at about 0.1 sec per 10-mph increment of 
higher speed (11). Studies have shown that in the change from day to night driving con
ditions driversreduce their speeds. Headway capacity measurements made on 2-lane 
rural highways have also shown that the average driver demands greater headways at 
night for the same speed brackets. Thus, both lowered speed and driver preference 
for increased headways lead to decreased nighttime capacities. If lighting helped curb 
either of these tendencies, the roadway could operate closer to daytime capacity. 

In a study conducted at the Yale Bureau of Highway Traffic in 1957, researchers 
sought to determine the nighttime change in speeds and headways on an unlighted portion 
of a specific facility, and the change in speeds and headways on a similar section of the 
same facility that had been provided with fixed lighting (12). By comparing only the 
percentage of speed differentials between day and night at each location, they minimized 
the effect of unavoidable differences in physical site characteristics besides lighting. 
A before-and-after study would have been ideal in this situation, but such a location 
was not available at the time of the study; therefore, 2 sections of Route 15 in Connec
ticut were chosen. Data on these lighted and unlighted sections were collected and 
analyzed. It was concluded from this study that nighttime capacity loss due to lighting 
is equal to 5 percent at an urban design-hour volume of 1, 500 vph. This has been shown 
to be equivalent to the loss that would accompany construction of a 10.5-ft wide instead 
of a 12-ft wide right lane. If pavement costs are figured conservatively at $6.00/sq yd, 
the wide lane costs about $1.00/lin ft more than the narrow pavement. For both direc
tions of travel, an expenditure of $10,000 per mile for lighting might be similarly justi
fied where maximum night capacity is desired (12). 

For several reasons, the study's conclusionsabout the effect of lighting on vehicle 
speeds are debatable. Most important is the fact that data from which the speed dif
ferences were derived were taken from volumes that varied considerably. Second, the 
speed pattern on the route under study did not show a consistent response to different 
volumes. For these reasons, the researchers stated that capacity improvements as 
affected by speed are not clearly defined in the data gathered, and no positive contribu
tion of lighting to speed could be determined on the basis of this study. 

A more recent study conducted at the Texas Transportation Institute (19) investigated 
operational characteristics of highway traffic moving through an intersection where 
various illuminating systems had been installed; results in this case proved contrary to 
those reported by the Yale Bureau of Highway Traffic. The Texas study concluded that 
the entire range of illumination conditions considered did not appreciably affect the 
operational characteristics of the traffic stream. Even with an elaborate measuring 
system, it was not possible to detect significant differences in drivers' reactions to a 
wide range of illumination conditions. In other words, the benefits of illumination in 
the Texas study did not necessarily include an effect on the characteristics of traffic 
operations. 
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FACTORS IN THE DESIGN OF LIGHTING SYSTEMS 

The main objective in designing a lighting system is to create an environment in 
which the motorist, under limited illumination,· is able to receive sufficient informa
tion for precise and efficient vehicle operation (55). Achieving this goal requires con
sideration of some quantitative and qualitative factors that influence the design: night 
visibility, other human characteristics, glare, pavement reflectance, level of uni
formity of illumination and photometric data, light sources, and economics. 

Night Visibility 

Roadway visibility denotes the ease of detection or recognition of road details by a 
driver. In !!eneral. the alertness of a driver tends to increase as visibility is improved: 
thus, fixed lighting. installations that increase visibility at night produce safer conditions 
for both drivers and pedestrians (2). Visibility, or the ease of perception and recogni
tion of objects, is dependent on 4 principal influences: size, contrast, brightness, and 
time. 

1. The size of an object is technically defined as the angle subtended by the object 
at the eye. Thus, it depends on the distance of the object from the observer. The size 
of the critical detail of the object is of greater importance than the overall object size. 

2. Contrast is an expression of the difference in brightness between the background 
and the critical detail of the object. Visibility is improved under conditions of increas
ing contrast. Discernment of roadway obstacles can occur under 3 contrast conditions: 
(a) brightness of the object lower than the brightness of the background (silhouette dis
cernment), (b) brightness of the object higher than the background brightness (discern
ment by reverse silhouette), and (c) contrast in brightness of color on the surface of the 
object (recognition by surface detail). 

3. Brightness is a measure of the amount of light reflected back to the eye of the 
observer. It is dependent on the level of illumination that is provided and on the reflec
tance characteristics of both pavement and object to be seen. The amount and patterns 
of illumination on the pavement must be sufficient to create the necessary brightness 
contrast needed for discernment. However, some control must be exercised over the 
maximum brightness in the driver's visual field, in order to reduce or eliminate glare 
that can impair the driver's vision. 

4. All other factors being equal, the time required to see an object is directly de
pendent on the amount of illumination provided. As speed increases, the time available 
for driver recognition decreases, and illumination requirements increase. If either 
the object or the observer is in motion, the speed of vision increases in importance 
(27, 61). 

Although these influences have been recognized and defined, they are not specifically 
evaluated in highway lighting design because of a shortage of information on pavement 
reflectance characteristics and limited methods of brightness calculation. Most street
lighting designs are presently made merely on the basis of average horizontal illumina
tion (60). Assessment of night visibility under highway lighting conditions tends to be 
subjective in nature, with wide variations in interpretation among individual observers 
(60). Techniques for measuring visibilities must, as much as possible, eliminate this 
subjective element by using objective indexes that can be correlated to visibility. 

Threshold conditions, the conditions at which something is just perceivable, are the 
most satisfactory indexes in defining visibility. The threshold may be the minimum 
size of detail that can be seen, the time to perceive, the detectable brightness differ
ence, and the minimum contrast at a given adaptation level. All 4 methods of reducing 
the visual scene to threshold have been used for special purposes by various research
ers, but the method currently used to measure the visibility requirements for roadway 
visual tasks uses contrast as the control parameter (27). This factor was chosen be
cause it appears to simulate roadway conditions wherethe objects are relatively large 
(greater than 1 minute of arc), time is substantial (greater than 0.01 sec), and average 
brightnesses are low (27). 
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Two major instruments designed to measure contrast thresholds are the Finch visi
bility meter and the Blackwell visual task evaluator (VTE). The Finch visibility meter 
will permit any object in the central field of view to be reduced to its contrast threshold. 
This is done by adding veiling brightness to both the object and its background at the 
same time that the actual brightness of the object and its background are reduced (27). 
The VTE is a device for introducing known amounts of contrast reduction to the point 
at which the visibility threshold is reached. The amount of contrast reduction required 
to bring the task down to the threshold level of visibility can be used to determine the 
illumination level required to perform the task at a selected level of adequacy . Cur
rently, special procedures are required to apply this method to roadway tasks, but a 
model made especially for field use is under development (9). A variety of other in
sttuments have been used in the past to measure visibility,-but the majority of these, 
such as the Luckiesh mass visibility meter, use brightness as the threshold parameter. 
For this reason, they are not used extensively for roadway visibility studies. Simmons 
and Finch have reviewed the major characteristics of several of these instruments (60). 

The effect of color, size, and shape of objects (or targets) on visibility is an impor
tant consideration. Experiments indicate that, as the object color becomes lighter, 
visibility increases noticeably (29). In other tests where visibility was determined for 
several types of targets (plane, 2-dimensional multiplane, and 3-dimensional plane) on 
roadways with 2 different brightness patterns (uniform and nonuniform), much greater 
variations in visibility resulted from the nonuniform pattern (27) . In cases where non
uniform patterns were used in conjunction with small targets,il was possible to lose the 
target entirely in the dark area between the light patches. For tall, thin targets simu
lating a pedestrian, much less variation in visibility was obtained for both patterns. 

Finch recommended that a minimum of 3 types of targets be used in visibility studies, 
as no one target is adequate for complete field evaluation (27). Suggested targets were 
a small plane area, a small multiplane surface, and a tall multiplane surface . 

Blackwell has gathered extensive data on illumination of roadway visual tasks, es
pecially on 2 major tasks: seeing a mannequin and a black dog at various distances 
down the roadway, with a variety of luminaire types, luminaire spacings, and pavement 
surfaces (8, 9). While the illumination requirements varied under different pavement 
conditions-and with various types of luminaires and luminaire spacings, an average of 
1.90 ft-c of horizontal illumination was required for adequate visibility of these targets 
when they appeared (200 ft ahead) in the dr iving lane a nd 5.7 ft-c at the same distance 
in the curb lane. At distances of 300 and 400 ft, illumination requirements for visibility 
were 9 and 48 ft-c respectively. It should be remembered that these values apply only 
to similar visual tasks in similar geometric situations. 

The purpose of Blackwell's investigations was not to recommend impractical levels 
of illumination for roadway lighting, but to provide a basis for evaluating gains in visi
bility, and hence improvements in the safety of night driving through increased roadway 
illumination. Blackwell's studies also concluded the following: 

1. Extremely high illumination values are required for the difficult visual tasks of 
seeing a brick obstacle or a simulated hole in the pavement. 

2. When luminaire spacing is increased from 100 to 200 ft, more footcandles are 
required for seeing the dog, but fewer for the mannequin. This can be explained by the 
fact that, at longer luminaire spacings, the mannequin is viewed in reverse silhouette 
contrast. 

3. In the curb lane, visual tasks are as difficult as they are in the driving lane or 
more difficult (9). 

Blackwell undertook further studies of illumination by using a 1: 10 scale-model 
simulation. The VTE was used to assess visibility when a mannequin was placed in 
various locations on a simulated highway illuminated by 4 different systems of fixed 
lighting. The commonly used nonuniform semi-cutoff distribution proved to be the 
worst system from the point of view of disability glare and, in terms of visibility, was 
distinctly inferior to the unusually uniform distributions produced by unorthodox sys
tems (~!). 
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Other Human Characteristics 

Night vision depends on variables that interact to yield a complex pattern of visual 
conditions. The variables influencing night vision are related to environmental condi
tions as well as the nature of visual stimulus and the physiological state of the driver. 
These variables include dark adaptation, pre-exposure, color, acuity, depth percep
tion, glare, light shock, age, oxygen deprivation, and visual field. 

Dark Adaptation-This process, which becomes less efficient with age, allows a 
viewer to take maximum advantage of decreasing amounts of light. It is affected by 2 
types of eye cells: the cones and the rods. Cone cells, which are proficient in color 
and form perception, function best under highway levels of illumination, and rod cells 
are more efficient under low levels. If the eye is deprived of light, cone cells adapt to 
the loss in 5 to 10 min after which time the rod cells take over the light-sensing func
tion and adapt to low levels of illumination in 30 to 50 min. Because drivers commonly 
encounter frequent changes between very high and very low illumination, their eyes 
must adapt to achieve visual efficiency at the changing levels of illumination. Under 
high illumination a rapid rate of adaptation results from a moderate change in lighting; 
but when illumination is successively reduced, the rate of change slows down. The 
most proficient viewer is one who can most efficiently adapt in the shortest possible 
time (48). 

Pre=-Exposure- The degree of exposw·e influences the time required to adapt to low 
illumination levels . It has been shown experimentally that, as the eye is exposed to 
higher l evels of illumination, night vision becomes considerably less effici nt (71). If 
persons exposed to bright sunlight for several hours were to drive during twilight or 
early evening, they would be much less proficient at night vision than those who had not 
been p revious ly exposed to the bright light. 

Color-It has been demonstrated experimentally that exposure to ultraviolet light 
even for shor t periods reduces the rate of adaptation to low levels of illu mination (70). 
Another study has shown that dark adaptation following exposure to a red light is signif
icantly faster than adaptation following exposure to a white light (36). 

Acuity-As illumination decreases, the acuity, or the capacity of the eye to resolve 
and discriminate objects, decreases. A study conducted to find the visual angle oc
cupied by the thickness of line when it is just resolved showed that 10 min are required 
for low levels of illumination as compared with 0.50 sec at the highest illumination 
level, a range of 1,200 to 1 (37). The ability to discriminate objects is very important 
and should be maintained at the highest possible degree. 

Depth Perception-Depth perception, which will vary with illumination changes, has 
been shown to decrease from 12 to 37 percent when illumination was reduced by 30 per
cent (48). Depth perception is especially critical when the observer is traveling at 
high speeds. In a study between accident-free drivers and accident repeaters, it was 
found that the accident - free group had superior acuity, lateral ocular balance, and 
perception. 

Glare-A glare source present in the field of view often makes it nearly impossible 
to see. When the glare is eliminated, recovery is dependent on the brightness of the 
glare and duration of exposure. Older persons seem to be most susceptible to 
glare (48). 

LighlShock-When a bright light is briefly shone on the retina, as often occurs in 
night dri ving, light shock results. If the bright light presentation is nonrepetitive, 
recovery is rapid. But repeated presentations cause cumulative effects: The greater 
the frequency, the greater is the delay in recovering accurate night vision (48). 

Age-Experiments have shown that subjects of age 40 and over have a 30To 60 per
cent greater reduction in night vision than those under 40 (49). Figure 3 shows general 
changes in visual functions with age . -

Oxygen Deprivation (anoxia)- Lack of oxygen, or anoxia, hinders a person's ability 
to s ee dim obj ects agains t a very dark background. Anoxia's effect on visual sensi
tivity is greatest when the background is most dimly illuminated, and diminishes as 
background illumination increases (48). 
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Figure 3. Influence of age on vision (56) . 

Visual Field-The space that is actively scanned by the eyes of the motorist without 
special effort or movement of the head is referred to as the visual field. In general, 
the visual field consists of a cone 30deg in the vertical plane. Although visibility does 
extend almost 90 deg on each side of the line of vision, the zone beyond 30 deg is less 
important to the motorist. The visual field is apparently related to the distance of 
active central sight, which is about 200 ft. It we assume that a 25 deg cone exists on 
each side of the line of vision, the visual field for a 200-ft sight distance is 85 ft on 
either side of the line of sight (44). 

Measurements of Driver BehaVior-lt seems reasonable to assume that advances in 
the control of environmental conditions, visual stimuli, and physiological states of the 
motorist will lead to improvements in night vision, thus measurably reducing the 
frequency and severity of accidents and increasing driver comfort (48). However , 
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little is known about the effect of highway lighting on driver behavior. The tension 
created by decision-making, a possible quantitative measure of driver behavior, must 
be measurable. This need has led to the use of the galvanic skin response (GSR) test, 
the method used to 'detect changes in the electrical resistance of the skin due to perspi
ration. At the Texas Transportation Institute the GSR was used to evaluate the effect 
of different levels of illumination and geometric designs on driver tensions at a rural 
intersection (33). Results showed that increases in illumination brought a decrease in 
tension, and that the greatest tension occurred with no illumination. Both the number 
and the total magnitude of GSR responses decreased when illumination at the intersec
tion was provided first by a single luminaire and then by a continuous lighting system. 
Also, as the complexity of each movement decreased or as the subjects became more 
familiar with the intersection, driver tension was reduced. Because the GSR readings 
can be translated into measures of driver comfort, a possible application of the results 
of this study is the development of a series of illumination warrants. Once the level of 
driver comfort desired is specified, the level of illumination necessary to satisfy this 
comfort rating can be estimated. 

Glare 

Glare is one of the major obstacles to overcome in achieving comfortable and effec
tive visual conditions for night driving. Lighting system characteristics such as bright
ness of the pavement, uniformity, or horizontal illumination intensities can be calcu
lated by applying mathematical methods, but giare does not lend itself tu that treatment. 
The effects of disability and discomfort glare are relative and depend on many other 
qualities of the mumination system. 

Glare may be described as the sensation experienced when the field of vision con
tains a light source that has a much higher intensity than the surrounding area; objects 
reflecting less light than the glare source then become impossible or nearly impossible 
to see. Current literature defines 2 kinds of glare: disability glare and discomfort 
glare. The former, also termed physiological glare, causes a measurable modification 
in the visual functions of the driver as a direct result of the presence of one or more 
luminous sources in the visual field (31). Discomfort glare, also termed psychological 
glare, is defined as glare that causes discomfort while not necessarily hindering the 
visual perception of objects appearing in the visual field (58). Thus, disability glare is 
primarily responsible for impairing the ability to performa visual task, while discom
fort glare influences the ease with which the individual can see. 

Disability glare is a major hindrance to visual effectiveness. If a bright object is 
placed near the line of vision, some loss of visibility will occur. The degree of loss 
depends on (a) the quality of the visual organs, especially as related to visual acuity and 
the ability to readapt afte·r being subjected to glare; (b) the brightness contrast ratio 
between the visual field luminance and the glare-producing source; (c) the quantity of 
direct light reaching the cornea; and (d) the relative position of the glare source in the 
visual field ( 44). 

Discomfort glare is even less tangible than disability glare, because the definition 
of "comfortable seeing" varies among individuals. Color of light, luminous intensities, 
and relalive location and size of luminous bodies are important factors in producing the 
sensation of comfort. Discomfort glare, although it affects the quality of a lighting 
system, often does not result in any appreciable loss of visibility (44). 

The most common sources of glare are oncoming traffic headlights, flashing com
mercial billboards, and lighting system luminaries. Because of the last of these, glare 
is an important problem in the installation of lighting systems along the roadway. It is 
not difficult to understand that highly luminous bodies located in the active field of vision 
can completely destroy the effectiveness of an otherwise satisfactory lighting system. 
Theoretically there are methods of minimizing almost every type of glare, but unfor
tunately this problem is often handled ineffectively. Much research has been done in 
defining and predicting glare, but the reliability of such predictions is still a matter of 
controversy. 
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Lighting researchers are striving to find a satisfactory numerical yardstick for 
glare, a yardstick that will enable the designer to avoid excessive glare as easily as 
he avoids too low a level of illumination (46). But too few quantitative data are avail
able on discomfort caused by glare from street lights and vertical footcandles incident 
on the eye of the motorist. The relation has not been defined sufficiently for use in 
predicting the degree of comfort to be expected from a proposed streetlighting instal
lation. 

Reid and Toenjes conducted a study in 1952 to appraise discomfort glare under 31 
widely diversified streetlighting installations in Cleveland (51). Lighting appraisals 
were made on installations that included all 5 types of lateral light distributions. 
Average illumination ranged from 0.07 to 0.97 ft-c. Mounting heights ranged from 14 
to 26.5 ft. Pavement surfaces included concrete, asphalt, and brick. Curb-to-curb 
pavement widths were 24 to 7 2 ft. The illuminants were filament lamps, with ratings 
from 2,500 to 15,000 lumens. Appraisals were made from the front seats of automo
biles in the right driving lane with a Taylor-Pracejus illumination recorder. For ease 
of recording and charting, the comfort-discomfort glare appraisals were assigned 
rating numbers varying from "pleasant-not noticeable as glare", which has a value of 
1, to "intolerable", which was assigned a value of 7. Reid and Toenjes's conclusions 
relevant to this study can be summarized as follows: 

1. The great majority of streetlighting is glaring, in varying degree from mildly 
uncomfortable (rating of 4) to sharply uncomfortable (rating of 6); and 

2. Comfort-discomfort appraisals and vertical footcandles on the eye appear to be 
related generally, provided that horizontal footcandles on the pavement are taken into 
account as an index of field brightness. 

The results of this study held promise that factors affecting discomfort glare in street
lighting can be dealt with quantitatively. 

There are at present at least 3 methods for numerically assessing the capacity of a 
light source to produce discomfort, as well as 1 method for calculating the magnitude 
of visual disability glare caused to drivers. The most common indexes for evaluating 
discomfort are the border line between comfort and discomfort (BCD index), M; the 
glare rating, G, which varies directly with discomfort; and the visual comfort index 
(VCI), which represents the percentage of a sample of normal observers for whom the 
light source is comfortable (34). A definite relationship exists between G and M, so 
that one can be computed from the other and each can be related to the percentage of 
people viewing with comfort (Figs. 4 and 5). 

Guth and McWelis (35) propose the following method for determining M to evaluate 
a glare source: ~ 

M- B 
- PFo.44 (w-o.21 _ 1. 2B) 

where 

B =BCD brightness in footlamberts (ft-L), 
P = position index, 
F =field brightness in ft-L, and 
w = solid angle subtended by the source in steridians. 

Following informal meetings arranged at Stockholm in 1951, in conjunction with the 
Commission Internationale de l' Eclairage, work on glare discomfort was carried on at 
the Building Research Station (40). At these meetings, which led to the assessment of 
glare known as the glare constant, G, it was agreed that the main factors governing 
glare discomfort are (a) luminance of the light source, (b) apparent size of the light 
source, (c) general level of adaptation, (d) position of the light source relative to the 
direction of viewing, and (e) luminance of the immediate surroundings of the light source. 
It was further agreed that glare discomfort could be assessed on the basis of an ex
pression of the following form: 
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where 

Bs =source luminance, 
Q = apparent size of source, 

Bb =adaptation luminance, 
Bi =luminance of immediate surroundings of the source, and 

0 =angle between direction of source and direction of viewing. 

The higher the value of G, the greater is the degree of discomforL Thus, greater 
source luminance and apparent size result in worse glare; greater adaptation level im
mediately surrounding the source or greater angle between direction of source and di
rection of viewing results in less glare. 

Researchers are working to achieve international agreement on findings so they can 
promulgate an agreed method for the estimation of glare discomfort in practical lighting 
situations. Although the problem is simple at first glance, it is riddled with second
and third-order complexities. For example, the basic glare formula breaks down in a 
number of ways and cannot be regarded as more than a first-order approximation; there 
exists a wide variation of discomfort experiences in a random selection of people; and 
the problem of additivity of glare is very complex (40). 
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The basic measurement not yet discussed, that used for disability veiling bright
ness, is also an approximation at best. Disability veiling brightness or disability glare 
is related to the total amount of light flux that enters the eye and the angular displace
ment of the glare sources from the normal line of sight. Holladay and Stiles have de
veloped a standard formula for evaluating disability veiling brightness (DVB) as fol
lows (18): 

where 

DVB = kE 
en 

E =the illumination at the driver's eye from the glare source on a plane per
pendicular to the normal line of sight, 

0 = the angle between the normal line of sight and the glare source, and 
k and n =constants. 

Using values fork and n of approximately 10 and 2 respectively yields the conventional 
formula (32) for calculating DVB: 

DVB = lOTrE 
02 

This expression has been further modified to take into account the atmospheric ab
sorption. The resultant expression (65) then may be expressed as 

where 

T = the transmission factor for various atmospheric conditions per 100 ft, and 
x =the distance from the glare source to the eye in hundreds of feet. 

Christie and Fisher (18) conducted a study into the application of the Holladay and 
Stiles formula to streetlighting, investigating the validity of the formula at small angles 
(down to 1 deg) and the effect of age of the observer on the values of k and n. They dis
covered that the value of n varies with the range of 0 involved. The value n = 2.3 was 
derived for the range 1.75 deg s: 0 ~ 4 deg, but a slightly lower value of n might be ex
pected to apply to higher ranges of 0. Christie and Fisher also found that the parameter 
k depended on both the age of the observer, A, and the distribution of luminance over 
the background, k = cA + d, where c and dare constants, d being dependent on the back
ground configuration. From their tests, the k found for observers aged A years was 
k = (0.2 A+ 5.8)Tr. 

A recent study by Watson into the formula for calculating the disability glare effect 
from streetlights concluded that the value of n should be taken as 2.2 rather than 2.3 but 
that the value of k developed by Christie and Fisher was valid with the evidence avail
able (67). 

Although there are too many unknowns to construct a perfect system for evaluating 
glare in a luminous environment, the illuminating engineering profession is endeavoring 
to formulate and adapt a tentative standard system for this operation. 

Pavement Reflectance 

Brightening the pavement so that objects may be seen in silhouette is one of the 
principal objectives of street and highway lighting. The luminance or brightness is 
dependent mainly on the illumination that is present and the reflection characteristics 
of the pavement. The complexity of pavement reflection characteristics, however, has 
made it hard to make full allowance for them in designing lighting installations (16). 
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Two pavement characteristics affecting the amount of light reflected are color and 
texture. Their effect appears in two of the more common pavements in use today, 
bituminous mixtures and concrete. For instance, new concrete reflects approximately 
25 percent of incident light, but this may be reduced to as much as 16 to 18 percent by 
the accumulation of carbon, oil, and chemicals that develop through use. Bituminous 
mixtures, however, initially have approximately 10 to 11 percent reflectance and after 
polishing have 12 to 14 percent reflectance. 

Pavement brightness is also influenced by angle of incidence of the lightand by the 
viewing angle. Incident light is related to actual brightness by multiplying the hori
zontal intensity by the coefficient of brightness (the ratio of the brightness in the view
ing direction to the total incident illumination). 

Light from fixed luminaires is reflected from the road surface in 5 ways: diiiused, 
specular, spread, mixed, and retrodirective. Diffused reflection occurs when light 
scatters in all directions, independent of the direction from which the light ray comes. 
It usually does not contribute a great deal to pavement brightness because it occurs at 
an angle of incidence of near 90 deg to the pavement. Diffused reflection is the main 
reason that dark patches appear on the road directly under the luminaires and bright 
spots ahead of t hem (44). 

Specular reflection i s that obtained from mirror-like surfaces where a light ray and 
the exact image of the light source are reflected in the same direction as incoming rays 
and at an angle that is equal to the angle of incidence. Specular reflection, which gen
erally occurs when pavement is wet, consists of extremely bright spots and streaks and 
can be detrimental to the driver's vision. Similar to specular reflection is spread re
flection, in which light rays are reflected into a cone of light that is still directional in 
nature (61). Mixed reflection, which occurs on most surfaces, is a combination of dif
fused and specular types. A fifth type of light reflection is retrodirective, in which the 
light is reflected back in the direction of the source. 

The most efficient light, by striking the road from an oblique angle and returning 
toward the eyes of the driver, creates road brightness and contrasts between the back
ground and the task. Water produces varying types of reflection on different pavements. 
For example, smooth asphalt reflects much light in the form of continuous streaks or 
large patches, whereas a concrete surface may create a subdued specular reflection. 
Efforts have been made to improve road reflection by using light-colored pavement 
materials, but so far they have failed to offer economical solutions. Some attempts in 
Great Britain to incorporate white flint chips in a rolled asphalt surface have met with 
reasonably good results, but this method is limited because of a shortage of the mineral 
in other parts of the world (44). 

Research in the area of pavement reflectance, undertaken in England's Road Re
search Laboratory in 1954 (16), revealed that in a street luminaires form a bright patch 
on the pavement which appears to the driver in the general shape of a T with the wide 
head reaching across the roadway approximately opposite the luminaire and the tail 
stretching toward the observer. The light distribution and nature of the surface dictate 
the exact shape of the patch, while the size is a function of the mounting height. The 
surfaces considered in this research include (a) rolled asphalt with precoated chippings, 
(b) nonskid rock asphalt, (c) machine finjshed concrete, {d) compressed rock asphalt, 
and (e) bituminous sand carpet. It was noted from these experiments that both coarse
and fine-textured surfaces produced short patches. This indicates that the shape of 
the pavement surface material, rather than the size of its features, dictates the area 
of the patch. 

The Road Research Laboratory also investigated the effect of the surface texture, 
required to prevent skidding, on the formation of long patches by street luminaires. 
The use of sharp projections, which are necessary to prevent skidding, does have a 
tendency to destroy the specular reflections that form long patches. For instance, of 
the surfaces examined in the experiments, the only really large patch was obtained by 
the compressed rock asphalt, which is slippery when wet. 

Appraisals of patches formed on the bituminous pavements when wet revealed that 
the type of patch is closely related to the texture depth. Results show that, with a 
small texture depth, a luminaire gives rise to a narrow bright streak. This leaves 
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dark areas between which objects can be seen only with great difficulty. Rain affects 
the width of patehes much less, however, when the depth is large. A texture depth of 
approximately 0.013 in. appears to give patches of reasonable width. 

Similar investigations in the area of pavement reflectance have been performed in 
the United States. Of particular note is one conducted in Oregon of the reflecting prop
erties of 7 types of pavements: (a) untreated gravel macadam, (b) bituminous macadam, 
(c) open type of asphaltic concrete pavement, (d) closed type of asphaltic concrete 
pavement, (e) new portland cement concrete pavement, (f) worn portland cement con
crete pavement, and (g) smooth bituminous concrete pavement. The experimenters 
measured the reflectivity of both wet and dry pavements from a light having an angle 
of incidence of 17 deg and 45 deg. With the light at an angle of incidence of 45 deg (ex
cept on the 3 smooth pavements: old concrete, worn asphalt, and plain asphalt), dry 
pavements had almost complete absence of specular reflection. A comparison of the 
results obtained from both a 45-deg and a 17-deg angle showed that, as the angle of in
cidence decreases, the glare increases. A summary of the reflection properties of the 
7 types of pavements is shown in Figure 6. 

The reports that have been discussed dealt only with fixed lighting installations, but 
the question of the reflectance due to vehicle headlights is also important. In another 
test, the brightness caused by headlights was evaluated for 3 pavement types: plant
mixed surfacing, asphaltic concrete, and portland cement (29). The tests were per
formed under dry, damp, and wet conditions. Results showed that in dry conditions 

NTREATE GRAVEL CADAM 

···-DR!( S Rf ACE 

JO 20 30 40 50 60 70 80 

PERCENTAGE OF INTENSITY OF ILLUMINATION DUE TO SURFACE REFLECTION 

Figure 6. Percentage of intensity of illumination due to surface reflection for various 
types of road surfaces. 
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the portland cement concrete had the highest brightness of the 3 tested conditions. 
However, in wet conditions the asphaltic concrete brightness exceeded that of the port
land cement concrete. While these results seem to conflict with those of the Oregon 
study, it should be noted that the Oregon study dealt with str etlight refiectance r ather 
than with headlight reflectance. 

Finch and King recently developed a pavement reflectometer for measuring the di
rectional reflectance properties of pavement surfaces in the field (28). Their objective 
was to find a convenient means of measuring the luminance of a pavement so that more 
realistic light design specifications could be established. Present standards are inap
propriately based on average horizontal illumination incident on the pavement surface 
rather than on the amount of light emitted from the surface in the direction of the ob
server. The major obstacle toward a more realistic design standard has been the lack 
of reliable information regarding pavement reflectance characteristics. 

The authors stated that their reflectance-measuring device provided a. relatively ef
ficient means of accumulating comprehensive data on various types of pavement sur
faces. Nevertheless, the actual data collection is a slow process; equipment setup time 
is about 3 hours. For this reason, they concluded that a laboratory testing program 
was the most desirable means for obtaining a large volume of data on several pavement 
surfaces. 

The following year, Birkhoff, Pagen, and Snider (6) reported the results of an exten
sive laboratory investigation to determine a quantitative relationship between the micro
profile characteristics of highway surfaces and pavement reflectance and skid resistance. 
Portland cement concrete and bituminous concrete laboratory specimens were tested 
over a wide range of incident light angles and reflectance angles. The microprofile of 
the surface of each specimen was measured by means of a specially developed device; 
then, the association between reflectance, microprofile, and skid resistanc e was 
evaluated. 

The researchers concluded that the dominance of diffused or specular pavement re
flectance depended on the angle of incidence. For all surface types, specular reflection 
was dominant when the angle of incidence was less than 10 deg. At other angles of in
cidence, the ratio between diffused and specular reflectance components depended on 
the pavement roughness, the fabricating direction, the observation direction, and the 
illumination incidence. Bituminous concrete showed an absolute reflectance ranging 
from 3 to 11 percent, while portland cement concrete varied from 15 to 40 percent. The 
authors were not able to relate their empirical measure of microprofile with surface 
type; this was attributed to the relatively small sample size being analyzed. However, 
skid resistance was found to vary directly with measures of microprofile. In view of 
the results of this study, further investigation of these parameters was recommended. 

Level and Uniformity of Illumination and Photometric Data 

Visibility is not necessarily directly dependent on horizontal levels of illumination; 
it depends, as well, on pavement brightness, relative contrasts between the task and 
background, uniformity ratio, disability glare, and dimensions of the visual field . 
However, even under the most favorable conditions, a minimum of light must be pro
vided before the surroundings become visible. In highway lighting applications, the 
portion of light that effectively contributes to seeing is that part reflected and diffused 
from the pavement in the direction of the viewer's eye. It is desirable, therefore, to 
relate levels of illumination to the reflected light or luminous intensity of the pavement. 
Calculations based on roadway luminance are much more significant than those based 
on horizontal levels of illumination alone. Because road pavement reflectance can vary 
between 10 and 25 percent, the results of horizontal footcandle calculations can be in 
error by more than 100 percent in terms of actual effective reflected light. 

In most European countries, illumination is expressed in terms of the average pave
ment luminance rather than of the horizontal intensities. The coefficient of luminance 
is related to the pavement surface reflectance and the luminaire light distribution 
characteristics (44), and is determined as follows: 

coefficient of luminance = average illumi nation, lux 2 

average luminance, candela/ meter 



TABLE 1 

MINIMUM RECOMMENDED PAVEMENT ILLUMINATION 
JN FOOTCANDLES 

Urban Rural 
Road Where 

Classification Downtown Intermediate Outlying Recommended 

Freeway 1.0 0.8 0.8 0.8 
Expressway 1.2 1.0 0.8 0.8 
Arterial 1.5 1.0 0.8 0 .8 
Collector 1.0 0 ,8 0 .6 0.6 
Local 0.6 0.6 0.4 0 .2 

Source: Ret 44 . 
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The following gives the average coefficients of luminance for various conditions: 

Type of Luminaire 

Cutoff 
Semi-cutoff 
Noncutoff 

Dark 

24 
18 
15 

Surface 

Bright 

12 
9 
7 

For equal pavement luminances, approximately twice as much incident light must be 
provided on an asphalt surface as on a light-colored concrete road. For example, a 
luminance of 1 cd/m2 (candela/meter 2

) or 0.292 ft-L corresponds to 24 lux. or 2.2 ft-c 
for dark surfaces. For bright surfaces only half the value is required because of the 
reflectance characteristics of the surfaces. Although this method is still only approxi
mate, it provides a better measure of actual lighting effectiveness than the method 
based on horizontal illumination units. 

Road luminance is not exactly proportional to the average values of reflectance be
cause the actual pattern of brightness of the road pavement depends on the specific di
rectional reflectance relative to the viewer's position. The calculation of actual bright
ness, a complicated procedure, requires specific information on the luminaire used, 
the road reflectance qualities, and the point-by-point contribution from each relevant 
luminaire. Such information, however, is not generally available. Rex discusses the 
procedures of brightness calculations in his papers published on this subject (54, 55). 
Pavement brightness (PB) per luminaire at each station is computed by using constants 
per 1, 000 candlepower developed from Reid-Chanon data: 

PB _ luminaire candlepower x PB t t - l 000 cons an 
• 

The pavement brightness per horizontal footcandle depends on the direction of in
cident light from each luminaire in relation to driver-observer viewing position. The 
result of illumination at each station from each luminaire should be computed sepa
rately, then combined for the effect of several luminaires. The combined pavement 
brightness can be calculated from the candlepower constants and the sum of the bright
ness at each station produced by each luminaire. A further study of these papers is 

TABLE 2 

RECOMMENDED AVERAGE HORlZONTAL FOOTCANDLE 
LEVE L IN URBAN AREAS 

Road 
Classification 

Major 
Collector 
Residential 

Source: Ref. 2. 

Downtown 

2 .00 
1.2 
0 .9 

Intermediate 

1.2 
0.9 
0.6 

Outlyini; 
and Rural 

0.9 
0.6 
0 .2 

advisable for those interested in obtain
ing better results. 

Because present illuminating standards 
are based on horizontal footcandle levels, 
the suggested minimum levels of illumina -
tion in terms of horizontal intensities, as 
proposed by Ketvirtis (44), are given in 
Table 1; average valuesproposed by the 
American Standard Practice for Roadway 
Lighting (2) are given in Table 2. 

A commonly accepted method of ex
pressing road illumination uniformity is 
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the average to minimum ratio of horizontal intensities. At present in the United States, 
there are no specific regulations limiting the maximum to minimum ratio or describing 
ratios within the actual visual field. 

Illuminating engineers know that a sudden change in the level of luminance produces 
a temporary reduction in visual acuity. The eye cannot adapt quickly to frequent changes 
in luminance levels; hence, visual acuity, a function of proper eye adaptation, is greatly 
disturbed by such changes. If uniformity ratios are high, the contrastsbetweenthetask 
and the background will vary; to equalize visual conditions, greater amounts of light are 
normally r equired. Tables 3and 4 give suggested ratios of average to minimum.and maxi
mum to minimum illumination within pavement limits, as suggested by Ketvirtis (44) . The 
American Standard Practice for Roadway Lighting (2) contains a chart showingsug
gested uniformity r atios ver sus luminaire spacing as a function of r oadway width, but 
the uniformity ratios shown in that chart are average-to- minimum values only. 

Box and Edman {12) suggest that the lowest footcandle value at any point on the pave
ment should not be l ess than 1/s of t he average value except on residential olreets wher e 
a minimum of % is recommended. They further state that uniformity of illumination 
and brightness is a more important quality factor than has been previously realized. 
The new values they recommended represent a significant improvement over the old 
minimum values of % and 1

/ 10 respectively. 
Light distribution and control depend on the design of the luminaire optical system. 

To predict the performance of a highway-lighting system, the engineer must have in
formation describing the complete luminaire performance, such as light beam intensi
ties, light distribution pattern, utilization and efficiency, glare control, and luminaire 
mechanica l featur es. Stahdardization of lighting design calculations requires uniform
ity in the classifications of lighting control and distribution patterns. Luminaire photo
metric data (44) normally consist of (a) isofootcandles, (b) utilization curves, (c) tem
perature and mounting height correction factors, and (d) candlepower distribution or 
isofootcandle diagram. 

The illumination on a roadway surface produced by the light distribution from 1 or 
more luminaires may be shown by isofootcandle diagram::;. These diagrams are graph
ical representations of points of equal illumination connected by a continuous line; the 
line may show footcandle values on a horizontal plane from a single unit having a defi
nite mounting height, or a composite picture of the illumination from a number of 
sources arranged in any manner or at any mounting height. Isofootcandle diagrams 
are useful in the study of uniformity of illumination and in the determination of the level 
of illumination at any specific point. So that the curves will be applicable to all condi
tions, they are computed for a given mounting height with horizontal distances expressed 
in ratios of the actual distance to the mounting height. Correction factors for other 
mounting heights are usually given in the tabulation alongside the isofootcandle curves (~). 

Utilization curves, available for various types of lumi nair es, a ffo.r d a practical 
metJ1od for cletermination of lumens per square foot (average footcandles) over the road
way surface where lamp size, mounting heights, width of paved area, and spacing be
tween luminaires are known or assumed. 

The utilization curve indicates how much light falls on the roadway in terms of coef
ficient, but reveals little of the way in which the light is distributed. It must, therefore, 

TABLE 3 

RECOMMENDED AVERAGE TO MINIMUM RATIOS 
ON ROAD PAVEMENT 

Road 
Urban 

Rural 
Classification Downtown Intermediate Outlying 

Freeway 2.5: 1 2.5: 1 2.5: 1 2.5: 1 
Expressway 2.5: 1 2.5: 1 2.5: 1 2.5: 1 
Arterial 2.5: 1 2.5: 1 3: 1 3:1 
Collector 2.5: 1 3: 1 3: 1 3:1 
Local 3: 1 3:1 4: 1 4: 1 

Source; Ref. 44. 

TABLE 4 

RECOMMENDED MAXIMUM TO MINIMUM HATIOS 
ON ROAD PAVEMENT 

Road Urban 

Classification Rural 
Downtown Intermediate Outlying 

Freeway 6: 1 6: I 6: 1 6: 1 
Expressway 6: 1 6: 1 6: 1 6: 1 
Arterial 6: 1 6: 1 8: 1 8: 1 
Collector 6: 1 8: I 8: 1 8: 1 
Local 8: 1 8:1 10: 1 10:1 

Source: Ref . 44 
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be used in conjunction with the specific calculation to evaluate correctly the time per
formance of the luminaire, especially in terms of uniformity or compliance with the 
recommended ratio of minimum illumination value to the average illumination value (2). 

The coefficient of utilization is the percentage of rated lamp lumens that will fall 0n 
either of 2 strip-like areas of infinite length, one stopping in front of the luminaire, and 
the other behind the luminaire, when the luminaire is level and oriented over the road
way in a manner equivalent to that in which it was tested. Because roadway width is 
expressed in terms of a ratio of luminaire mounting height to roadway width, the coef
ficient of utilization has no dimensions. 

The formula ~) for determination of average horizontal footcandles is 

Average footcandles = (lamp lumens at replacement time x coefficient of utilization 
x luminaire maintenance factor )/(spacing between luminaires 
in feet x width of roadway in feet) 

Even though this information is satisfactory for single calculations of average road 
illumination, pole spacing, and maximum to minimum or average to minimum ratios, 
the rapidly advancing popularity of computers may necessitate adjustments in the 
format of information. More sophisticated methods of calculation in some areas are 
also desirable and, if developed, may call for more elaborate data on luminaire per
formance. 

The American Standard Practice for Roadway Lighting (2) provides a detailed de
scription of luminaire light distribution classification, which is determined by these 
criteria: (a) vertical light distribution, (b) lateral light distribution, and (c) control 
of light distribution above maximum candlepower. 

Vertical light distributions are classified as short, medium, or long, depending on 
the location of the point of maximum candlepower with respect to the transverse road
way lines (TRL) expressed in multiples of mounting height (MH). For the short dis
tribution, the maximum candlepower lies between 1.0 MH TRL and 2.25 MH TRL; for 
the medium, between 2.25 MH TRL and 3.75 MH TRL; and for the long, between 3.75 
MH TRL and 6.0 MH TRL. 

Lateral light distributions fall into 2 categories, depending on the location of the 
luminaire with regard to the area to be lighted. Those luminaires in the first group 
are designed to be mounted near the center of the area to be lighted; they have similar 
light distributions on both the house side and street side of the reference line. The 
second group includes all those luminaires intended to be mounted at or near the side 
of the area to be illuminated (2). 

Control of candlepower in ffie upper portion of the beam above maximum candle
power is necessary in achieving a balance between the detrimental effects of increased 
glare and the benefits of increased pavement brightness at high vertical angles of light 
emission. There are 3 types of candlepower distribution control: cutoff, semi-cutoff, 
and noncutoff. The cutoff luminaries are those for which the candlepower beyond the 
limiting TRL does not numerically exceed 10 percent of the rated lumens of the light 
source used. The limiting TRL are (a) short distribution, 3.75 MH; (b) medium dis
tribution, 6.0 MH; and (c) long distribution, 8.0 MH. In the semi-cutoff category and 
by using the same limiting TRL, the candlepower beyond the limiting TRL does not 
numerically exceed 30 percent of the rated lumens of the light source. The noncutoff 
category has no candlepower limitations in the zone above maximum candlepower ~). 

Light Sources 

There are 4 main types of light sources available for use in roadway lighting: in
candescent, mercury vapor, sodium vapor, and fluorescent. The following paragraphs 
compare the most distinctive operating characteristics of these lamps and summarize 
the prime areas of application of each. 

Efficiency-The efficiency of the incandescent lamp is relatively low, from 10 to 22 
lumens per watt, depending on the lamp size and rated life (61). Standard mercury 
vapor lamps have higher efficiencies, ranging from 33.5 to 60.5 lumens per watt. Metal 
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halide lamps, which operate on the same principles as the mercury vapor sources but 
contain additional metal additives, have even greater efficiencies, from 60 to 90 
lumens per watt (15, 53). Conventional sodium vapor light sources have efficiencies 
appr oxi:nately 2% times greater tha n those of incandescent lamps, a,nd the new high
pressure sodium lamps have the highest efficiencies of any of the commercially avail
able sources, from 100 to 105 lumens per watt (41, 53). The efficiencies of fluores
cent lamps range from 45 to 75 lumens per watt 161)-:-

Life-Rated operating lives vary greatly amongTight sources, from the relatively 
short life of the incandescent lamp, 300 to 6,000 operating hours, to the very long-rated 
life of the mercury source, up to 24,000 hours (14, 73). Metal halide lamps, standard 
sodium vapor sources, and high-pressure sodiumlamps all fall between these extremes, 
from 5,000 to 7,500 hours (22, 53). The operating life of a fluorescent source, gen
erally rated at 7, 500 to 12, 500 hours, varies greatly according to the number of times 
the lamp is started; the more starts, the shorter is the operating life (61). 

Electrical Limitations-Variations in supply voltage or current drastically affect 
life and light output for incandescent sources. A decrease of 10 percent in the operat
ing voltage results in approximately 30 percent decrease in light output, while an in
crease of 10 percent results in a 35 percent increase in output (61). Conversely, an 
overvoltage operation of 5 percent can reduce the expected life by 55 percent (73). 
Mercury lamps require ballasts on multiple circuits to provide the high starting voltage 
needed, to supply adequate reactance to limit, and to regulate the current through the 
lamps. For series operation, individual lamp transformers are required. The type of 
ballast or transformer is determined by lamp and supply use. It takes approximately 
5 minutes for the lamp to reach operating temperature and light output. Either under
voltage or overvoltage causes a shorter life {61). The high-pressure sodium source 
warms up in about 5 minutes and the standards odium source needs about 30 minutes 
{53, 61). Both require ballasts determined by lamp and supply usage. The life of the 
fluorescent lamp is decreased by both undervoltage, which causes deterioration of 
electrodes, and overvoltage, whichproduces excessive heat {61). Ballasts are required 
for starting and operating fluorescent lamps. -

Application-Incandescent lamps should be considered where low initial cost is im
portant, operating hours are short, color acceptability is important, and maximum 
degree of light control is necessary. Mercury vapor sources are higher in initial cost 
but lower in operating expenses because of their longer lamp life; the mercury lamp 
has great appeal because of its modern appearance and efficiency. While clear mercury 
sources have been shown to create more glare than other lamps, color-improved 
sources with better visibility are available (23). 

The conventional sodium lamp is no longer available in the United States because of 
high costs and the unpopular characteristic yellow color. European countries, how
ever, regard it very highly, claiming that it is brighter and less glaring than mercury 
lamps of the same size and offers more visibility (22). But another study states that 
very little difference exists between sodium lamps and other sources with regard to 
glare or contrast sensitivities, although visual acuity was higher with the sodium 
source (23). The high-pressure sodium lamp, with high initial cost and low operating 
cost, is desirable at locations when annual usage is low and where high illumination and 
color rendition and a high degree of light control are important. Fluorescent lamps 
have the highest initial cost. They are mainly used in areas where low brightness is 
necessary, such as in commercial areas (53). 

The present trend in streetlighting practice is definitely toward installation of mer
cury vapor lamps.and other modern sources (such as high -pressure sodium and metal 
halide), which offer economical operation, availability of lamps and other components 
in a wide range of sizes, and long life. An Edison Electric Institute Survey showed 
that mercury vapor lamps account for 85 percent of the present sales of roadway light
ing sources and that 92 percent of electric utility companies are converting their 
streetlighting systems to mercury lamps (52). Fluorescent lamps are being used 
more frequently for lighting broad areas, such as multilane expressways and intersec
tions (13, 47). The so-called modern sources, such as high-pressure sodium and 
metal halide, are also being used where high illumination levels are desired. 
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Economics 

In the design of highway lighting installations, one of the important considerations is 
the cost of the system in terms of initial and annµal expense. Besides cost, the level 
of illumination, the appearance, and the existing equipment are other important factors 
in selecting the type of equipment to be used (14). 

Knowing which elements are most significant in dollar value is important when ana
lyzing the total cost of a lighting system. Ketvirtis (44) has cited the following elements 
that most affect cost: -

1. Level of illumination-This is probably one of the elements most affecting the 
cost of a lighting system. The added requirements of increased illumination must often 
be met with more luminaires because lamp sizes are somewhat limited. When a larger 
lamp can be used in addition to a different type of light control, the result may be a cost 
savings on a per lumen basis. However, the cost of installation is not directly propor
tional to increased levels of illumination, because of the cost of such items as wiring, 
number of substations, and project engineering. 

2. Road geometry-The width of the median and the shoulder as well as lane dimen
sions affect the lighting system layout. As the widths become larger, changes in pole 
arrangement and spacing will affect the system cost. Also, where there is a median, 
double luminaire mountings offer considerable savings. 

3. Type of light source-Cost comparisons of mercury and fluorescent lighting sys
tems on the basis of the same footcandle levels indicate that the latter is 20 to 30 per
cent more expensive. Also, mercury lamps are available in a wider variety of units 
and lend themselves to more precise control. 

4. Types of poles-For lengths up to 30 ft, the cost of aluminum and steel poles are 
about the same, and concrete poles are less than half the cost of the metallic poles. For 
poles of 40 ft or longer, the cost of the aluminum rises much faster than that of the 
steel or concrete. 

5. Wiring materials and installation-The cost of wiring and installation are signif
icant factors, but to a lesser degree unless some unusual methods are used. 

6. Mounting height-As the mounting height is increased, wider pole spacings be
come possible, so that fewer poles and luminaries are necessary and the cost of the 
system is reduced. 

In comparing different types of systems, we must keep in mind that the comparison 
is only valid if the systems have similar quality and effectiveness. For economic com
parisons, the level of illumination and uniformity are the most important factors; pave
ment brightness would be an even better criterion, but technology on this subject is not 
yet adequate. 

In 1967, Thompson and Fransler developed a cost analysis based on equal levels of 
illumination (64). In this report cost summaries were prepared for 2-lane, 3-fane, 
and 4-lane roadways (Table 5). Initial average horizontal footcandles were computed 
for 1 direction, and uniformity was achieved through use of different lamp sizes and 
mounting heights (44). 

For design of the best possible lighting system at the least cost, an economic anal
ysis is necessary. That analysis should contain the type and description of luminaires 
to be used and data such as coefficient of utilization, average footcandles maintained, 
and energy rates. With this basic information, the initial and annual costs can be cal
culated. Initial costs include luminaires and accessoPies (wire and transformers); 
energy, cleaning, part replacement, and labor should be considered annual costs (63). 

Although it has been stressed before that the most economical system should be 
sought, cost alone may not be the best means of selection. In many cases a more ex
pensive installation will be justified because improved color rendition is desired; the 
new silver-white-colored mercury lamps can be used to obtain better color rendition 
and still retain the inherent operating economy of the mercury source. Factors such 
as this, and even aesthetic considerations, may relegate cost to a position of secondary 
importance (63). 
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TABLE 5 

SUMMARY OF COSTS OF ROADWAY LIGHTING 

Mounting Height on Mounting Height on Mounting Height on 

Item 2-Lane Roadway 3-Lane Roadway 4-Lane Roadway 

30 Ft 40 Ft 50 Ft 30 Ft 40 Ft 50 Ft 30 Ft 40 Ft 50 Ft 

Light distribution type 11 11 11 11 11 11 111 111 111 
Lamp watts 400 400 400 400 400 400 400 400 400 
Uniformity ratio 3.0: 1 3.0: 1 1.4: 1 3.0: 1 3.0: 1 1.8: 1 3.0: 1 2.4: 1 2.2: 1 
Average initial hori-

zontal footcandles 1.50 1.00 1.00 1.80 0 .83 1.00 1.09 1.00 1.00 
Minimum footcandles 0 .50 0.33 0 .72 0.53 0.27 0.55 0.36 0.43 0.47 
Luminaire spacing 1 ft 195 250 210 150 255 190 185 180 160 
Luminaires per mile 27 21 25 35 21 28 29 29 33 
Initial cost per mile, $ 17 ,550 15, 750 21,875 22,750 15,750 24,500 18 ,850 21,750 28 ,875 
Annual cost per mile, $ 2,424 2,037 2,710 3,142 2,037 3,035 2,604 2,813 3,577 

Equivalent capital, $ 1,530 1,373 1,907 1,983 1,373 2,136 1,643 1,896 2 ,517 
Equivalent main-

lenance, $ 124 65 ~o WI 65 101 134 90 119 
Power , $ 770 599 713 998 599 798 827 827 941 

Source: Ref, 644 

TRENDS IN LIGHTING SYSTEM DESIGN 

The increased emphasis on improving visibility and providing visual comfort for the 
driver has resulted in many improvements in lighting system design. One of the most 
significant of these advances is the introduction of higher luminaire mounting heights, 
which increase the illumination level and, in addition, the field of vision, reduce glare, 
and increase uniformity. Research studies by Ketvirtis and by researchers at the Texas 
Transportation Institute have shown the following benefits from higher mounting heights: 

1. Increased .safety because the wider transverse spacing and longer longitudinal 
spacing means a reduction in the number of poles in the immediate vicinity of the road
way; 

2. Better uniformity of illumination due to an increased area of the bright spot un
der the luminaire and a wider distribution of light than is possible with low mountings; 

3. A reduction in glare because the light source is located at a greater height above 
the driver's line of vision; 

4. An increase in the driver's visual field that, by permitting him to drive under 
more comfortable conditions, could increase roadway capacity; 

5. Decreased maintenance caused by a reduction in the amount of dirt accumulating 
on the luminaries; and 

6. A reduction in system costs through the elimination of a number of luminaires. 
Also, because of the improved uniformity and lower glare, lower illumination levels 
are necessary to provide adequate seeing conditions. A detailed economic study by 
Faucett (26) demonstrated that a system with higher mounting heights is more econom
ical and has improved uniformity with regard to a conventional arrangement, if a re
duction in level of illumination can be accepted (39, 43, 57, 58). 

In spite of the benefits mentioned in the preceding, there are many reasons why 
higher luminaire mounting heights should not be used arbitrarily. Lindsay and Clark 
caution that changes in atmospheric conditions, such as fog, snow, and rain, cause at
tenuation of light flux that greatly reduces the illumination level and adversely affects 
illumination uniformity (45). At higher mounting heights these reductions are magnified 
and poor system performance results. Ketvirtis mentions that on narrow roads higher 
mountings may be wasteful because too large a percentage of the light falls on the sur
rounding area (39). Maintenance could also be a problem with higher mounting heights, 
unless trucks with sufficient reach to service the luminaries are available. 

Another recent innovation in lighting practice is the use of floodlights mounted at 
100 to 200 ft to illuminate intersections and interchanges. This technique, first tried 
experimentally in Europe, has .some definite advantages over conventional lighting 
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systems (38). First of all, such floodlights illuminate the entire area of the intersection, 
a benefit especially important at complex interchanges where drivers need a view of 
the entire area to plan maneuvers and to execute them in a systematic and safe manner. 
Second, fewer poles are required so that no forest of poles detracts from appearance 
and visibility. Third, glare is reduced with fewer light sources and higher mounting 
heights. 

Economic comparisons between floodlighting and conventional lighting systems are 
difficult to obtain. With a conventional system the goal is to provide a specified hori
zontal footcandle level on the roadway without regard to the illumination level on the 
surrounding area. However, floodlighting is intended to illuminate the entire area and 
improve overall visibility. To accomplish this, it must display relief features, as well 
as the roadway surface; and illumination of these features is measured not in horizontal 
footcandles but in vertical footcandles, which enhance the visibility of objects presenting 
a vertical surface. In spite of this difficulty in comparison, a study conducted by Faucett 
indicated that, for equal average illumination on the roadway, floodlighting costs less 
than conventional streetlighting (25). 

The concept of high-level intersection lighting is currently being studied by a re
search team at the Texas Transportation Institute (66). At test installations in both 
Fort Worth and Huntsville, Texas, professionals rated the high-level system superior 
to conventional lighting; the rating was a subjective one, based on the system's ability 
to produce a satisfactory night-driving environment. Other installations are now 
planned or under construction in Texas, Washington, and South Dakota (30, 66). The 
Texas Transportation Institute is conducting further research in an effort toestablish 
performance criteria for interchange area lighting (66). 

CURRENT STATUS OF RURAL AT-GRADE ILLUMINATION PROGRAMS 

For this report the existence and extent of rural at-grade illumination programs in 
the U.S. was evaluated by contacting organizations involved in illuminating those high
way intersections or manufacturing and supplying the necessary materials. Letters of 
inquiry were sent to (a) all of the state highway departments exc ept Hawaii; (b) the 
American Road Builders' Association, which in turn forwarded the questionnaires to its 
county division and ultimately to its county associates; (c) highway departments in the 
provinces of Alberta, Ontario, and Quebec, Canada; and (d) 10 industrial firms. The 
particular questions in each of the letters of inquiry were as follows: 

1. Does your organization have a rural at-grade intersection illumination program? 
If so, how many intersections have you lighted? 

2. What current practices and techniques are followed in illuminating these inter
sections? 

3. Have you developed specific warrants for the illumination of rural at-grade in
tersections? If so, what criteria were used to determine these warrants? 

4. Has your organization undertaken research on the possible benefits of illumina
tion? If so, what were the results? 

Any additional comments or suggestions that the organizations may have felt ap
plicable were also solicited. Replies were received from 47 states, 2 Canadian prov
inces, 2 counties, and 2 industrial firms. 

Established rural at-grade illumination programs in this country are minimal; only 
11 percent of the reporting states acknowledged that they had such programs in opera
tion. However, 20 states have undertaken such illumination, whether they have insti
tuted a specific program or not, and have illuminated more than 2, 300 rural at-grade 
intersections over the past few years. These 20 states offered the bulk of the informa
tion on which this section is based. 

Current practices in illuminating rural at-grade intersections are primarily based 
on the level of illumination and the uniformity ratio. The level of illumination varies 
with the existing and expected conditions, such as day-night accident rate comparisons, 
primary versus secondary roadway configurations, and surrounding environment. The 
levels of illumination, measured in average horizontal footcandles (lumens per square 
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foot), ranged from 0. 6 to 1. 5 ft-c. The uniformity ratio represents the relationship of 
average horizontal footcandles to minimum horizontal footcandles on a roadway, as de
termined by the number and size of luminaires at the particular mounting heights and 
the geometric location. Uniformity ratios currently range from 3: 1 to 6: 1. 

Variations in lighting techniques for particular situations include (a) use of luminaire 
lamp ratings of 400 to 1,000 watts, (b) choice of differing quantities of luminaires per 
location, (c) limitation of luminaries to mercury vapor, (d) variation of mounting heights 
from 30 to 50 ft (and, in some states, 100 ft or more), and (e) use of silhouette illumi
nation techniques. 

Through before-and-after studies in California, a significant reduction was observed 
in the night accident rate at intersections with improved lighting. The reply from Texas 
was the only one that reported any benefits resulting from research on rural at-grade 
intersection illumination, with increased area visibility as the major benefit. Replies 
from four other states offered information on the expected benefits of illumination
basically a decrease in number of accidents and an increase in area visibility. 

Additional comments were received from only 2 states. A suggestion from New 
Hampshire was that grades, average daily traffic volume, geometrics, future plans, 
and community desires should determine the intersection layout, and a comment from 
the state of Washington was that the illumination efforts should be based on brightness 
rather than on average number of footcandles. The replies from the Canadian prov
inces, the counties, and the industrial firms did not supply any pertinent information 
beyond what was submitted by the states. Sixteen states showed an interest in supple
mentary knowledge, requesting the results of the study. 

In view of the accumulated information, it is apparent that only a few states have 
realized the importance of establishing and implementing programs based on these 
criteria for illuminating rural at-grade intersections. Because motorists have to make 
most of their decisions in the areas of interchanges and intersections, the lighting in 
these areas must be carefully selected to help the motorist interpret functional features. 

Although designed intersection lighting has existed since the early 1900's, warrants 
for its establishment have been neither conclusively determined nor universally ac
cepted. Many authorities have developed their own lighting systems, considering fac
tors such as quantity of accidents, accident rates, traffic volumes, signalization, chan
nelization, and intersection geometrics. 

An article in the July 1961 Traffic Quarterly, based on the results of a study at the 
Texas Transportation Institute, indicated that intersection illumination, signing, and 
design must be closely coordinated at the planning stage. The authors, Cleveland and 
Keese, concluded that no standard illumination design is adequate for the variety of 
geometric and environmental conditions encountered at all of the intersections (20). A 
1960 report by the Ontario Department of Highways acknowledged the problems of de
veloping a universal set of warrants by listing the many complex variables that should 
be considered: roadway geometry, traffic volume, turning movements, weather condi
tions, roadway surface materials and conditions, vehicle speed, headway, and driver 
psychology. The report suggested that these parameters be thoroughly investigated and 
coordinated for each intersection layout (42). An article by Williams in the November 
1964 issue of Illuminating Engineering suggests that warrants for lighting should be 
aimed solely toward accident prevention ( 69). Ketvirtis, in his book Highway Lighting 
Engineering, discusses lighting warrants with the intention of establishing uniform war
rants under which lighting should be provided and the levels needed for each (44). The 
conditions are systematically classified as follows: -

Type of At-Grade Intersections 

Two illuminated roads 
With high accident rate (3 per year or more) 
Signalized 
Channelized 
Adjacent to areas of high-level illumination 

Class 

III 
II or I 
II or I 
II or I 
II or I 
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The classes are described as follows: (a) Class I-partial illumination by a limited 
lighting system with luminaires at only key positions determined by geometrical fea
tures, such as the beginning of accelerating and decelerating lanes, left turns, bullnoses, 
and other road design features that require the motorist's special attention; (b) Class 
II-intermediate illumination by a limited lighting system with luminaires in key posi
tions, plus additional lighting units required for ramps connecting to illuminated high
ways, or at-grade intersections with illuminated highways; and (c) Class III-full illumina
tion by a complete road or interchange lighting system with luminaires at key positions 
and with all additional lighting units required to provide the specified level of illumina
tion and pavement uniformity. 

The similarity of criteria for roadway illumination warrants cited by the 29 replying 
states may be due to their adoption of the recommendations in the American Standard 
Practice for Roadway Lighting (2). In particular, traffic volume counts, number of ac
cidents or accident rates, and intersection design were suggested principles of deter
mination. The traffic volume counts were used in conjunction with warrants for traffic 
signals and in comparison with accident rates. Number of accidents and accident rates 
were submitted as comparisons of nighttime accidents with daytime accidents. Those 
states using accident rates as criteria had many varying comparison methods. Inter
section design factors included geographical location, major and minor roadway delinea
tions, channelization, and divisional islands. These were the only physical characteris
tics mentioned as criteria to determine the lighting warrants. 

ACKNOWLEDGMENTS 

This research was conducted by the Department of Civil Engineering, University of 
Illinois, in conjunction with the Illinois Division of Highways and the U.S. Department of 
Transportation, Federal Highway Administration. 

The work covered by this report was conducted under the general administrative su
pervision of Ellis Danner, Robert H. Wortman, and Martin E. Lipinski of the University 
of Illinois. The project Advisory Committee members were John E. Baerwald and 
Wendell E. Miller of the University of Illinois, and John E. Burke, Earl R. Dettling, 
and James R. Metz of the Illinois Division of Highways. 

The opinions, findings, and conclusions expressed in this paper are those of the 
authors and not necessarily those of the Illinois Division of Highways or of the Federal 
Highway Administration. 

REFERENCES 

1. Accident Facts. National Safety Council, Chicago, 1968. 
2. American standard Practice for Roadway Lighting. Illuminating Engineering 

Society, New York, 1964. 
3. Attitudes and Platitudes-The Travelers 1968 Book of Street and Highway Accident 

Data. The Travelers, Hartford, Conn., 1968. 
4. Baldock, R. H. Study of Standard of Quality of a Road Surface. Public Roads, 

Vol. 19, Aug. 1938, pp. 101-111. 
5. Baldwin, D. M. Light and Night Traffic Accidents. Illuminating Engineering, 

Vol. 48, Oct. 1953, pp. 515-516. 
6. Birkhoff, A. J ., Pagen, C. A., and Snider, T. V. A Study of the Relationships 

Between Reflectance, Microprofile and Skid Resistance Characteristics of High
way Surfaces. Eng. Exp. Station, Ohio State Univ., Columbus, Rept. EES 262-2, 
May 1968. 

7. Blackwell, H. R., and Blackwell, 0. M. Technical Progress Summary: Simula
tor studies and Visibility and Highway Lighting. Eng. Exp. Station, Ohio State 
Univ., Columbus, March 1967. 

8. Blackwell, H. R., Pritchard, B. S., and Schwab, R. N. Illumination Require
ments for Roadway Visual Tasks. HRB Bull. 25 5, 1960, pp. 117-127. 

9. Blackwell, H. R., Pritchard, B. S., and Schwab, R. N. Visibility and Illumina
tion Variables in Roadway Visual Tasks. Illuminating Engineering, Vol. 59, 
May 1964, p. 277. 



60 

10. Blythe, J. D. Highway Lighting and Accidents in Indiana. HRB Bull. 146, 1957, 
pp. 1-7. 

11. Box, P. C. Effect of Highway Lighting on Night Capacity. Traffic Engineering, 
Vol. 28, Jan. 1958, pp. 9-15. 

12. Box, P. C ., and Edman, W. Roadway Lighting. Traffic Engineering, Vol. 34, 
April 1964, pp. 11-14. 

13. Carter, F. M. A New Highway Luminaire for Intersection Lighting. Traffic 
Engineering, Vol. 22, May 1952, p. 290. 

14. Cassel, A., and Medville, D. Economic Study of Roadway Lighting. NCHRP 
Rept. 20, 1966. 

15. Choosing Light Sources for General Lighting. Illuminating Engineering, Vol. 62, 
May 1967, pp. 319-329. 

16. Christie, A. W. Reflection Characteristics of Pavement Surfaces. HRB Bull. 
89, 1954, pp. 21-37. 

17. Christie, A. W. Research on Street and Highway Lighting With Particular Refer
ence to Their Effect on Accidents. Paper presented at Conf. Institution of 
Municipal Engineers, Blackpool, England, June 1966. 

18. Christie, A. W., and Fisher, A. J. The Effect of Glare From street Lighting 
Lanterns on the Vision of Drivers of Different Ages. Illuminating Engineering, 
Vol. 61, July 1966, p. 463. 

19. Cleveland, D. E. Traffic Operations-Illumination studies. Texas Transportation 
Institute, Res. Rept. 5-7, Aug. 1966. 

20. Cleveland, D. E., and Keese, G. J. Intersections at Night. Traffic Quarterly, 
Vol. 15, July 1961, pp. 480-498. 

21. Connecticut Fights Accidents. Illuminating Engineering, Vol. 46, June 1951, pp. 
285-287. 

22. DeBoer, J. B. The Application of Sodium Lamps to Public Lighting. Illuminat
ing Engineering, Vol. 56, April 1961, pp. 293-312. 

23. Eastman, A. A., and McNelis, J. F. An Evaluation of Sodium, Mercury, and 
Filament Lighting for Roadways. Illuminating Engineering, Vol. 58, Jan. 1963, 
pp. 28-32. 

24. Edman, W. H. Roadway Lighting as an Aid to Reducing Accidents. Traffic Digest 
and Review, Jan. 1966. 

25. Faucett, R. E. An Evaluation of Higher Mounting Heights for Intersection Light
ing. Outdoor Lighting Department, General Electric Company, Henderson
ville, N. C. 

26. Faucett, R. E. An Evaluation of Higher Mounting Heights for Roadway Lighting. 
Outdoor Lighting Department, General Electric Company, Hendersonville, N. C ., 
Jan. 1967. 

27. Finch, D. M. Some Factors Influencing the Night Visibility of Roadway Obstacles. 
Illuminating Engineering, Vol. 52, March 1957, pp. 120-130. 

28. Finch, D. M., and King, L. E. A Simplified Method for Obtaining Pavement Re
flectance Data. Highway Research Record 179, 1967, pp. 53-67. 

29. Finch, D. M., and Marxheimer, R. B. Pavement Brightness Measurements. 
Illuminating Engineering, Vol. 48, Feb. 1953, pp. 65-74. 

30. First High Mounted Luminaires Installed at Seattle. Outdoor Lighting Magazine, 
Jan.-Feb. 1968. 

31. Forbes, T. W. Some Factors Affecting Driver Efficiency at Night. HRB Bull. 
255, 1960, pp. 61-71. 

32. Fowle, A. W., and Kaercher, R. L. Light Distribution for Effective Control of 
Glare in Roadway Lighting. Illuminating Engineering, Vol. 57, May 1962, pp. 
336-348. 

33. Franklin, W. C., and Cleveland, D. E. Driver Tension Responses and Intersec
tion Illumination. Texas Transportation Institute, Res. Rept. 5-6, April 1964. 

34. Fry, G. A. The Evaluation of Discomfort Glare. Illuminating Engineering, Vol. 
51, Sept. 1956, pp. 643-644. 

35. Guth, S. K., and McNelis, J. F. A Discomfort Glare Evaluator. Illuminating 
Engineering, Vol. 54, June 1959, pp. 398-406. 



61 

36. Hecht, S ., and Hsia, Y. Dark Adaptation Following Light Adaptation to Red and 
White Ligp.ts. Jour. Opt. Soc. Am., Vol. 35, No. 4, 1945, pp. 216-275. 

37. Hecht, S., and Mintz, E. H. The Visibility of Single Lines at Various Illumination 
and the Retinal Basis of Visual Resolution. Jour. Gen. Physiol., Vol. 22, No. 5, 
1939, pp. 593-612. 

38. High Level Street Lighting. Light and Lighting, Vol. 57, May 1964, pp. 162-164. 
39. Hobson, R. C., and Ketvirtis, A. Higher Luminaire Mounting Heights for High

way Lighting Solutions. Illuminating Engineering, Vol. 60, Jan. 1965, pp. 34-42. 
40. Hopkinson, R. G. Evaluation of Glare. Illuminating Engineering, Vol. 52, June 

1957, pp. 305-316. 
41. How to Plan Modern Street Lighting Systems. General Electric Company, Sche

nectady, N. Y ., Oct. 1952. 
42. Interim Report on Highway Lighting for the Department of Highways, Ontario. 

Ontario Dept. of Highways, Ottawa, May 1960. 
43. Ketvirtis, A. Increased Highway Safety and Efficiency Through Higher Luminaire 

Mounting Heights. Illuminating Engineering, Vol. 62, June 1967, pp. 384-389. 
44. Ketvirtis, A. Highway Lighting Engineering. Foundation of Canada Engineering 

Corp., Ltd., Toronto, 1967. 
45. Lindsay, R. P., and Clark, P. B. High Low Poker in Roadway Lighting Mounting 

Heights. Line Material Industries, Bull. 64034. 
46. Lowson, J. C ., Dresler, A., and Holman, S. A Practical Investigation on Dis

comfort Glare. Illuminating Engineering, Vol. 49, Oct. 1954, pp. 497-500. 
47. McCormick, W. J. Fluorescent Lighting for High Speed Expressways. Illuminat

ing Engineering, Vol. 55, Sept. 1960, pp. 495-496. 
48. McFarland, R. A., and Dorney, R. G. Experimental Studies of Night Vision as a 

Function of Age and Changes in Illumination. HRB Bull. 191, 1958, pp. 17-32. 
49. Pinson, E. A. Dark Adaptation in Army Air Corps Personnel. Exp. Eng. Section, 

Air Corps, War Dept., Rept. EXP-M-54-653-51, Aug. 28, 1941. 
50. Public Lighting Needs. Illuminating Engineering, Vol. 61, Sept. 1966, pp. 585-602. 
51. Reid, K. M., and Toenjes, D. A. Appraisals of Discomfort Glare in Lighted 

Streets. Illuminating Engineering, Vol. 47, March 1952, pp. 143-148. 
52. A Report on Street and Highway Lighting Throughout the United States-1967. 

Street and Highway Lighting Committee, Edison Electrical Institute, New York, 
1967. 

53. Resume of General Characteristics of Light Sources. Outdoor Lighting Depart
ment, General Electric Company, unpublished paper. 

54. Rex, C. H. Computation of Relative Comfort and Relative Visibility Factor Rat
ings for Roadway Lighting. Illuminating Engineering, Vol. 54, May 1959, pp. 
291-314. 

55. Rex, C. H. New Developments in the Field of Roadway Lighting. Proc., Institute 
of Traffic Engineers, 1959. 

56. Richards, O. W. Visual Needs and Possibilities for Night Automobile Driving. 
National Technical Information Service, Springfield, Va., PB 176 566, Aug. 
1967. 

57. Rowan, N. J., and McCoy, P. T. An Interim Report on a Study of Roadway Light
ing Systems. Texas Transportationinstitute, Res. Rept. 75-1, Aug. 1966. 

58. Rowan, N. J., and Walton, N. E. Optimization of Roadway Lighting Systems. 
Highway Research Record 216, 1968, pp. 34-47. 

59. Seburn, T. J. Roadway Lighting. Civil Engr., Vol. 34, Oct. 1964, pp. 56-57. 
60. Simmons, A. E., and Finch, D. M. An Instrument for the Evaluation of Night 

Visibility on Highways. Illuminating Engineering, Vol. 48, Oct. 1953, pp. 
517-523. 

61. Street Lighting Manual. Edison Electrical Institute, New York, 1969. 
62. Street Lighting Then and Now. Illuminating Engineering, Vol. 51, Jan. 1956, pp. 

86-96. 
63. Summers, T. Estimating the Cost of a Roadway Lighting System. Illuminating 

Engineering, Vol. 53, May 1958, pp. 269-283. 
64. Thompson, J. A., and Fransler, B. I. Economic Study of Various Mounting 

Heights for Highway Lighting. Public Roads, Vol. 34, April 1967, pp. 138-144. 



62 

65. Waldbauer, W. M. Highway Lighting Without Glare-A New Lighting Technique. 
Illuminating Engineering, Vol. 54, Jan. 1959, pp. 53-64. 

66. Walton, N. E ., and Rowan, N. J. The High-Level Interchange Area Lighting Con
cept. Paper presented to the Night Visibility Committee, Highway Research 
Board, Jan. 1968. 

67. Watson, R. L. A Modified Formula for Calculating the Disability Glare Effect 
From Street Lighting Lanterns. Road Research Laboratory, Crowthorne, 
England, Rept. LR 102, 1968. 

68. Webster, L. A., and Yeatman, F. R. An Investigation of Headlight Glare as 
Related to Lateral Separation of Vehicles. Eng. Exp. Station, Univ. of Illinois, 
Bull. 496, 1968. 

69. Williams, J . K. The Highway Transportation System and Traffic Safety. Illumi
nating Engineering, Vol. 59, Nov. 1964, pp. 713-715. 

70. Wolf, E. Effects of Exposure to Ultra-Violet Light on Human Dark Adaptation. 
Proc. Nat. Acad. of Sciences, Vol. 32, No. 8, 1946, pp. 219-226. 

71. Wolf, E., and Zyler, M. J. Dark Adaptation Level and Size of Testfield. Jour. 
Opt. Soc. Am., Vol. 40, 1950, p. 211. 

72. Wyatt, F. D., and Lozano, E. Effect of Street Lighting on the Night Traffic Ac
cident Rate. Illuminating Engineering, Vol. 50, Dec. 1955, pp. 619-623. 

73. Yaeger, J. C., and Van Dusen, H. D. Factors Affecting the Efficiency of Street 
Lighting System. Illuminating Engineering, Vol. 56, April 1961, pp. 262-270. 




