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Highway Accidents and the Older Driver 

FRANCIS X. MCKELVEY, THOMAS L. MALECK, NIKIFOROS STAMATIADIS, AND 

DANIEL K. HARDY 

The research reported In this paper examined the relationship 
between driver age and highway accidents by using a variation 
of the Induced exposure method. In this method the exposure 
of drivers to highway accidents Is represented by their relative 
probabillty of being the driver of the vehicle that was not cited 
for a contributing hazardous action In an accident, that is, 
Involvement as an "Innocent victim" In highway accidents. 
The measure of induced exposure used In this research is based 
on the Information contained In the computerized accident 
records prepared by the Michigan Department of State Police 
and maintained by the Michigan Department of Transporta
tion. These records contain the information reported by the 
Investigating officer at the scene of the accident. The results 
Indicate that the accident Involvement of elderly drivers Is 
higher than that of other drivers. 

The research project described in this paper had two objectives, 
namely, detennination of the most feasible approach to the 
study of the relationship between driver age and highway 
accidents and, by using this approach, identification of those 
factors or conditions that tend to indicate greater accident 
involvement for older drivers. 

In recent decades, medical advances have greatly increased 
the average life expectancy. Elderly people are a greater per
centage of the total population today than ever before (I, 2). 
Additionally, the automobile has become an integral part of 
society, particularly in the United States. Therefore a greater 
percentage of drivers today are elderly people (3), and these 
percentages are expected to continue increasing during the next 
few decades. 

If driver safety is measured by the number of accidents per 
licensed driver, elderly people appear to have a good safety 
record. Typically, researchers base accident rates on the number 
of drivers in the various age groups. A representation of this 
type for single- and double-vehicle accidents in Michigan over 
the period 1983-1985 is given in Figure 1. If this approach is 
taken, the results indicate that driver safety increases with age. 
However, most elderly drivers do not drive as often or as far as 
other drivers. Traditionally, a more accurate measure of traffic 
safety has been the number of accidents per mile driven. If this 
method is used, it appears that elderly drivers have a below
average safety record (4). Given the projected increase in the 
number of elderly drivers and the corresponding increase in the 
percentage of total miles driven by elderly drivers, this is cause 
for concern. 

Studies have been conducted by others who sought to deter
mine where and why elderly drivers are a high-risk group. In 
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one study it was found that the young driver, defined as a driver 
between ages 17 and 19, is more than 3 times as likely to 
have an accident as the average driver, and that the elderly 
driver, defined as a driver of age 65 or greater, is slightly less 
likely to have an accident than the average driver. However, it 
was noted that the relative accident rates for drivers between 30 
and 64 were substantially lower than the average, which indi
cated a decrease in safety for elderly drivers (5). In another 
study the risks of being in an injury or fatal accident were 
compared for the 25-64 age group and the over-65 age group. 
The over-65 age group was found to be 2.5 to 5 times as likely 
to be involved in a fatal auto accident and 1 to 2 times as likely 
to be involved in an injury accident (6). Finally, it has been 
reported that older drivers tended to be responsible for acci
dents more often than younger drivers (7). The accident ex
posure of drivers in various age groups has often been deter
mined through surveys or has been assumed to be proportional 
to the number of licensed drivers in each age group. An 
alternative method for analyzing accident frequency is the 
induced exposure method, which has been used by others 
(8-14). 

The variation of the induced exposure method used in this 
research is based upon the assumption that the accident ex
posure by any class of driver or vehicle is directly proportional 
to the number of "innocent victim" involvements in multi
automobile accidents by that class of driver or vehicle (15) . 
Innocent victim involvement is defined as involvement in an 
accident in which the driver (the "innocent victim") was not 
responsible. 

RESEARCH DATA BASE 

Data Sources 

To examine the relationship between driver age and accidents, 
use was made of the accident records mentioned previously for 
1983-1985, as well as three other highway data files main
tained by the Division of Traffic and Safety at the Michigan 
Department of Transportation. These were the Michigan Di
mensional Accident Surveillance (MIDAS) Geometric Seg
ment File, the MIDAS Traffic Volume File, and the Traffic 
Signal Inventory File. 

The geometric file contains information about the geometric 
characteristics of each unlimited access highway segment on 
the state trunkline system, such as number of lanes, lane width, 
roadside development, posted speed limit, curvature, and other 
elements of the horizontal alignment of the segment. The file 
also contains information about the existence of an intersection, 
the type of intersection, and its characteristics. 

The traffic volume file contains information about the capac
ity, average daily traffic, and hourly traffic volume distribution 
for the counting stations for the state trunkline system. 
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FIGURE 1 Comparison of the percentage of accidents per licensed driver for 
single- and two-vehicle accidents. 

The traffic signal file contains information about the exis
tence of traffic signals or other lraffic control devices at inter
sections. The records contain information about the type of 
signal, phases, prohibitions of left or right turns, and other 
characteristics of the signal lantern, such as the manufacturer, 
material, lens size, and year of installation. 

Each of the four data files uses a common system for identi
fying of highway segments. This factor allowed the research 
team to merge the accident records with the files describing the 
characteristics of the locations where the accidents occurred. 

Subdivision of the Data for Analysis 

After the project data file had been created, 28 separate subsets 
of data were created for analysis. These subsets were created by 
subdividing both intersection and nonintersection accidents in 
the project file i..tJ.to accidents Lh.at occurred on the Interstate 
highway system and accidents that occurred on federal, state, 
and other highway systems in the state. Those accidents that 
occurred on the Interstate highway system were then sub
divided into accidents that occurred during the day and those 
that occurred at night. The accidents that occurred on the non
Interstate system were subdivided on the basis of the time of 
the accident, type of route (i.e., federal, state, or other) on 
which the accident occurred, and overall surrounding develop
ment of the area (i.e., urban or rural area) in which the accident 
occurred. The partitioning of the project data file is presented in 
Table 1. 

The data were subdivided in this manner because the sub
divisions allowed differences in the distribution of the acci
dents between two given subsets in which all the factors were 
the same except for one to be explained and attributed to the 
presence of the noncommon factor. Analyses showed that when 
the distributions of two subsets were compared and found 
statistically different, the difference could only be explained by 

the factor that was not the same in these two subsets. This type 
of approach thus leads to an identification of the factor that is 
affecting the accident distributions. 

Driver 1-Driver 2 Validation 

The basic hypothesis of this research is that a better representa
tion of the driving frequency of drivers of each age group is 
their exposure to accidents, as represented by their involvement 
as innocent victims in an accident. Data that show the accident 
frequency distribution of Driver 2 (the innocent victim) as a 
function of age are considered in this research to be a measure 
of accident exposure and therefore also of driving frequency. 

The basic interpretation of the meaning of Driver 1 and 
Driver 2 in the accident data base is fundamental to this 
hyphothesis. In Michigan, instructions on the accident report
ing form indicate that Driver 1 is the driver of the vehicle that is 
responsible for the accident and Driver 2 is the driver of the 
vehicle that is not responsible for the accident. Additional data 
included in the accident record indicate any hazardous actions 
in which either driver may have been involved that were 
deemed by the investigating officer to contribute to the acci
dent. In a discussion of a paper by Carr (9), in which a similar 
methodology was used, the impact of bias introduced by a 
tendency to assign responsibility to certain driver age groups or 
in situations in which both drivers or neither driver was respon
sible was addressed. Attempts were therefore made in the 
current research to minimize these types of bias by classifying 
a driver as responsible only when that driver was also cited for 
a hazardous action. 

In an earlier study that used these accident records for the 
relative involvement of vehicles of different characteristics in 
accidents (15), it was found that when the vehicle identification 
number (VIN) shown on the accident record was used to derive 
vehicle characteristics from the VNDCTR program, the VINs 
of up to 42 percent of the vehicles involved in accidents did not 
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TABLE 1 SUBSETS OF PROJECT DATA 
FlLE 

Data Set Contents 

Interstate Accident Data Subsets 

Interchange 
1 Day 
2 Night 

Noninterchange 
3 Day 
4 Night 

Non-Interstate Accident Data Subsets 

Intersection 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
Nonintersection 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

Day, rural, federal 
Day, urban, federal 
Night, rural, federal 
Night, urban, federal 
Day, rural, state 
Day, urban, state 
Night, rural, state 
Night, urban, state 
Day, rural, other 
Day, urban, other 
Night, rural, other 
Night, urban, other 

Day, rural, federal 
Day, urban, federal 
Night, rural, federal 
Night, urban, federal 
Day, rural, state 
Day, urban, state 
Night, rural, state 
Night, urban, state 
Day, rural, other 
Day, urban, other 
Night, rural, other 
Night, urban, other 

decode properly. This problem occurred either because of er
rors made in recording this information by the investigating 
officer at the scene of the accident or errors made in transcrib
ing this information from the original accident form to the 
accident data base. 

Errors of this magnitude could dramatically affect the size of 
the accident samples used in this study and the statistical 
reliability of the results, particularly for age groups in which 
smaller samples exist (such as older drivers). Therefore an 
analysis was undertaken to verify the accuracy of the informa
tion recorded on the accident data base for Driver 1 and Driver 
2, as indicated in the accident data base. If such errors did exist, 
it was important to determine if these errors were randomly 
distributed with respect to the age of the driver. Because the 
accident records contain both an indication of driver respon
sibility through the Driver 1 or Driver 2 notation and an 
indication of any hazardous action performed by each driver, 
the original data records were examined for a correspondence 
between the Driver 1 and Driver 2 notations and the indication 
of which driver committed a hazardous action. 

The results for the case of all multivehicle accidents on non
Interstate highways, shown in Figure 2, are typical of the 
findings from this analysis. In this figure, three curves are 
plotted. One curve shows the Driver 1 distribution, with all 
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accidents (a total of 193,102) included as indicated in the 
original data base. The second curve shows the Driver 1 dis
tribution, with only those accidents (154,854) for the original 
data base in which the indicated Driver 1 was cited as having 
performed a contributing hazardous action and the indicated 
Driver 2 was not cited as having performed such an action. This 
process eliminated 19.8 percent of the accidents from the 
original data base (plotted in the first curve). The accidents that 
were eliminated were those in which neither driver was cited 
for a hazardous action, both drivers were cited for a hazardous 
action, or the wrong driver was cited for a hazardous action. 
Finally, the third curve shows the Driver 1 distribution based on 
the second curve, with the addition of the Driver 1 accidents in 
which the original data base had the indicated Driver 1 and 
Driver 2 reversed on the basis of the hazardous action notation. 
This final curve is based on 190,922 accidents. Therefore this 
process resulted in the elimination of only 2,180 accidents from 
the original data base, or roughly a little over 1 percent of the 
accidents. 

A visual examination of this figure indicates that the curves 
are virtually the same, and statistical analyses verified that the 
errors were randomly distributed across all age groups. This 
latter result is significant because it indicates that through the 
process of examining a hazardous action citation for the drivers 
involved in an accident, any bias related to age in the designa
tion of the driver responsible on the original accident record 
can be virtually eliminated. As a result of this analysis, it was 
apparent that accuracy of the original data base could be en
hanced through the comparison and deletion process without 
the elimination of a significant number of accident records. In 
the worst case, this process eliminated about 19 percent of the 
accidents, but it also improved the accuracy of the remaining 
81 percent of the accidents in the data base. In this case, it was 
found that the errors were statistically random at the 95 percent 
confidence level. 

RESEARCH METHODOLOGY 

This research is based on the assumption that the probability 
that a driver in a given age group will be involved as the driver 
responsible in an accident is represented by the percentage of 
accidents in which the drivers in that age group were involved 
and were the driver responsible for the accident. As stated 
earlier, this driver is defined as Driver 1. Furthermore, the 
probability that a driver in a given age group will be exposed to 
an accident in which the driver was not responsible is repre
sented by the percentage of accidents in which the drivers in 
that age group were involved but were not the driver responsi
ble for the accident. This driver is defined as Driver 2, or the 
so-called "innocent victim." 

This interpretation of Driver 2 is meant to be a measure for 
accident exposure in this study. This induced exposure measure 
provides a mechanism by which accident frequency for drivers 
of different age groups may be studied under a variety of 
driving conditions, such as on different type of roads, during 
day and night conditions, under urban and rural conditions, and 
so on. If it is true that accident involvement as an innocent 
victim increases in direct proportion to accident exposure, then 
this surrogate measure should be a reliable indicator of such a 
phenomenon. 
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FIGURE 2 Driver 1 distributions for original and modified data sets for all 
multlvehicle accidents on non-Interstate highways. 

It should be noted that the interpretations of Driver 1 and 
Driver 2 in this research are similar to the interpretations made 
in research performed by others, in which involvement in 
single-vehicle accidents and involvement in multiple-vehicle 
accidents were used to derive both driver responsibility and 
driver exposure. A comparison of various formulations of in
duced exposure as represented by Thorpe (8) and Haight (10, 
11) with the exposure measure used in this research is given in 
Figure 3. It can be observed that when the Driver 2 distribution 
is compared with Thorpe's formulation (8), the same exposure 
trend with driver age occurs, but there are large differences 
between the two formulations. These differences average about 
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27 percent across all age groups but are considerably higher for 

both the younger and the older age groups. Similarly, a com
parison with Haight's original formulation (10) and his modi

fied formulation (11) yields average errors of about 26 
percent and 9 percent, respectively. Again, the greatest dif
ferences occur with the younger and older age groups. 

The assumptions made by Haight and Thorpe in their for
mulation of induced exposure from the double accident data are 
considerably relaxed in our formulation of exposure. That is, 
for each pair of drivers involved in an accident, the designation 
of the responsible driver and innocent driver is made from the 
original accident report. The assumption is that the Driver 1 

o THORPE 
" HAIGHT ORIGINAL 
c HAIGHT REVISED 
• DRIVER 2 

50 55 60 65 10 75 80 
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FIGURE 3 Comparisons of various Induced exposure means. 
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distribution in multiple-vehicle accidents is a measure of re
sponsibility and that the Driver 2 distribution in multiple
vehicle accidents is a measure of exposure. For this reason it is 
expected that the Driver 2 formulation of exposure is consider
ably more reliable than the formulations of Thorpe and Haight. 

Preliminary tests have also been conducted on the accident 
data base, using the induced responsibility model (16) proposed 
by Wasielewski and Evans. Their formulation seeks to deter
mine the total number of accidents that occurred in which both 
drivers were responsible on the basis of the distribution of 
single and double accidents and licensed drivers. These dis
tributions are shown in Figure 4 for all accidents occurring in 
Michigan during 1983-1985. By applying the induced respon
sibility model, it was found that 10.3 percent of the accidents 
were the responsibility of both drivers. The results of compar
ing the actual double accidents with those derived from the 
Wasielewski and Evans formulation with a responsibility factor 
of 10.3 percent are shown in Figure 5. Because only about 10 
percent of the accidents involve shared responsibility, the 
Driver 2 measure of exposure should be reliable. 

It should be emphasized at the outset that the measure of 
exposure that is used here is in fact deduced from accident data 
and is therefore subject to some degree of error. However, in 
the absence of a definitive measure of actual exposure that 
would normally be obtainable only through extensive driver 
surveys, it may only be possible to deduce the validity of this 
research methodology by similar comparisons. The results of 
research undertaken using this measure of induced exposure 
should therefore be carefully interpreted as indications of likely 
trends rather than absolute facts about accident involvement. 

The probability distributions for both Driver 1 and Driver 2 
as a function of age group for all non-interchange multivehicle 
accidents on Interstate highways in Michigan are shown in 
Figure 6. If the interpretation of Driver 1 and Driver 2 noted 
previously is used, the Driver 1 curve on this figure shows the 
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percentage of drivers in different age groups that were the 
driver responsible in these accidents. The curve indicates that 
drivers in the 20-25 age group are responsible more often than 
drivers in any other age group. This curve also indicates a 
decreasing probability of being involved in an accident and 
being responsible for that accident with increasing age. This 
curve is typical of the results of research that bases accident 
rates on other bases, such as the number of licensed drivers in 
each age group. 

However, it is the interpretation and use of the data plotted in 
the second curve on Figure 6 that are unique in this research. 
This curve indicates the percentage of drivers in different age 
groups that were involved as innocent victims in these acci
dents. This curve is similar to those plotted by other 
researchers who used the induced responsibility model (16). 
The curve indicates that drivers in the 20-25 age group have 
the highest probability of being involved in such accidents as 
innocent victims and also that the probability of being involved 
in such accidents as an innocent victim decreases with age. If 
the results of the Driver 2 curve are an accurate measure of 
driver exposure to accidents, however, then the accident in
volvement as a responsible driver is higher than the accident 
exposure when the Driver 1 curve is above the Driver 2 curve. 
Conversely, when the Driver 1 curve is below the Driver 2 
curve, accident involvement as a responsible driver is less than 
the accident exposure. 

A better indication of the meaning of these statements may 
be found by examining the results presented in Figure 7. fu this 
figure, the Driver 1 percentage is divided by the Driver 2 
percentage. The result, called the relative accident involvement 
ratio, is plotted for each age group. As can be seen, this ratio is 
highest for the younger age groups, decreases until about age 
40, remains relatively constant from age 45 to about age 60, 
and then begins to increase again. These results indicate that 
there is an overinvolvement in such highway accidents by 
drivers who are less than 30 years old and drivers who are more 
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FIGURE 4 Distribution of single- and two-vehicle accidents and licensed 
drivers for 1983-1985 in Michigan. 
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FIGURE 5 Comparison of actual and predicted two-vehicle accidents based 
on Wasielewski and Evans' formulation with dual responsibility of 10.3 
percent. 
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FIGURE 6 Driver distributions for nonlnterchafll!:e multlvehlcle accidents on 
Interstate highways. -

than 70, because the relative accident involvement ratio is 
greater than 1.0 for such drivers. 

These data give an indication of the relative frequency of 
accident involvement for drivers in the different age groups and 
are therefore useful for comparative purposes. When the rela
tive accident involvement ratio is equal to 1.0, the accident 
involvement for the driver responsible is equal to the accident 
exposure for drivers in the same age bracket. If this ratio is 
greater than 1.0, the driver is more likely to be responsible 
when involved in an accident; that is, the driver is overinvolved 
in accidents. If the ratio is less than 1.0, the driver is less likely 
to be responsible when involved in an accident; that is, the 
driver is underinvolved in accidents. 

The results displayed in Figure 7 indicate that young drivers 
(less than age 30) and older drivers (more than age 70) are 
more likely to be involved as responsible drivers in a nonin
terchange, multivehicle accident on an Interstate highway. The 
results also indicate that accident involvement decreases with 
increasing age up to about age 40, remains relatively constant 
from age 40 to age 60, and begins to increase with increasing 
age thereafter. 

RESEARCH RESULTS 

Several of the findings in this research study will now be 
presented for comparative purposes. An examination of the 
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FIGURE 7 Relative accident Involvement ratios for nonlnterchange 
multlvehlcle accidents on Interstate highways. 

relative accident involvement of both male and female drivers 
for all multivehicle accidents in calendar years 1983 through 
1985 was undertaken. Overall, men are involved in about 2.5 
to 3 times as many accidents as women. However, as can be 
observed in Figure 8, there is a fairly good correspondence 
between the relative accident involvement of men and women 
up to about age 50. Beyond age 50, however, the relative 
accident involvement of female drivers is considerably higher 
than that of male drivers. These results would seem to suggest 
that both older men and older women are more likely to be 
involved in accidents after age 50 than they were in earlier 
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years and that this increase in relative involvement for females 
is greater for women than for men. 

A comparison was made for all multivehicle accidents on 
Interstate and non-Interstate routes in Michigan. One reason for 
making such a comparison is to consider the possible impact of 
the difference in highway design features of the two different 
classes of highway facilities. As shown in Figure 9, there is a 
higher accident involvement for older drivers on non-Interstate 
route than Interstate routes. The reasons for this are not clear 
at this point, but it is possible that the influence of highway 
design features is being observed. Additional research is being 
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FIGURE 8 Relative accident Involvement ratios for male and female drivers for all 
multlvehlcle accidents, 1983-1985. 
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FIGURE 9 Relative accident involvement ratios for multlvehlcle accidents on 
Interstate and non-Interstate highways. 

performed to identify the apparent increase in accident involve
ment for older drivers on non-Interstate highways. 

Further studies of specific highway design features, such as 
horizontal curvature, grades, and number of lanes, are being 
tested in subsequent research. However, at this point it is clear 
that after age 55 the relative accident involvement of drivers 
increases on both types of facilities. 

An examination of all nonintersection multi vehicle accidents 
on non-Interstate highways in Michigan was also performed. 
As can be observed in Figure 10, the relative accident involve-
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ment on each of these facilities increased dramatically after 
beyond age 55, and this exp,osure was significantly higher than 
that for younger drivers. It may also be seen that the relative 
accident involvement for older drivers on Michigan state trunk
line highways is lower than on U.S. routes and on other high
ways. The relative accident involvement for older drivers on 
highways other than Michigan state trunkline and U.S. routes is 
the highest. These highways include, for example, county 
roads, which typically have design standards less stringent than 
either Michigan state trunkline or U.S. routes. This suggests 
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FIGURE 10 Relative accident Involvement ratios for multlvehlcle accidents on non
Interstate highways. 
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that certain highway design features-perhaps alignment or 
lane width-may have a more significantly adverse effect on 
the accident potential for older drivers in comparison to other 
drivers. 

The impact of light conditions, as indicated by whether the 
accident occurred during day or night, is shown in Figure 11. 
Although some instability exists toward the higher-age driver 
range, it appears that the relative accident involvement of 
older drivers at night is somewhat higher than during the day. 
The differences between day and night conditions for other 
drivers is not as significant. This may suggest that the reduced 
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lighting conditions inherent in night driving require better sign
ing or marking of roadways on non-Interstate highways to 
reduce the accident involvement of older drivers. 

The accident involvement of drivers at intersections was also 
studied and the results are displayed in Figure 12. As can be 
observed, older drivers tend to be more heavily involved in 
these types of accidents than other drivers, and this involve
ment is markedly higher than for young drivers. This could 
indicate that there may be some diminished physical or mental 
capability, perhaps reaction time, that affects the abilities of 
older drivers in such locations. Furthermore, the data on this 
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FIGURE 11 Relative accident involvement ratios for multivehicle accidents on non
Interstate routes during day and night. 
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FIGURE 12 Relative accident involvement ratios for multivehicle accidents at 
intersections on non-Interstate routes in urban and rural areas. 
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FIGURE 13 Relative accident Involvement ratios for multlvehicle accidents at 
signalized and nonsignalized intersections on non-Interstate routes. 

figure indicate that older drivers appear to have a greater 
accident risk at intersections located in rural areas. A more 
detailed analysis of the accident history of drivers at intersec
tions was also undertaken to examine relative exposure at 
nonsignalized and signalized intersections. The signalized in
tersections were classified into two groups, those operating on 
signal cycles and those operating with a flashing indicator. The 
results shown in Figure 13 indicate that flashing signals present 
considerable difficulty for older drivers, whereas signals oper
ating on cycles are the least hazardous for these drivers. These 
data seem to suggest that there may be a particular problem 
with older drivers in terms of either the interpretation of or the 
reaction to flashing signals. 

SUMMARY 

The research has shown that because of Michigan's unique 
ability to combine accident records with the physical charac
teristics of the highway locations where these accidents oc
curred, indications of the relative involvement of drivers of 
different ages in accidents may be determined. Furthermore, by 
configuring the accident data into subsets on the basis of the 
highway facility characteristics, time of the accident, and mea
sures of roadside development, isolation of the factors that 
seem to cause the variations in accident involvement by drivers 
of different ages can be obtained. This research has shown that 
older drivers have higher accident involvement rates than other 
drivers and that in many cases their accident involvement rate 
approaches or exceeds that of young drivers. Subsequent re
search is planned to identify measures that might be undertaken 
to improve the observed adverse involvement trends for older 
drivers. 
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Injury Accident Prediction Models for 
Signalized Intersections 

MICHAEL Y1u-KuEN LAU AND ADOLF D. MAY, JR. 

An Intuitive methodology for developing accident prediction 
models for signalized Intersections based on the Traffic Acci
dent Surveillance and Analysis System (TASAS) in California 
Is illustrated. A fairly new grouping and classifying technique 
called Classification and Regression Trees (CART) was used as 
a building block for developing Injury accident models. The 
proposed methodology is a three·level procedure with a "tree" 
structure for easy Interpretation and application. 
Macroscopic-type models for Injury accidents per year are 
derived, and the following factors have been found to be sig
nificant: traffic Intensity, proportion of cross street traffic, 
intersection type, signal type, number of lanes on cross streets 
and main streets, and left turn arrangements. On the basis or 
the results, it is also apparent that the models derived from the 
proposed methodology and TASAS provide more Intuition and 
flexibility than the existing models used in California and other 
models derived from both site observations and accident rec
ord systems. 

The purpose of this paper, which is based on a project funded 
by the California Department of Transportation (Caltrans) and 
the FHWA, is to develop accident prediction models for sig
nalized intersections on the basis of intersection characteristics 
such as geometric design elements, traffic control measures, 
traffic demand patterns, environmental factors, and accident 
history. The data base for the study was derived from the 
Traffic Accident Surveillance and Analysis System (TASAS) 
maintained by Caltrans and the California State Highway Pa
trol (J ). One of the themes of study is the investigation of 
whether prediction models can be developed on the basis of 
existing accident record systems. Major investments of time 
and effort have been made in these systems, and they also 
require continual efforts by state and federal agencies for their 
maintenance. 

Because it was not the aim of the study to collect additional 
data for model development in addition to the information 
contained in TASAS, it was assumed that macroscopic models 
that use existing data would suffice. The term "macroscopic 
models" refers to models that are not derived on the basis of 
detailed information and do not require such information, in
cluding turning movement counts, headway distributions, and 
so forth-details that are not usually available in accident 
record systems. Furthermore, classification of accidents for this 
kind of model is confined to injury, fatal, and property damage 
only (PDO) accidents. The advantages include easy com·
prehension and simple translation into monetary terms, which 

Institute of Transportation Studies, Civil Engineering Department, 
University of California, Berkeley, Calif. 94720. 

are required by most economic and feasibility analyses. Disad
vantages include inadequacy in reflecting the process of colli
sions and the concept of conflicts. 

The issue of systematically grouping entities (such as inter
sections) with similar accident patterns on the basis of different 
control, design, and demand features of the entities has not 
been examined critically in previous studies. A powerful and 
systematic tool for grouping or classifying entities can be a 
very important building block in developing accident predic
tion models because lack of homogeneity within subgroups 
classified by nonsystematic methods could introduce biases in 
prediction. A fairly new grouping and classifying technique 
called Classification and Regression Trees (CART), developed 
by Breiman at the University of California, Berkeley (2), was 
used in the study for this purpose. 

This paper describes a methodology and specific techniques 
for developing prediction models for injury accidents. The 
proposed methodology is based on the results and comments of 
the pilot study, working paper, and review process, as described 
elsewhere (3). Injury accidents here include accidents in which 
the people involved have injuries ranging from very slight to 
serious. It is believed that the reporting level for injury acci
dents is about 80-90 percent, whereas the reporting level for 
PDO accidents is believed to be about 50 percent or less. There 
is also a difference in reporting levels among different jurisdic
tions. In contrast, fatal accidents are rare events, and only 0.5 
percent of all intersection accidents are fatal. In view of these 
facts, models for injury accidents were developed as a first step 
for the project. The application of our three-level prediction 
procedure to some 2,500 signalized intersections that are under 
the control of the state of California and contained in TASAS is 
illustrated. 

DATA BASE: TASAS 

The data base used in the study is basically a simplified version 
of the TASAS system, containing information on about 2,500 
signalized intersections and 122,000 accidents that occurred at 
these intersections from 1979 through 1985. Some of the inter
sections have shorter reporting periods. This is a reflection of 
changes in design, control, and so on. 

Intersection-Related Characteristics 

There are 2,498 signalized intersections in the data base, 95 
percent of which are located in urban areas. Some of their 
characteristics are briefly discussed in the following para
graphs. Detailed information may be found in Table 1 and 
elsewhere (3). 



TABLE 1 FACTORS, LEVELS, AND PERCENTAGES OF INTERSECTION CHARACTERISTICS 

Factor 

Terrain 

Design speed (mph) (SPEED) 

Rural/urban (RORU) 

Inside/outside city (!ORO) 

Intersection type (!TYPE) 

Control type (CTYPE) 

Lighting type (LIGHT) 

Main-line signal mast arm (MSM) 

Main-line left tum channelization (MLT) 

Main-line right tum channelization (MRT) 

Main-line traffic Oow (MTF) 

Main-line number of lanes (MNL) 

Main-line ADT (MADT) 
Cross street signal mast arm (XSM) 

Cross street left tum channelization (XLT) 

Cross street right lllm channelization (XRT) 

Cross street traffic Oow (XTF) 

Cross street numbei- of lanes (XNL) 

Cross street ADT (XADT) 
Median indicator 

IADT 

Percenrage 

0.9 
17.7 
81.4 
5.0 
1.4 
8.9 
5.3 

13.1 
12.0 
5.6 

26.8 
21.8 

4.4 
95.6 
87.0 
13.0 
72.5 
2.8 
3.9 

18.2 
1.0 
1.5 

22.7 
4.2 

10.2 
7.2 

11.1 
44.6 

0.8 
98.8 

8.3 
91.2 
0.5 

42.3 
20.2 
36.5 

0.6 
0.4 

80.1 
19.7 
0.2 
4.0 

89.0 
0.8 
5.2 
1.0 
9.2 
3.9 

66.9 
2.2 

16.5 
0.2 
0.7 

46.3 
53.2 
0.5 

13.8 
58.7 
26.7 

0.2 
0.6 

78.0 
21.6 

0.4 
2.2 

90.5 
0.2 
6.4 
0.7 

57.4 
6.0 

32.1 
0.7 
2.3 
0.0 
0.1 

23.4 
76.2 

Levels (Notes) 

1 (mountainous) 
2 (roUing) 
3 (flat) 
1 (less lhan 30) 
2 (30-34) 
3 (35-39) 
4 (40-44) 
5 (45-49) 
6 (50-54) 
7 (55-59) 
8 (60-64) 
9 (greater lhan 65) 
1 (rural) 
2 (urban) 
1 (inside) 
2 (outside) 
1 (four-legged) 
2 [multilegged (>4)] 
3 (offset) 
4 ("T") 
5 ("Y") 
6 (other) 
1 (pretimed two-phase) 
2 (pretimed multiphase) 
3 (semi-traffic actuated two-phase) 
4 (semi-traffic actuated multiphase) 
5 ( fu U traffic actuated two-phase) 
6 (full traffic actuated multiphase) 
1 (no lighting) 
2 (lighted) 
1 (no mast arm) 
2 (signal on mast arm) 
3 (missing) 
1 (curbed median left tum channelization) 
2 (no left tum channelization) 
3 (painted left tum channelization) 
4 (raised bars) 
5 (missing) 
1 (no free right turns) 
2 (provision for free right turns) 
3 (missing) 
1 (two-way traffic, no left turns permitted) 
2 (two-way traffic, left turns permitted) 
3 (two-way traffic, left turns restricted during peak hours) 
4 (one-way traffic) 
5 (other) 
2 (two lanes) 
3 (lhree lanes) 
4 (four lanes) 
5 (five lanes) 
6 (six lanes) 
7 (seven lanes) 
8 (eight lanes) 
(packed numeric 999999) 
1 (no mast arm) 
2 (signal on mast arm) 
3 (missing) 
1 (curbed median left tum channelization) 
2 (no left tum channelization) 
3 (painted left tum channelization) 
4 (raised bars) 
5 (missing) 
1 (no free right turns) 
2 (provision for free right turns) 
3 (missing) 
1 (two-way traffic, no left tum permitted) 
2 (two-way traffic, left turn permitted) 
3 (two-way traffic, left turn restricted during peak hours) 
4 (one-way traffic) 
5 (other) 
2 (two lanes) 
3 ( 1hree lanes) 
4 (four lanes) 
5 (five lanes) 
6 (six lanes) 
7 (seven lanes) 
8 (eight lanes) 
(packed numeric 999999) 
1 (undivided) 
2 (divided or independent) (alignment) 
[= XADT/(XADT + MADT)] 



There are - 72 percent four-legged and -18 percent "T" 
intersections. The remainder are multilegged, offset, or "Y" 
intersections. Two thirds (-66 percent) of the intersections have 
four lanes on main streets, and -57 percent have only two lanes 
on side streets. For left turn arrangements on main streets, 42 
percent have curb median left turn channelization, and 36 have 
painted left turn channelization. On side streets, 14 percent 
have curb median left tum channelization, and 26 percent have 
painted left turn channelization. About half have design speeds 
of less than 55 mph. Some 44 percent of the intersections are 
controlled by multiphase, fully actuated traffic controllers, and 
22 percent are controlled by two-phase, pretimed traffic con
trollers. About 10 percent have two-phase, semi-traffic
actuated controllers, and 11 percent have two-phase, fully actu
ated controllers. On main streets, 89 percent have two-way 
traffic with left turn permitted, and 4 percent have two-way 
traffic with no left turns permitted. About 5 percent have one
way traffic. The percentages for side streets are 90 percent two
way with left turn, 2 percent two-way without left turn, and 6 
percent one-way. The median average daily traffic (ADT) on 
main streets is -27 ,000, and the maximum is - 72,000. The 
median ADT on side streets is -17 ,500, and the highest ADT is 
-45,000. 

Accident-Related Characteristics 

There are -122,000 accident records in the data base. These are 
accidents that occurred within 250 ft of the 2,498 intersections, 
from 1979 to 1985. 

The majority of the accidents (76 percent) occurred in clear 
weather conditions, and only 12 percent of them occurred in 
cloudy conditions and 8 percent of them in rainy conditions. It 
was also recorded that 35 percent of the accidents were rear end 
collisions and 31 percent were broadside collisions. Only 2.4 
percent of them were automobile-pedestrian collisions. The 
percentage of fatal accidents with one or more people killed 
was only -0.5, and the percentage of injury accidents was -38. 
The remaining were PDO accidents. About 75 percent of the 
accident reports noted that the parties involved had not been 
drinking, and only -5 percent of them reported that those who 
were involved were under the influence of alcohol. 

METHODOLOGY 

Methodology is a systematic study of the subject in question, 
i."lcluding such tasks as definition of objectives, selection of 
measures of effectiveness, generation of solutions, refinement 
of solutions, selection of models, and so on. A flowchart show
ing the proposed methodology used here, based on this princi
ple, is shown in Figure 1, and the details of the procedure are 
discussed in the sections that follow. 

The study of accidents has been regarded as a controversial 
and indefinite field by many researchers because occurrences of 
accidents are highly stochastic in nature. Because of this, a 
fairly long record of accident history would be required for any 
meaningful study. A long accident history also has its disadvan
tages. The question of changes in both basic and operating 
characteristics of entities and in methods of collecting and 
recording accidents during the period must be addressed. Fur
thermore, accident data and records are usually regarded as 
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PROFESSIONAL INTERVIEWS 
PILOT STUDY & WORKING PAPER 

DEFINITION OF OBJECTIVES 

SELECTION OF RESPONSE VARIABLE 

LEVEL I: GENERATION OF BASE MODE 

LEVEL II: ANALYSIS OF RESIDUALS 

LEVEL Ill: ADJUSTMENT FOR 
INDIVIDUAL ACCIDENT HISTORY 

FIGURE 1 The proposed methodology. 

"incomplete" because useful information for model building, 
such as vehicle condition and design, driver's characteristics 
and behavior, and so on, is usually not contained in such 
systems. 

Approach Objectives 

Because of the problems mentioned previously, the proposed 
three-level estimating procedure has been derived with the 
following objectives in mind: 

• To develop an approach that is intuitive and yet is reflec
tive of the stochastic nature of accident occurrences; 

• To develop a staged approach that can allow users to 
appreciate the importance and consequences of the process, in 
contrast to some "black box" approaches; and 

• To develop a systematic approach that is capable of ex
tracting some patterns from the fairly "incomplete" data sets in 
most accident record systems. 

Selection of Response Variable 

Selection of a response variable is a very important step in the 
process because this variable determines, to a large extent, the 
final model. The selection of the preferred model may hinge on 
the choice of the response variable. This variable, which is also 
commonly known as the dependent variable, is a measure of 
performance of the system, for example, the risk level of an 
intersection. 

In this paper, only injury accidents are addressed because of 
tht:Jo ,.l;ff~,:io.nt T'""""ri;n,.... l"""""loi:o n.f DT\{') o,..,..;,.1,a,., .. "-" o"rl T'"l..;h, nf 
L.a.&V -.1...1...1. ..... .1. ..... .1.& .. .1. ..... yv1. .. ..1..1..1.0 .I.'-'"' ""..l.'3 V..I. .a .._,'-' ""'"'"".1.U.V.1..1. .. '3 w.&.l.U. .1.114&.I.") V.I. 

fatal accidents. The first task is to find an appropriate derivative 
of injury accidents for comparison and evaluation purposes 
because common sense indicates that it is not reasonable to 
compare an intersection with 1 accident in 1 year with another 
intersection with 1 accident in 10 years. For this purpose, 
normalization by time is a logical step. The next matter is a 
further normalization by exposure measures such as traffic 
intensity or traffic intensity-distance. This is a common prac
tice; however, simple reasoning indicates that the attitude of 
"why bother" should prevail, if possible. As a result, the 
number of injury accidents per year was initially selected as our 
response variable. It was found that no further transformation 
was required because this response variable appeared to be 
adequate. 
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Generation of the Base Model 

Instead of putting some form of the traffic intensity variable in 
the denominator of the response variable, a base model was 
built, with injury accidents per year as the response variable 
and traffic intensity as the predictor variable. One of the advan
tages of this approach is that it allows researchers to see the 
relationship between the two variables in an undistorted man
ner, such as a scatter plot. On the basis of the untransformed 
information in a graph, different functional forms to model the 
relationship between the two variables can be tried. Estimates 
of the parameters can be obtained by techniques such as least 
squares, maximum likelihood, and so on. The base model so 
obtained is called a Level I prediction in this paper. 

Analysis of Residuals and Grouping of Intersections by 
CART 

Further details, such as design, control, degree of conflicts, and 
environmental features of the intersections, are also considered 
to be major factors affecting safety at intersections. The impor
tance of these factors can sometimes be reflected in the large 
variations between injury accidents and traffic intensity found 
in most scatter plots. One of the approaches that can be used is 
to analyze the residuals of the base model on the basis of other 
characteristics of the intersections. In other words, those inter
sections with similar characteristics that have higher or lower 
accident records than other intersections in general would be 
grouped together. The residual is defined as the difference 
between the observed value and the value predicted by the base 
model. 

The next question is how many groups should be selected to 
represent high- or low-accident risk intersections. Extreme 
solutions include one and n groups, where n is the number of 
intersections in the data base. With a single group, the model is 
equivalent to the base model and is therefore not interesting, 
because some understanding of the design factors that tend to 
affect the safety of intersections should be provided. If there are 
n groups, it might be possible that the given characteristics of 
the intersections cannot be used to produce a grouping that 
reflects similar accident patterns. Also, if n groups are used, 
there is no way to identify those intersections that are "out of 
line" for accident surveillance purposes. Engineering judgment 
and a technique to group intersections with error measures 
would therefore be important to the process of getting an 
optimal group size. 

The CART (Classification and Regression Trees) program 
can be used to analyze the residuals of the base model and then 
group intersections with similar accident patterns. The refine
ment of estimates by grouping intersections on the basis of 
other intersection characteristics is called the Level II predic
tion in this paper. 

Adjustment by Accident History 

The materials just covered refer to estimates of accident predic
tion for groups of intersections. In other words, all intersections 
within a certain group will have an equal estimate. It can be 
argued that the grouping made or models derived were only 
based on information that is available in the list of predictor 
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variables, which may not contain all the factors involved. The 
kind of information that cannot be captured by the models or 
variations within groups can be found easily in the accident 
history of individual intersections. As a result, the accident 
history of individual intersections could become a very valu
able source of information that reflects the safety level of 
individual intersections. 

Level I and Level Il predictions refer to group estimations or 
predictions, whereas the Level Ill prediction is aimed at the 
concept of safety estimation at individual intersections. The 
idea of linear combination of group estimate and individual 
accident history, as proposed by Hauer and Persaud (4), was 
used in the study. A detailed discussion on Level III prediction 
and its application to the proposed methodology is presented 
later in this paper. This staged procedure could allow flexibility 
to users that have different input requirements. At the same 
time, it gives them an opportunity to observe the evolution of 
their estimates. 

CLASSIFICATION AND REGRESSION TREES 
(CART) 

CART is a computer program and technique developed by 
Breiman et al. to classify and group entities on the basis of a set 
of measurements or characteristics, using tree methodology 
(2). CART is particularly useful to this study because the data 
set has high dimensionality, a mixture of data types (continuous 
and categorical), and (perhaps) lack of homogeneity. Lack of 
homogeneity refers to different relationships that hold between 
variables in different parts of the measurement space. Most 
important of all, the tree structure output provides information 
regarding the main factors and interactions between factors that 
are important in predicting accidents in a form that is easily 
interpreted and understood. CART differs from other tree struc
tured programs in the pruning and estimation process, that is, in 
the process of "growing an honest tree" (2, Chapter 8). 

Concept and Theory 

The concept involves partitioning the intersections by a se
quence of binary splits into terminal nodes, as shown in Figure 
2. In each terminal node t, the predicted response value y(t) is a 
constant. Because the predictor d(X) is constant over each 
terminal node, the tree can be thought of as a histogram 
estimate of the regression surface, as shown in Figure 3. In 
developing predictive models by a tree technique with a learn
ing sample, L, the following three issues for determining a tree 
predictor should be addressed: 

• A way to select a split at every intermediate node, 
• A rule for determining when a node is terminal, and 
• A rule for assigning a value y(t) to every terminal node t. 

A detailed discussion on these subjects can be found in 
Breiman's work (2). To put it in simpler terms, the issue of the 
node assignment rule is the easiest to resolve, and it can be 
shown that the average of y,., the observed value of the re
sponse variable, in terminal node t could be used to represent 
the group. 

A regression tree is formed by iteratively splitting nodes, and 
one way to select a split at every intermediate node is to 
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maximize I.he decrease in the resubstitution error measure. The 
best split of t is the split that minimizes the weighted variance 

(1) 

PL and PR are the proportions and S2(tL) and S2(tR) are 
sample standard deviations of the cases in t that go left and 
right, respectively. Furthermore, this value is also smaller than 
S2 (t), which is the sample variance of they,. values in node t. In 
essence, the best split oft here corresponds to the most impo;
tant factor that should be selected at t for splitting purposes. 

The rule for determining whether a node is a terminal node is 
related to the issue of pruning of trees and can also be influ
enced by some options specified by users, such as minimum 
node size, tree selection rule, and so on. 
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Notes on the CART Program and Its Applications 

The CART program is written in standard Fortran and can be 
run on most computers in both interactive and batch modes. 
One of the most important options that is available is the 
estimation method. This is the method specified by users to 
calculate the accuracy of models. There are three methods 
available in the CART program: resubstitution, test sample, and 
cross-validation. 

Resubstitution uses all the cases in the learning sample, L, to 
construct predictor d (X) and to estimate its error R•(d). For the 
resubstitution estimate, the following equation could be used: 

R (d) = (l/N) I, [y,. - d(X,.)]2 (2) 
II 

The problem with the resubstitution estimate is that it is 
computed with the same data used to construct the predictor 
d(X) instead of an independent sample. This estimate therefore 
tends to give an overly optimistic picture of the accuracy of the 
predictor. Trees built by this method are sometimes called 
"exploratory trees." This is a rapid method of growing explor
atory trees, and it can be used to explore a range of parameters, 
the effects of adding or deleting variables during preliminary 
stages, or both. 

The second method is test sample estimation. This method 
randomly divides the cases, L, into two sets, L 1 and £i. Only the 
cases in L1 are used to construct predictor d (X). The cases in Li 
are used to estimate R0 (d) by the following equation: 

R1"(d) = (l/N2) I, [y,. - d(X,.)]2 

<)( •• Y.) e L,. 
(3) 

Care should be taken so that cases in L1 are independent of 
cases in £i. The drawback of this method is the reduction in 
effective sample size; thus the test sample estimation method is 
only recommended for problems with a large sample size. 

For smaller sample sizes, the V-fold cross-validation method 
is recommended. The cases in L are randomly divided into V 
subsets of as nearly equal size as possible. For each v, v = 
l, .. ., V, apply the same construction procedure to the learn
ing sample L - L., so that the predictor dM(X) is obtained. Then 
the estimate can be computed as follows: 

(4) 

Cragg-validation is the recorruncndcd procedure because it 
provides "honest" trees. It is preferred over test sample pro
cedure because every case is used in constructing the predictor 
and calculating error estimates. 

Options are also available for selecting different sizes of 
optimal trees. These options are explained in detail in the work 
of Breiman et al. (2). 

ACCIDENT PREDICTION MODELS 

It is generally true that the accuracy of prediction models 
depends on the details of the information base on which the 
models are built. This relationship should not depend on the 
type and complexity of the models or techniques used. In other 
words, it should be possible to improve the accuracy of a model 
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by feeding more information into the process. This pattern was 
also found in the current study. Evidence is presented in the 
examples given at the end of this section. The initial parts of the 
section describe the application of the proposed procedure. 

unnecessary. The following equation was selected as the base 
model for injury accidents per year: 

FIACCYR = 0.61856 + 0.16911 * MVYR (5) 

Level I: Model Based on Traffic Intensity 

It has been demonstrated in this data set that traffic intensity 
was indeed the most important single factor in predicting injury 
accidents. A base model was built on this fact. In this paper, 
traffic intensity is expressed as the total number of vehicles (in 
millions) entering an intersection per year, calculated from 
average daily traffic on cross and main streets. A scatter 
plot with the average number of injury accidents per year 
(IACCYR) on the vertical axis and millions of vehicles enter
ing an intersection from all legs per year (MVYR) on the 
horizontal axis is shown in Figure 4. There are only 2,488 
intersections or points in the figure because 10 intersections 
had incomplete information. 

The question of nonzero intercept was also discussed, and it 
was decided that no adjustment should be made, simply be
cause such an adjustment would introduce biases in the estima
tion process and the difference would be minimal. However, 
when MVYR is less than 3.0, a warning to users should 
probably be made. On the other hand, no consistent biases 
(overestimation or underestimation) were found in the estima
tion process. 

Level II: Models Based on Intersection Characteristics 

Different functional forms, including power and logarithm 
transformations, have been used to fit the data, and a straight 
line relationship was finally selected because it was as good as 
any other form. Estimates of slope and intercept were then 
obtained by regression analysis, as shown in Figure 4. Other 
estimation methods could have been used but were considered 

The residuals of the base model, as shown in Equation 5, are 
analyzed by CART, and the factors and levels that are available 
and used in the analyses are shown in Table 1. These factors 
were selected from the TASAS system after consultation with 
some of the Caltrans practicing engineers who will be using the 
models. Fortunately, missing values represent only a very small 
proportion of the data set and are treated as separate levels in 
the analysis for simplicity reasons. An additional factor 
(IADT), called the index of conflict, was also created for the 
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FIGURE 4 Scatter plot and regression result of base model. 
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study because turning movement counts were not available in 
TASAS. This index of conflict is calculated as the proportion of 
cross street traffic to total traffic. IADT turned out to be a very 
important factor in predicting intersection accidents, as shown 
in Figure 5, which shows a ninefold cross-validation tree. The 
tree, with nine terminal nodes and a relative error of 0.90, was 
selected by the 0.3 standard error rule. A relative error of 0.90 
implit:s Lhal CART is able to provide a further reduction in 
error of about 10 percent. This also shows that the 2,488 
intersections can be divided into nine groups with similar 
accident characteristics on the basis of the tre.e structure, as 
shown in the same figure. 

Group 1 is characterized by intersections that have an index 
of conflict of less than or equal to 0.065, that is, 6.5 percent of 
all entering traffic is on the cross street. A simple classification 
rule in this situation appears to indicate that when the level of 
conflicts is low, no other factor except traffic intensity is signifi
cant in affecting the safety of intersections. There are 492 
intersections in this group, with an average residual of about 
-0.73 and a standard deviation of about 1.5. The average 
negative residual of -0.73 here means that 0.73 injury acci
dents should be deducted from the base model derived from 
Equation 5. In simple terms, intersections in this category 
generally have a lower risk. 

Group 2 is characterized by intersections that have an index 
of conflict larger than 0.065 and are either "T," "Y," or 
multilegged intersections. Because less than 3 percent of the 
intersections in the data set are multilegged, it can be assumed 
that this group represents those intersections that have fewer 
legs. This could be why they have lower accident statistics in 
comparison with intersections with more legs, such as four
legged and offset intersections. As shown in the intermediate 
node, these latter intersections have an average residual of 0.36, 
compared with -0.62 in Group 2. 

Group 3 has an average residual of 0.05. Intersections in 
Group 3 have narrow cross streets (less than or equal to a total 
of three lanes), and they tend to have smaller residuals than the 
remaining groups (4 to 9). 

In comparison with the intermediate node corresponding to 
intersections with pretimed controllers and two-phase fully 
actuated controllers, Group ,4 has a smaller average residual 
than the other groups. It could be argued from a safety view
point that it might be worthwhiie ro spend addicionai money on 
installing actuated controllers. 

Group 6 is similar to Group 5, with the exception that the 
index of conflict is greater than 0.475. Both groups have pre
timed signal controllers. It is obvious that Group 6 has a much 
higher accident potential than Group 5. This difference is due 
to a higher level of conflict. 

Groups 7 and 8 are similar to groups 5 and 6, with the 
exception that all of them have two-phase fully actuated con
trollers. Group 7 includes intersections that have 5 lanes or 
fewer on main streets, but Group 8 includes only those intersec
tions that have 6 or more lanes on main streets. Group 8 has a 
higher residual (3 .56) than Group 7, and this appears to indicate 
that very wide intersections might require more than two 
phases to accommodate the turning movements that occur in 
these intersections. 

Group 9 has an average residual of 4.82, which appears to 
indicate that left tum prohibitions during peak hours may not 
increase risk. 
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From the results, it can be seen that the groupings and their 
estimates are not unreasonable and that their characteristics 
could provide additional insights to engineers who are design
ing or redesigning signalized intersections. These models con
tain as many reasonable factors as other models obtained by 
regression analysis for similar projects in which field observa
tions and accident record systems were used (5). 

Level III: Models Based on Information that Includes 
Individual Accident History 

It is obvious that no matter how complicated the models are, 
there are likely to be some unique intersection features that 
cannot be captured One method of compensating for this is to 
employ a concept of combining estimates on the basis of the 
accident history of the intersection and estimates for the group 
in which the intersection belongs. Hauer and Persaud (4) have 
derived an estimate, Z, on the basis of a linear combination of 
the two results of two approaches for predicting the safety of an 
individual intersection. The estimate is obtained from the fol
lowing equation: 

Z = aE{m} + (1 - a)x (6) 

where 

a= (1 + Var{m}/E{m}f1 

and where m = expected accident statistics and x = accident 
count. Hauer and Persaud also suggested that the sample mean 
x could be used to estimate E{m} and that sample standard 
deviation(s) could be used to estimate Var{m} by the following 
equations: 

E{m} = E{x} 

Var{m} = (s2 
- x) 

(7) 

(8) 

This combination technique does not appear to be very 
powerful for predicting future accidents if there is a long 
accident history with many accidents. However, the technique 
is particularly useful in predicting accidents at intersections 
with few events and short history. This combination technique 
would not be applicable to new intersections because a new 
intersection would not have any accident record or history. 

Examples Illustrating the Procedures and Overall 
Significance of the Models 

The procedure to be illustrated has a three-level structure, and 
users can terminate the analysis at the end of any level to suit 
their input requirements. Five intersections in the data set were 
arbitrarily selected for illustration purposes. The results, based 
on the procedures described in earlier sections, are tabulated in 
Table 2. The first eight rows, from MADT to :MNL, are the 
characteristics of the intersections, described in Table 1. 
MVYR is the independent variable of Equation 5, and 
FIACCYR is the dependent variable of the same equation. 
FIACCYR is also the estimate for Level I prediction. IACCYR 
is the observed number of injury accidents per year that oc
curred at the intersection. E { x} is the average or sample mean 
of the residuals of the subgroups based on grouping by CART. 
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492 --0.73 1.5 

GROUP NO. 1 

GROUP N0.2 

LEGEND : 

LEFT NUMBER: NUMBER or CASES 

MIDDLE NUMBER: MEAN or RESIDUAL VALUES 

RIGHT NUMBER: SAMPLE STANDARD DEVIATION 
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GROUP N0.3 CTYPE(1,2,5) 

~lOTE : 

9- fold cross 
validation tree 
s.e.=0.3, r(d)=.90 

IA~T<=0.475 

157 0.73 2.3 3.06 3.0 

44 2 0.44 2.0 

GROUP N0.4 

249 1.3 2.5 
MTr(1,2,4,5) 

CTYPE(S) 

73 1.9 2.4 

MNL<=S.O 

52 1.29 2.2 I 

255 1.3 2.6 

MTr(3) 

6 4.82 3.2 

GROUP N0.9 
MNL>S.0 

21 3.56 2.3 

GROUP N0.5 GROUP N0.6 GROUP NO. 7 

FIGURE 5 Grouping of intersections by CART. 

CIACCYR is the estimate for Level II prediction, and it is 
calculated as the algebraic swn of E{x} and FIACCYR. In 
other words, E {x} by CART is the adjustment factor to account 
for different design or control features of a particular 
intersection. 

For Level ill prediction, the standard deviation(s) of the 
subgroups from CART and individual accident history would 
be required The proportion or weight (a) to be used can be 
derived from Equation 6. The x in Equation 6 is calculated as 
the difference between the observed nwnber of injury accidents 
(IACCYR) and FIACCYR. Finally, the new adjustment factor 
(Z) can be calculated with Equation 6, and the estimate for 
Level ill prediction (HIACCYR) would be the swn of Z and 
FIACCYR. 

It can be seen that the differences between the predicted and 
observed values generally improve from Level I to Level III. 
This improvement is not surprising because input requirements 
increase from Level I to Level III. It can be argued that 
examining the differences between the observed and predicted 
values for Level ill predictions is not fruitful because they are 
adjusted according to the actual differences between observed 
and calculated values. Furthermore, it is not meaningful to 
compare the predicted values (especially Level ill) with the 
observed values because the predicted values represent future 
accident potential. Out-of-sample testing would be more mean
ingful in this regard; however, this type of test might not be 
feasible due to the length of the record systems. A check on the 
accuracy of the models predicted by Levels I and II was also 

performed. This check could be considered redundant because 
the accuracy of these models was assured by the large t values 
of the estimates, as shown in Figure 4 for Level I, and by the 
cross-validated tree for Level II, as shown in Figure 5. A 
correlation of 0.475 between the actual and predicted values 
was found for Level I, and a correlation of 0.580 was found for 
Level II. A similar analysis for Level III was not carried out 
because Level III predictions represent future accident poten
tial. The improvement from 0.475 to 0.580 might not appear to 
be large; however, it should be recalled that only existing 
information on road designs and traffic conditions found in 
TASAS was used, and factors such as driver's characteristics, 
vehicle design, weather, and so on were not employed in the 
analysis. 

CONCLUSIONS AND LIMITATIONS 

The models derived here for injury accidents include factors 
such as traffic intensity, percentage of cross street traffic, inter
section type, signal type, number of lanes on main and side 
streets, and left turn arrangements. However, only intersection 
type and traffic intensity are included in the current models 
used in California. The other factors used in the present mod
els, such as rural or urban conditions and being inside or 
outside city limits, have not been found significant in this study. 
The models proposed in this paper have higher predictive 
power, and they also provide more insight for engineers who 
are designing or redesigning signalized intersections and eval
uating alternative strategies. 
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TABLE 2 EXAMPLES ILLUSTRATING THE PROCEDURE 

ID# 2574 2541 1794 934 290 
LEGEND 

MADT* 49000 37000 18100 20998 16000 
XADT* 10000 301 
IADT* 0 .169 0.008 

I TYPE* 1 4 
XNL* 4 2 

CTYPE* 2 5 
MTF* 2 2 
MNL" 4 4 

MVYR 21.53 13.61 
I AC CYR 5.86 1. 33 

LEVEL I(Equation 5. 1) 

3000 17111 
0.142 0.449 

1 4 
2 4 
1 6 
2 2 
4 4 

7.70 13.91 
3.71 0.00 

1501 
0.086 

1 
2 
5 
2 
2 

6.39 
2.00 

IM: Intersection 
Identity Number· 

MADT: Main Street ADT 
XADT: Cross Street ADT 
ITYPE: Intersection 

Type 
XNL: Total Number of 

Lanes on Cross 
Street 

CTYPE: Control(Signal) 
Type 

FIACCYR 4.26 2.92 1. 92 2.97 1. 70 

MTF: Main Street 
Traffic Flow 

MNL: Total Number 
of Lanes on Main 
Streets 

LEVEL II(Figure 5. 3) MVYR: Total Number 

E(x} 0.73 -0.73 0.05 -0.62 0.05 
of Vehicles Entering 
Intersection per 
Year in Mil lions 

Group no. 5 1 3 2 3 

CIACCYR 4.99 2.19 1. 97 2.35 1. 75 

IACCYR: Actual Number 
of Injury Accidents 
per Year 

LEVEL III(Equations 5.2-5.4) 
s 2.3 1.6 1.6 

a 0.14 0.32 0.02 

x 1.60 -1.59 1. 79 

z 1. 48 -1.31 1. 76 

HIACCYR 5.74 1. 61 3 .68 

1. 5 

0.28 

-2.97 

-2.32 

0.65 

1.6 

0.02 

0.30 

0.30 

2.0 

FIACCYR: Level I 
Forecasted Number of 
Injury Accidents per 
Year 

CIACCYR: Level II 
Forecasted Number of 
Injury Accidents per 
Year 

HIACCYR: Level III 
Forecasted Number of 
Injury Accidents per 
Year 

* Please refer to Table 1 for more details 

As far as development of macroscopic models for injury 
accidents is concerned, it is concluded that the proposed meth
odology and TASAS are very suitable for this kind of study. 
The results obtained are not unreasonable and correspond with 
conventional wisdom. These factors would normally be ex-
pected to have a high degree of association with accident 
patterns. However, it could be argued that factors such as 
phases for left turn vehicles, provisions of left turn pockets, 
number of conflict points, and so on should also play an 
important role in the prediction process. Unfortunately, models 
with this kind of detail would require specific information on 
turning movement counts, conflict analyses, and other factors. 
Such information is not available in most accident record 
systems, including TASAS. 

The proposed methodology follows the general pattern used 
in system analysis, thus allowing room for refinements and 
changes, if necessary. The three-level prediction procedure 
allows flexibility by having different levels of inputs. At the 
same time, this procedure gives users an opportunity to appre-

ciate the evolution of their estimates. The selection of the 
response variable could also play an important role in the 
model development process. The use of number of injury 
accidents per year as the response variable has kept this anal-
ysis simple throughout. The use of traffic intensity as an ex-
posure measure (similar to accident rate) can cause some prob
lems, and this factor should be used as a predictor variable 
instead. For example, a reduction in accident rate with an 
increase in traffic flow has been found in some studies by 
regression analysis with accident rate (accidents per vehicle) as 
a dependent variable (5). Of course, accident rates could be 
used to summarize results at the end of the analysis, if this is 
found to be convenient. 

The analysis of residuals of the base model by Classification 
and Regression Trees (CART) has proved to be a viable tech
nique for building models based on data sets that have· high 
dimensionality, a mixture of data types, and lack of homoge
neity. Its tree structure output makes the interpretation of re
sults easy. On the other hand, incorporating and interpreting 
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interaction tenns between factors can be quite time conswning 
in a regression analysis. 

For future research, the following tasks would be useful in 
overcoming some limitations of the work completed to date. 
The models derived in this paper can be called macroscopic 
models, and there could be further attempts to analyze the 
accident aspects of the data base, for example, types of colli
sion, time of occurrence, road condition, types of vehicle, 
driver's condition, and so on. On the other hand, the issues of 
underreporting of PDQ accidents and the slight difference 
between serious injury accidents and fatal accidents should be 
considered and examined in future studies. 

ACKNOWLEDGMENTS 

We thankfully acknowledge that this research was sponsored 
by the California Department of Transportation and the Federal 
Highway Administration, U.S. Department of Transportation. 
Permission from these agencies to publish this paper is also 
acknowledged. We also wish to thank the following individuals 
for reviewing our paper and for their suggestions during the 
course of our research: E. L. Scott and L. Breiman, Statistics 
Department, University of California, Berkeley; R. N. Smith, 
L. Seamons, and H. Garfield, California Department of 
Transportation. 

67 

REFERENCES 

1. Manual of Trqfflc Surveillance and Analysis System. 5 vols. Califor
nia Department of Transportation, Sacramento, 1978. 

2.· L. Breiman et al. Classification and Regression Trees (CART). 
Wadsworth Publisher, Belmont, Calif., 1984. 

3. M. Y. K. Lau and A. D. May. Accident Prediction Models for Sig
nalized Models. Working Paper UCB-ITS-WP-86-10. ITS, Univer
sity of California, Berkeley, 1986. 

4. E. Hauer and B. N. Persaud. How to Estimate the Safety of Rail
Highway Grade Crossings and the Safety Effecl of Warning De
vices. In Transportation Research Record 1114, 1RB, National 
Research Council, Washington, D.C., 1987, pp. 131-140. 

5. D. T. Silcock et al. Relationships Between Accident Rates, Road 
Characteristics and Traffic on Two Urban Routes. Research Report 
40. TORG, Department of Civil Engineering, University of 
Newcastle-upon-Tyne, England, 1982. 

The contents of this paper reflect the views of the authors, who are 
responsible for the facts and the accuracy of the data presented herein. 
The contents do not necessarily reflect the official views or policies of 
the California Department of Transportation. This report does not 
constitute a standard, specification, or regulation. 

Publication of this paper sponsored by Committee on Traffic Records 
and Accident Analysis. 



68 TRANSPORTATION RESEARCH RECORD 1172 

A Mobile Illumination Evaluation System 

RICHARD A. ZIMMER 

State and local transportation agencies have responsibility for 
the design, construction, and inspection of high-mast roadway 
lighting projects, using prescribed guidelines. These guidelines 
require many measurements of the lllumlnance levels of high
way lighting Installations to determine whether the Installa
tions achieve the desired design goals, to determine whether 
manufacture specifications are met, and to document long
term aging effects. The state of the art In photometry, or the 
measurement of light visible to the human eye, has been de
veloped to a very bJgh degree of accuracy and reliability by 
commercial manufacturers of photometric Instruments. One 
large drawback to these instruments In highway work Is that 
the readings are normally taken by an operator carrying the 
instrument to the location to be measured and hand-recording 
the value. This approach ls very time consuming and dan
gerous as well, if readings are required from a busy, In-service 
roadway. This study has resulted In the development of a 
simple, cost-effective, and easily assembled illumlnance mea
surement system to evaluate high-mast (80--180-ft) roadway 
lighting systems from a passenger vehicle traveling at traffic 
speeds. The system provides readings, in footcandles, at fixed 
distance Intervals as short as 15 n. The measurements are then 
recorded on a computer disk for later analysis. The printed 
analysis provides a footcandle value for each traffic lane at 
each distance Interval and a calculation of the maximum, 
minimum, average, and uniformity ratio. The system Is assem
bled from commercially available units with a minimal amount 
of construction, resultlng in easy implementation. 

State transportation agencies have responsibility for the design, 
construction, and inspection of roadway lighting projects, using 
prescribed guidelines (1, 2). In the course of carrying out this 
responsibility, it is periodically necessary to measure illumi
nance levels of highway lighting installations to determine 
whether they achieve the desired design goals, to determine 
whether ma.-iufacture specifications are met, and to document 
long-term aging effects. The development of equipment, tech
niques, and methods for these measurements is not a new 
requirement, to judge from publications such as Measurements 
Carried Out on Road Lighting Systems Already Installed writ
ten by P. J. Bouma in 1939 (3). 

The state of the art in photometry, or the measurement of 
light visible to the human eye, has been developed to a very 
high degree of accuracy and reliability by commercial man
ufacturers of photometric instruments. One such instrument, 
used by the Texas State Department of Highways and Public 
Transportation (SDHPT), is the Tektronix 116 Digital Photome
ter. This highly accurate instrument (2 percent) has been used 
to obtain illuminance readings both at controlled research facil
ities such as Texas Transportation Institute (TTI) and on high
ways throughout the state of Texas. To obtain the data, the 

Texas Transportation Institute, Texas A&M University System, Col
lege Station, Tex. 77843-3135. 

operator is required to carry the portable photometer to each 
location, place the sensor on the pavement and write down the 
digital footcandle meter reading. Such a method produces accu
rate results but is very time consuming and dangerous as well, 
if readings are required from a busy, in-service roadway. 
Vehicle-mounted measurement systems are not new either. One 
example is the measuring van used to measure illuminance and 
luminance on road surfaces, developed by Baba in 1969 (3). 
Even though this system was quite functional, it had a draw
back in that a large van was needed for the large amount of 
electronic equipment and power supply, producing a high cost. 
As technology has progressed the microprocessor has made the 
mobile measurement system approach more manageable, as 
exemplified by the "Dynamic Roadway Lighting Measuring 
System with Split Type Photocells" developed by Y. Ohno (4). 
This system appears to be effective in measurement work, but it 
uses two CIE-corrected sensors (CIE = International Commis
sion on Illumination) and two signal conditioners, a complex 
position correction algorithm, and noncommercial processor 
equipment. These characteristics limit availability and restrict 
service and calibration support, as well as increase the cost. 
Because the primary requirement given by SDHPT was to 
evaluate high mast-lighting systems, it was determined that a 
simpler system could be implemented This is because of the 
small difference between the lamp height to the road and the 
lamp height to the sensor mounted on the roof of an 
automobile. 

SYSTEM REQUIREMENTS 

So that a large number of illuminance readings could be ob
tained to provide a record of average, minimum, and maximum 
footcandle levels along heavily traveled highways, the mea
surement system would have to be automated and operated in a 
vehicle traveling at traffic speeds. Footcandle readings could 
then be taken at reasonable speeds (up to 50 mph) every 20-30 
ft on roadway test sections and stored. The stored data could 
then be analyzed by computer later to determine photometric 
performance of the roadway lighting system. 

Specific requirements of the system were as follows: 

• Equipment (photometer, distance measurement device, 
data storage element, and necessary cabling) should be port
able, that is, easily attached and removed from an automobile. 

• The system should provide footcandle readings to be taken 
at 20-foot intervals at speeds up to 50 mph. The computer 
interface and software program should be compatible with 
IBM-PC™ computer. The system should be designed for enter
ing identification data (ID) for each test run (i.e., highway and 
lane, start and stop points, etc.). 

• The computer program should provide calculations for 
each test section, including average footcandles, minimum 
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footcandles, maximum footcandles, and average to minimum 
ratio. 

• The system should exhibit a high degree of accuracy; it 
should at least be comparable with current practice. 

• The system should be cost effective (approximately 
$5,000 hardware cost) and should not use higher orders of 
sophistication than those necessary to accomplish the required 
tasks. 

SYSTEM DESIGN APPROACH 

In an effort to provide a working system that met the system 
requirements, four tasks were undertaken: 

1. Determine system hardware and software requirements; 
2. Identify, acquire, and assemble required hardw~re 

subsystems; 
3. Develop and test the required software; and 
4. Test and finalize the system design. 

SYSTEM HARDWARE 

Photometer 

Because highly accurate electronic digital photometers are 
commercially available, it was decided that improvement of the 
current technology should not be pursued Instead, a unit that 
met the system requirements was purchased Because SDHPT 
has successfully used the Tektronix Jl6 in the past (Figure 1), it 
was considered highly suitable for the task. The requirement 
for interfacing the unit with a digital data acquisition system 
without degrading its accuracy was obtainable by requesting 
option 07. This option is a BCD (binary coded decimal) output 
that is simply an electrical representation of the digital display. 
This BCD output, which is available at a connector on top of 
the unit, is updated at a rate of six readings per second This 
rate exceeds the system requirement of a reading every 20 ft at 
50 mph, or 3.66 readings per second. The 116 uses a separate 
probe at the end of a 25-ft cable that is magnetically mounted 
on the roof of the vehicle. The probe is very accurately cosine-

FIGURE 1 Digital photometer. 

corrected; thus oncoming traffic headlights have no effect be
cause the cosine of 90 degrees is zero. In addition to the 13 data 
lines from the 116, there are two control lines. One indicates 
when the data are valid, and the other is an input to hold the 
current reading. 

Computer 

The requirements for the computer were that it must be port
able; must possess parallel input capability as well as a counter, 
or have card slots available; be IBM-PC™ compatible; and 
have adequate storage capability. After a survey of current 
laptop and portable computers was made, a Compaq portable 
with dual floppy disk drives was selected for use. This unit 
provided the required expansion slots needed for the parallel 
1/0 card and counter/timer card. Because technology is rapidly 
changing, a smaller unit may be found in the near future. The 
current Compaq, however, already fits nicely in a passenger 
vehicle (Figure 2). 

Distance Sensor 

Originally, a "fifth wheel" was considered for obtaining dis
tance information for the computer. The device would be at
tached to the bumper of the test vehicle. This highly accurate 
unit is very expensive and easily damaged if the vehicle is 
backed up over it, so alternate sensors were considered. A low
cost sensor that attached in line with the vehicle speedometer 
cable was located (Figure 3). The attachment point is quite 
simple if the vehicle has a "cruise control" under the hood with 
removable speedometer cables. Because typical speedometer 
cables turn 1,000 revolutions per mile, a sensor that produces 
20 pulses per revolution will provide 20,000 pulses in a mile. 
This equals a pulse every 3.169 in. of forward travel, which 
provides adequate resolution for the system. The sensor used in the 

FIGURE 2 System computer located In rear seat of an 
automobile. 
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FIGURE 3 lllumlnance probe and magnet (center) and 
distance sensor (bottom). 

prototype is a Hall Effect unit (Model AA-1422-20, Arthur 
Allen Manufacturing Corporation), which requires 5 volts 
power and produces a 5-volt (TTL) clean square wave output. 

Counter Interface Board 

So that illwnination readings could be taken at regular intervals 
along the roadway it was necessary to have the computer 
system be capable of counting distance pulses from the sensor. 
This was done by using a CTM-5 plug-in circuit board man
ufactured by Metrabyte Corporation. This board provided five 
counter/timers that were readable from the main program by 
means of a binary subroutine. The distance sensor obtains its 
operating power through a 37-pin connector on the card and 
connects to two concatenated counters to provide a maximum 
count of 4 x 109• 

Parallel Interface Board 

A MetraByte PIO 24 parallel 1/0 board was used to interface 
the 116 photometer with the computer. A 37-pin connector 
located on the end of the board and accessible at the side of the 
computer provides for the 13 data lines and 2 control lines. The 
card is initialized and configured for input or output from 
software. 

Power Supply 

Because the system was to operate in a mobile environment in 
a standard passenger vehicle, the only source of power to be 
considered was the vehicle electrical system or auxiliary bat: 
teries. It was decided to use the 12-volt automotive system. 
Because the photometer and computer operate on 120 V ac, a 
power inverter was required. A frequency-stabilized 250-watt 
Tripp Lite unit was obtained and was found to supply an 
adequate amount of power (Figure 4). 
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FIGURE 4 System power Inverter. 

THEORY OF OPERATION (HARDWARE) 

Many of the critical design aspects in a well-established pho
tometer such as the Tektronix J16 are taken care of by the 
manufacturer. The J651 l probe is used with the J16 to provide 
illuminance readings in footcandles (Figure 3). The J6511 is a 
multielement glass filter and silicone photodiode that ensures a 
close match to the CIE photopic curve (color corrected). The 
silicon sensor recovery time is virtually instantaneous, so low 
light levels can be measured immediately after exposure to 
bright light. The angular response is accurately cosine cor
rected, simulating an ideal 180-degree field-of-view detector. 
Because the unit is cosine corrected and located on the roof of 
the vehicle, oncoming traffic headlights have no effect on the 
readings. The sensor is attached to the roof of the vehicle by a 
doughnut ceramic magnet, similar to those found on mobile 
antennas. A 25-ft cable connects the sensor to the J16, which 
operates inside the vehicle near the computer. The J16 was 
ordered with options 03 and 07. Option 03 provides for 115 V 
ac operation, and option 07 provides the BCD output, as noted 
previously, Because The BCD output to the computer is a direct 
representation of the LED digital display, the accuracy of the 
instrument is not degraded by the connection in any way. This 
permits the equipment warranty and calibration to be retained 
in full because there has been no modification to the unit. Tne 
overall accuracy of the J16 and J 6511 probe is very good: 
linear within 2 percent over the entire range, enabling single
point calibration and a stability within 2 percent per year. The 
electrical calibration of the 116 mainframe is performed by 
using a calibrated voltage source or digital volt meter calibrated 
to National Bureau of Standards specifications. Calibrated 
probes can be used with any J16 without additional calibration. 
BCD data are transferred from the 31/2 digit display (4 bits per 
full digit and 1 bit for the 1/2 digit) from a 25-pin connector on 
top of the unit. A 4-ft, 25-wire shielded cable connects the J16 
to the parallel interface card in the Compaq computer. Thirteen 
TIL compatible lines are used to provide BCD data to the card, 
one line is common, and one line is used to hold the 116 
reading. 
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The other source of information to the computer is the 
forward travel distance of the vehicle, originating with the 
speedometer line pulser. The Hall Effect unit used in this study 
produces 20 pulses per revolution and attaches easily at a 
General Motors cruise control unit. Arthur Allen Corporation 
provides other fittings, extensions, and adapters to fit many 
types of vehicles. The sensor requires 5 volts at about 10 
rnilliarnps and produces a TIL-compatible output if it is or
dered with a pullup resistor. The pulse or square wave output is 
connected to the CTM-5 card by means of a three-wire shielded 
cable. The pulser output is connected directly to counter 2, and 
counter 2 output is connected to counter 3 input. This way, if 
counter 2 should reach an overflow condition of 65,537, coun
ter 3 will be incremented by 1, and counter 2 will be reset to 
zero and continue counting. Thus a total count of 65,5362 is 
permissible for distance calibration or data collection. 

Before the interface cards are installed in the Compaq com
puter, they must be properly configured for the hardware used 
in the system. This is simply done by setting their "base 
address" switches to the correct 1/0 address location. In this 
system the CTM-5 card is set to 300 hex, and the PIO 24 card is 
set to 200 hex. These locations will be referenced by the 
software to perform specific initialization or 1/0 functions. The 
interrupt control on the CTM-5 card is not used and should be 
left in the off or (x) position. Installation of the cards in the 
Compaq computer should be left to a qualified technician 
because opening first the plastic and then the metal case re
quires special tools, as outlined in the Compaq user's guide. 

Power for the system is provided by the square wave, fre
quency stabilized power inverter (12 V dc-115 V ac) by Tripp 
Lite, mentioned earlier. The unit chosen for the system was 
model PV-250FC, which is frequency controlled to 60 Hz and 
has a maximum load rating of 250 watts. The computer and 
photometer draw 140 watts maximum, which results in a de 
input to the inverter of about 10 amps. For best results the 
inverter should be connected directly to the vehicle battery 
through a 20 amp fuse and 10- or 12-gauge wire. 

THEORY OF OPERATION (SOFTWARE) 

The heart of the measurement system is the software programs 
that control the data gathering process. The main program is 
written in interpretive BASIC. Even though this language does 
not have the speed of compiled BASIC or other compiled 
languages, it is easily modified by the user to suit current or 
future requirements. The CTM-5 counter/timer card uses a 
special binary program, CTM5.BIN, to set the many mode 
registers and counter control registers and to handle initializa
tion. The CTM5.BIN program must be on the same disk as the 
BASIC program but is user transparent because the BASIC 
program handles the loading and calling routines. The disk 
operating system (MS DOS™, Version 2), BASICA (Version 
2), and AUTOEXEC.BAT must also be on the working disk. 
The AUTOEXEC program is set up to automatically start the 
main program running when the computer powers up if the 
working disk is in drive A. 

The program (MILES 1.BAS) consists of two sections. The 
first contains the measurement routines and the second is the 
analysis portioIL 
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Measurement 

When the program is started, an identification page appears on 
the screen with a two-choice menu. The first choice is to take 
measurements, an operation that will be discussed now, and the 
other to analyze the results of any recorded test. As the mea
surement program is started, the CTM-5 card is initialized by 
loading the binary driver by contracting BASIC's workspace to 
48 kilobytes. The master mode registers are set, and the counter 
mode registers are initialized by call routines. Because the 
distance pulser may be changed from vehicle to vehicle, it is 
always necessary to calibrate this unit in a new installation by 
selecting "calibrate" from the menu, setting up the CTM-5 
card as a simple counter. The space bar is used to start the 
counter totaling over a measured distance. The FlO key termi
nates the count at the end of the measurement run. While the 
counter is totaling, the program is looping and taking a 
"snapshot" of the count, which it displays on the screen for 
operator verification of proper operation several times per sec
ond Once the count is terminated by the operator, the program 
requests the distance traveled. The total count is then divided 
by the distance in feet to provide a constant of pulses per foot to 
be used in later calculations. If the same vehicle has been used 
before, the program allows the operator to input the constant 
directly. 

The next step is to ask whether the data are to be saved to 
disk. If permanent storage of data is not needed, the program 
will show photometer readings on the screen but will not save 
them to disk. If disk storage is chosen, the program will request 
that a formatted disk be placed in drive B and the space bar 
pressed Once this is done, a certain amount of error checking 
is performed to see that the disk is formatted, that the "write 
protect" tab is off, and that the disk is in the drive correctly. If 
all is correct, a request for a file name will be made. This file 
name will be the name of the data disk file, with no extensions. 
Again, the error checking function will check whether the file 
name already exists and if so, request that it should be replaced. 

Once the data disk is in place and initialized, the program 
will ask for the header information (ID). This information, 
which is pertinent to the test time and location, is entered on the 
keyboard by the operator and saved to disk in the same order in 
string variable form. Next, the operator is requested to input the 
116 range setting used for the test. This is necessary because 
there is no way for the computer to know the distance of the 
meter from the BCD output connector. The program then 
requests information on how far apart the readings are to be 
taken. This number, in feet, is subsequently multiplied by the 
pulses per foot constant to arrive at a pulses per reading value. 
A limit of 15 ft has been placed in the selection to provide 
enough time for the J16 to integrate between readings at 50 
mph (approximately six readings per second maximum). A 
request is then made for the distance from the luminaire to the 
center of the first measurement lane. This value is used in the 
analysis phase to determine lateral displacement. The lane 
width, which is used to provide for additional lateral displace
ment, is also requested. Once the constants have been deter
mined, the program is ready to measure light values. 

The light data taking routine is one of the most complex and 
demanding parts of the program. The CTM-5 card is recon
figured to count down repetitively from a value placed into the 
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"load register." This value is the pulses per foot times the feet 
between readings. As the terminal count is reached (0), the 
output of the counter is set to toggle or flipflop, and a reading is 
processed. When initialization is complete, the screen will 
switch to a large print mode and request that the space bar be 
pressed to start the measurements. Once the operator presses 
the space bar at the appropriate roadway location, the screen 
will display photometer readings in the center and the measure
ment lane at the upper left comer. To do this, the program 
pauses until the terminal distance count is reached and the 
"status bit" of counter 2 changes (high to low or low to high). 
At that time, a "hold" level is sent to J16 via the PIO 24 card to 
freeze the display reading. The BCD data are read at that time 
by the PIO 24 card in 2 bytes, or 16 bits, and then the hold line 
is released The two data bytes are mathematically operated on 
to rebuild the decimal representation of the J16 readout, be
tween 0 and 1999. Each reading is tested for an over-range 
condition before it is stored. If a over-range condition from the 
116 is detected (>2,000), an alarm beep will be sounded, and a 
value of 9999 will be substituted for the erroneous reading. 

The photometer values are displayed on the screen and 
recorded in an array that was previously dimensioned to 1,000. 
A short beep is sounded each reading to confirm that measure
ments are being taken. Once a reading is saved in memory, the 
program stops and waits for another status change from the 
distance counter to take another reading. If the FlO key is 
pressed by the operator, indicating the end of the test section, 
the program stops taking data and proceeds to restore the 
counter to a reset and resting state. All data in the array are then 
written to the data disk in floating point form, using 4 bytes per 
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data point with the number 999 at the end of the record. Storage 
efficiency could be increased by a factor of two by storing the 
data points as integers with one scale factor, but the method 
used allows the ASCII disk files to be examined directly in 
footcandles. 

After the data from a test run are saved to disk, the program 
displays a menu with choices to Measure another lane, Measure 
another site, or Quit the program. If another lane is selected, the 
program will increment the lane number and loop back to start 
measurements again. Each additional lane will be saved se
quentially under the same file name with a 999 at the end of 
each lane record If a new site is selected, the program will 
close the disk file and loop back requesting a new disk file 
name and new header information. If Quit is selected, the disk 
file is closed, and the program returns to the initial menu page. 

Analysis 

The data analysis portion of the program is entered by selecting 
the second option on the main menu screen. After initialization, 
the program requests whether the output is to be directed to the 
screen or the printer. The file name to be analyzed is then 
requested, and the current data files on drive B are displayed. 
Once a name is entered, a test for errors is made. If none are 
found, the header information is printed on the selected device. 
If the screen has been selected, the output will stop at the end of 
the header information for viewing. Then the footcandle infor
mation will be displayed, with each lane as a separate column 
at the various lateral distances from the lurninaire. Each row 
represents the forward distance from the starting point, and the 
cumulative measurement in feet is indicated. At the end of the 

MOBILE ILLUMINATION EVALUATION SYSTEM 
Texas State Department of Highways and Public Transportation 

FILE NAME 
HWY. NO. 
CONTROL-SECTION-JOB 
COUNTY 
DIRECTION 
START STATIONING 
STOP STATIONING 
TESTING DATE 

test137 
IH35 
1B07-6-9 
TRAVIS 
NORTH 
234+50 
678+50 
07/20/87 

ILLUMINATION SUMMARY 
<Faatcandles) 

Travel * Lane Distance Fram Luminaire (ft.) 
Dist. * 
(ft.) * 0 12 24 
-------*-----~-------------~-------------------

0 * 0.40 
30 * 0.40 
60 * 0.68 
90 ... 0 . 88 
120 * 1 . 15 
150 * 1. 73 
180 * 1. 48 
210 ... 0 . 94 
240 * 0.82 
270 * 0 . 64 
300 * 

Average= .7453334 
Maximum= 1.73 
Minimum= .29 

0 . 45 
0.53 
0.68 
0.81 
0.97 
1. 24 
0 . 89 
0.66 
0.59 
0 . 42 

Average/Min Ratio= 2.570115 

FIGURE S Typical data printout. 

0.43 
0.56 
0.63 
0.71 
0.83 
0.87 
0 . 67 
0.59 
0 . 42 
0.29 
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footcandle readings are calculations of average, maximum, 
minimum, and the average to minimum ratio. A typical data 
printout is shown in Figure 5. 

AVAILABILITY OF PROTOTYPE SYSTEM 
SOFTWARE 

A copy of the BASIC program MILES 1 and specific wiring 
information may be obtained by contacting the Texas State 
Department of Highways and Public Transportation D-8 or the 
Texas Transportation Institute. 

The CTM5.BIN program is available under license from 
MetraByte Corporation and is supplied with a CTM-5 board 

MS DOS™ and MS BASIC™ are available under license 
from Microsoft Corporation. 
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Fog Mitigation Update: Fog Mitigation 
Measures as Applied to Highway 
Bridge Structures 

CORY B. POTASH AND JAMES R. BROWN 

In response to a court action, a plan was developed to mitigate 
potentially hazardous effects of fog on a proposed highway 
bridge. The proposed site Is subject to naturally occurring fog 
in addition to fog consisting of large quantities of water vapor 
emitted by a paper mill. A study was conducted to evaluate 
available mitigation measures. The measures evaluated include 
dispersion systems, guidance systems, design alternatives, 
transportation management, and incident detection. The pur
pose of this paper is to present the conclusions of the study. On 
the basis of the study results, a fog mitigation plan was recom
mended. The plan consists primarily of guidance and sur
veillance measures. The major components of the recom
mended plan include fixed message signs, raised reflective 
pavement markers, lighted pavement markers, highway sur
veillance, and variable message signs. The recommended plan 
was accepted by the governing agency and will be imple
mented. In addition, other considerations, which are presented 
in this paper, will be explored while the proposed bridge is 
under construction. 

The Recommended Transportation Plan for the Charleston, 
South Carolina area, completed in 1968 and updated in 1975 
and 1976, includes the proposed construction of the Mark Clark 
Expressway. The western segment of the expressway was ap
proved for funding by FHWA in 1970, and a large portion of 
this segment has been constructed. 

The eastern segment of the expressway would include a 
bridge spanning the Cooper River near a paper mill owned and 
operated by Westvaco. Inc. The mill emits over 6 million 
gallons of water vapor per day into the atmosphere. The eastern 
segment of the Mark Clark Expressway would be partially 
funded by federal aid highway funds and, as such, must meet 
all U.S. Department of Transportation (DOT), Frf'vVA, antl 
National Environmental Policy Act (NEPA) requirements. In 
conformance with these requirements, the South Carolina De
partment of Highways and Public Transportation (SCDHPT) 
completed a Final Environmental Impact Statement (FEIS) for 
the project, which was approved by FHWA. Subsequent to 
completion of the FEIS, Westvaco filed a complaint in the U.S. 
District Court for the District of South Carolina Charleston 
Division, alleging, among other things, violation of NEPA 
because SCDHPT and FHWA failed to address in the FEIS the 
threat to highway safety presented by fog. 

C. B. Potash, 250 West 104th St, No. 21, New York, N. Y. 10025. J. R. 
Brown, Parsons Brinckerhoff Quade & Douglas, Inc., 1 Penn Plaza, 
New York, N.Y. 10119. 

The complaint asked that the SCDHPT and FHWA be en
joined from engaging in any further activities directed toward 
building the bridge until they had complied with the NEPA. In 
conjunction with this action, Westvaco had prepared a series of 
studies evaluating the potential impact of naturally occurring 
fog and fogging caused by the large quantities of steam re
leased from the Westvaco paper mill (mill-induced fog) on 
traffic and safety conditions at the proposed location of the 
Cooper River Bridge. The company also prepared studies eval
uating alternative bridge locations and the feasibility of con
structing a tunnel, rather than the proposed bridge. 

SCDHPT reevaluated the proposed bridge in consideration 
of Westvaco's concern over the potential fog problem. As part 
of the reevaluation, SCDHPT prepared an independent evalua
tion of the potential for fog occurrences on the proposed 
Cooper River crossing. Subsequently, the SCDHPT issued an 
environmental assessment, based on their reevaluation, which 
concluded that fog would have no significant impact on the 
safety of motorists using the Cooper River Bridge at its pro
posed location. FHWA concurred with the conclusions of the 
environmental assessment and decided that it was unnecessary 
to supplement the FEIS. 

After consideration of the additional studies completed by 
Westvaco and SCDHPT, and additional expert testimony, the 
court ruled not to enjoin the project but required SCDHPT and 
FHWA to file a Supplemental Environmental Impact Statement 
(SEIS) to consider the L.upact of fog on the proposed bridge 
and to prescribe the specific actions to be taken to mitigate any 
potential hazards due to fog. 

In conformance with the court's order, the SCDHPT re
quested Parsons Brinckerhoff Quade & Douglas, Inc. (PBQD) 
to evaluate and propose measures to mitigate the potential fog 
hazards on the proposed Cooper River Bridge. In conducting 
the study, it was understood that there is no reasonable measure 
to completely eliminate the potential for accidents on the pro
posed Cooper River Bridge, with or without fog. The explora
tion of available measures sought to identify measures that 
would reduce the probability and severity of accidents occur
ring on the proposed Cooper River Bridge to levels ap
proaching or equal to those without fog, although it was recog
nized that such levels may not be achievable. Recommended 
measures, however, are considered to be the most effective 
generally available measures to improve safety conditions on 
the proposed Cooper River Bridge under fog conditions. It is 
believed that the recommended measures, when applied as a 
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comprehensive mitigation system, would significantly reduce 
the frequency and severity of accidents on the proposed struc
ture during fog. 

NATURE AND EXTENT OF THE FOGGING 
PROBLEM 

Fog deci:eases visibility and makes driving more difficult and 
dangerous. Traffic studies indicate that although driving speed 
is reduced in fog, the probability of overdriving the safe stop
ping distance is greatly increased. Accident statistics indicate 
that there is a greater likelihood of multivehicle accidents and 
fatal accidents in fog. Dangers due to fog are accentuated on 
Interstate highways, as compared to arterial roadways, because 
of the increased speeds and greater traffic levels found on 
Interstates. 

Mill-induced and natural fog occurs in the Charleston area 
throughout the year, particularly during the nominal "fog sea
son," November through March. On a daily basis, natural fog 
is more likely to be present during the cooler nighttime and 
early morning hours, which are characterized by relatively 
stable atmospheric conditions, than during the warmer daytime 
and early evening hours, when there is greater vertical mixing 
of air in the atmosphere. The paper mill emits over 6 million 
gallons of water vapor per day into the atmosphere from some 
50 different sources. 

By using computerized analytical dispersion models, it was 
predicted that the combination of natural and mill-induced fog 
would result in a reduction in visibility to less than 660 ft 
perhaps 12-15 times per year. That fog is more dense in the 
vicinity of the Westvaco paper mill was confirmed by the 
testimony of two Charleston harbor pilots, with over 40 years 
of combined experience in traversing the branch of the Cooper 
River near the mill and bridge site. They stated that they had 
personally experienced denser fog near the paper mill about 
12-15 times per year (J). Although visibility within either type 
of fog can be significantly reduced, observations of the water 
vapor plumes emitted from the paper mill indicate that depend
ing on wind speed and direction and the vertical temperature 
profile of the atmosphere, mill-induced fog can appear and 
disappear very rapidly at a particular location as the wind 
changes speed and direction. 

Measures are required to mitigate the potential impact of 
fogging conditions on the 30,000 vehicles per day that are 
expected to use the Cooper River Bridge by the year 2000 and, 
especially, to improve safety conditions for the approximately 
1,800 vehicles per hour that will traverse the bridge in the 
relatively fog-prone early morning peak traffic hour, from 7:00 
a.m. to 8:00 a.m. Because of the mild climate in the Charleston 
area, ice formation was not considered to be a significant 
problem and therefore was not a subject of this mitigation 
effort. 

RECOMMENDED MITIGATION MEASURES 

Available mitigation measures were identified and evaluated on 
the basis of effectiveness, availability and reliability, cost, and 
general practicability. Measures evaluated include dispersion 
systems, design alternatives, guidance systems, and transporta
tion management alternatives. None of the dispersion methods 
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were determined to be effective in a highway bridge applica
tion and therefore are not included in the recommended fog 
mitigation plan. Similarly, bridge design alternatives would 
have required both significant project delays and potential 
redesign of the bridge, and therefore these alternatives were not 
considered to be feasible mitigation measures. 

The principal criteria used in the selection of mitigation 
measures was whether the proposed method has been shown to 
increase safety in similar highway applications during fog 
events. The proven ability to reduce impacts, rather than the 
ability of a measure to completely eliminate fog or its impacts, 
was the realistic goal of this study because there are no 
methods that can eliminate the chance of an accident occurring 
during fog. The goal of the selected fog mitigation plan was to 
reduce the probability and severity of accidents in fog to levels 
approaching or equal to those without fog. 

The recommended mitigation plan does not include mea
sures to reduce the frequency, duration, and intensity of the 
fogging events, such as applying controls to limit vapor re
leased at the Westvaco paper mill. Instead, the measures identi
fied were selected to provide effective assistance to drivers 
encountering intense fog conditions on the Cooper River 
Bridge. 

The major elements of the recommended fog mitigation plan 
included the following: 

• Fixed permanent single message signs indicating that the 
bridge is prone to fog. 

• Raised reflective pavement markers to delineate roadway 
edgelines and lane delineation lines. National guidelines for 
the placement and spacing of raised reflective pavement 
markers have not been formally adopted. The suggested ar
rangement of raised reflective pavement markers shown in the 
FHWA Traffic Control Devices Handbook (2) indicates that 
raised reflective pavement markers can be spaced between 20 ft 
and 40 ft apart when used to supplement pavement striping. 
During wet or fog conditions, pavement is not always visible, 
and this loss of visibility occurs when pavement striping is 
most needed to delineate lanes. Therefore the spacing of raised 
reflective pavement markers (yellow on the left, white on the 
right) should be spaced on 20-ft (minimum standard) to 10-ft 
(desirable standard) centers. The raised reflective pavement 
markers indicating the lane delineation line should be arranged 
to simulate standard broken line marking (10-ft marking seg
ments interspersed with 30-ft gaps). Three white raised reflec
tive pavement markers should be installed at the beginning, 
middle, and end of the 10-ft marking segments. Transverse 
marking of the shoulder area is recommended to reinforce 
delineation of the right edge of the travelway and to define the 
shoulder refuge area. The shoulder marking should be spaced 
on 40-ft intervals with four to six white raised reflective pave
ment markers. 

• Lighted pavement markers on -200-ft centers along road
way edgelines to provide long-range delineation of the road
way beyond the reach of vehicle head lamps. Lighted pavement 
markers are recommended to provide daytime guidance during 
fog conditions and to provide long-range guidance when fog 
reduces vehicle headlight range so that only nearby raised 
reflective pavement markers are illuminated. Standard high
intensity unidirectional lighted pavement marker units have 
been used in roadway application. The unit is 12 in. in diameter 
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and is available with 31/z-in. or 9-in. base, which can be 
inserted into the bridge deck and the pavement of the approach 
roadway. 

A driver normally views the roadway up to 1,000 ft in front 
of the vehicle. As driving and visibility conditions worsen, the 
driver's visibility range will be reduced to 400 ft or less. At a 
minimum, a driver should be able to see two sets of lighted 
pavement markers to maintain proper roadway orientation. 
Placing lighted markers -200 ft apart will provide the mini
mum number of markers required to maintain proper roadway 
orientation (2). A review of the cngnecring plans for the pro
posed bridge indicates that a spacing of -200 ft can be main
tained throughout the length of the bridge, including the 1,600-
ft vertical curve main spans of the bridge. 

• Increased highway surveillance by highway troopers and 
the installation of a closed circuit television system to provide 
timely detection of fog conditions. Television camerae; perma
nently mounted on the bridge truss would be directed toward a 
series of targets (e.g., simulations of tail lights) placed at 
predetermined incremental distances along the portion of the 
bridge prone to mill-induced fog. The signals from the cameras 
would be transmitted to dedicated television monitors at the 
local Highway Trooper District office. The number of targets 
visible on the monitor would provide an estimate of the degree 
of visibility on the bridge directly proportional to site distance. 
State highway troopers will provide increased on-site sur
veillance during the nominal November through March fog 
period and, more particularly, during periods when mete
orological conditions are expected to cause fumigation of the 
proposed bridge by mill-generated vapor. Such a determination 
could be made by a qualified, certified meteorologist experi
enced in weather forcasting. 

On the basis of the results of increased surveillance by state 
highway troopers or estimates of sight distance determined 
from the dedicated television monitors, additional response 
procedures would be implemented. These measured include 
activation of lighted pavement markers, activation of illumi
nated variable message display units to provide advance warn
ing and instructions to drivers concerning upcoming fog condi
tions, and the implementation of transportation management 
measures. The specific techniques to be applied would depend 
on the severity of the observed fog conditions, Such techniques 
would be applied on the basis of a predetermined response 
agenda. 

• Overhead sign bridges with internally illuminated vari
able message display units to provide specific fog incident 
information to the driver. The overhead sign bridges should be 
located outside of each end of the fog-prone area to warn 
motorists of existing or potentially hazardous conditions. The 
location of these bridges should be such that traffic could divert 
to alternative roadways. The location of these bridges in rela
tion to the roadway alignment should be tested with procedures 
recommended in Section 2C-3, Placement of Warning Signs, of 
the Manual on Uniform Traffic Control Devices (3). These 
variable message warning signs would be placed on the ap
proaches to the bridge to provide advance warning and instruc
tion to drivers about potential fog conditions on the bridge, 
specifying lower speed limits during fog conditions and provid
ing motorists with additional directives and information on 
driving conditions and required actions. 
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The measures recommended in this study make up a system 
of interrelated guidance and transportation techniques that 
function both independently and in association to improve 
safety conditions on the Cooper River Bridge during fog. The 
basic level of protection in the system consists of two perma
nent passive measures: permanent single-message warning 
signs and raised reflective pavement markers. These are the 
simplest and least specialized components of lhe system and 
would function regardless of the state of any other system 
component. 

The 11econd area of protection within the system is sur
veillance. Both manned (highway trooper) and remote (televi
sion monitor) elements are recommended for detection of haz
ardous conditions and accidents on the bridge. This redundancy 
is intended to increase the reliability of this portion of the fog 
protection system, which is used to activate other key system 
components. 

The third level of the system is the enhanced guidance 
component. This consists of the lighted pavement markers, 
which will be used to supplement the raised reflective pave
ment markers during fog events. 

The fourth element of the system, the variable message 
signs, would provide motorists with warnings and information 
relevant to the specific fog event. The messages given by such a 
system could include a broad range of information, including 
advanced warning of fog conditions, speed regulations, re
quired diversions, and information on other required traffic 
management controls. Such traffic management controls could 
include total diversion of traffic from the bridge. 

The interrelationship and redundancy of the different ele
ments of the system give the system a built-in resiliency. 
Failure of individual components of the system (because of 
electric power interruption, for instance) would still leave basic 
components of the system intact (raised reflective markers, 
fixed panel signs, and increased surveillance by highway 
troopers). An emergency diversion plan would remain an op
tion under these circumstances, should conditions warrant it. 

OTHER CONSIDERATIONS 

The 4-year bridge construction period provides an opportunity 
for SCDHPT to refine its selected mitigation measures and 
study the fog situation further. Given the time available, the 
following measures were proposed for consideration by 
SCDHPT. 

Monitoring 

While the bridge is under construction, there is an opportunity 
to collect additional data along the actual elevated roadway 
segment on the frequency, duration, and extent of fogging. 
Suitable meteorological and automatic fog-detecting devices 
would be used. This information can be used to better define 
the geographic and temporal extent of the fogging problem, 
allowing for better definition and specification of the mitigation 
program. Monitoring of fog conditions during the construction 
phase could be used to identify the specific locations where 
proposed mitigation measures are to be applied, including the 
location of closed circuit television cameras, lighted pavement 
markers, and variable message signs. 
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Lighting Study 

Fixed area lighting is not currently planned for the Cooper 
River Bridge, although the bridge design would not prohibit the 
implementation of such lighting. A detailed study oflighting on 
the bridge and approach sections of the highway may ul
timately yield a cost-effective lighting system for the bridge 
segment under fog conditions. There are myriad lighting sys
tems and system design variations. Recommendations as to the 
most appropriate lighting plan cannot be provided without 
careful and systematic study of various lighting programs 
available for the bridge. Such an evaluation is beyond the scope 
of this study but could be initiated during the 4-year bridge 
construction period to identify an effective system for use 
during fog conditions. 

Fog Mitigation Update 

The identification of measures to safeguard motorists during 
fog conditions is an ongoing process of research and develop
ment. A cominuing program of literature review and research 
on fog mitigation would allow SCDHPT to remain current on 
fog-related safety programs for roadways. A periodic survey of 
the literature and communication with other state highway 
officials may identify additional measures to minimize the 
effects of fog on safety conditions. 

Advanced Detection Techniques 

The use of automatic fog detectors (e.g., visiometers and back
scatter equipment), high-resolution closed circuit television 
cameras, or other electronic devices currently under develop
ment could potentially prove to be an effective complement to 
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the proposed mitigation measures. To be of value, such equip
ment must be reliable and proven in similar applications. Fur
ther detailed study of these devices could potentially identify 
reliable and proven equipment that could be used to augment 
the proposed mitigation measures, particularly in the areas of 
system activation and incident detection. 

Response Agenda and Protocol 

The individual measures to mitigate the impact of fog on safety 
identified in this study must be applied in a systematic, pre
determined, and coordinated fog response system. Elements of 
such a system include identification of the specific respon
sibilities, protocols, and agenda for activating and implement
ing the various mitigation measures, as well as for informing 
the public as appropriate. This detailed response agenda and 
protocol must be documented, and responsible individuals must 
be trained in the various elements of the mitigation system. 
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Optimization of Post Delineator 
Placement from a Visibility 
Point of View 

HELMUT T. ZWAHLEN, MICHAEL E. MILLER, MOHAMMAD KHAN, AND 

RODGER DUNN 

An analytical computer optimization of the height, spacing, 
and lateral offset of post dellneators for tangent sections and 
horizontal curves on two-lane and four-lane highways was 
developed in this study, and a small-scale field demonstration 
and evaluation were performed. The analytical optimization 
was based solely on vlslblllty considerations, or more precisely, 
on a driver's reception of 60 multiples of threshold Illumina
tion from the fourth post dellneator reflector ahead of the 
automobile. It was concluded that post delineators with 18 in.2 
of encapsulated lens sheeting material with a specific Intensity 
of 309 cd/fdft2 (-4-degree entrance, 0.2-dcgrcc observation 
angle) should be placed every 275 ft along tangent sections of 
four-lane divided highways, whereas post dellneators with 
prismatic sheeting material with specific intensities of 825 and 
1,483 cd/fc/ft2 (-4-degree entrance, 0.2-degree observation an
gle) should be placed every 350 and 400 ft, respectively. Mathe
matical relationships are presented from which optimal spac
ings can be calculated for curves of various radii on two-lane 
and four-lane highways. Height and lateral offset effects on 
visual detection for the placements investigated are negligible. 
The use of silver prismatic retroreOectors measuring 18 x 1 In. 
on the front, a red prismatic retroreOector of the same size 
on the back side of post delineators near Intersections on four
lane divided highways (as a wrong way indicator), and two 
black diagonal bands for contrast enhancement In snow is 
recommended. 

The Manual on Uniform Traffic Control Devices (I) defines 
road delineators as retrorefiecting devices mounted at the side 
of the roadway to indicate road alignment. These delineators 
have an advantage over many other forms of delineation, such 
as pavement markings, in that they remain visible when the 
road\vay is \Vet or snow covered. Guidelines for t..'le installation 
of these delineators are given in sections 3D-2 through 3D-5 of 
the manual (I). However, many of these guidelines are very 
vague. For example, according to Section 3D-5, the delineators 
should be spaced such that the lateral distance between each 
post is from 200 to 528 ft on tangent sections of highway, and 
Table IIl-1 gives spacings for curve sections of highway with 
radii from 50 to 1,000 ft. There is no discussion of when 
specific spacings between 200 and 528 ft should be used along 
tangent sections of highways, and the manual does not addres~ 
curves with radii greater than 1,000 ft. 

H. T. Zwahlen and M. E. Miller, Department of Industrial and Systems 
Engineering, Ohio University, Athens, Ohio 45701-2979. M. Khan and 
R. Dunn, Bureau of Traffic, Ohio Department of Transportation, 25 
South Front St., Columbus, Ohio 43216. 

In an attempt to make the placement of post delineators 
consistent within the state of Ohio, the Ohio Department of 
Transportation (ODOT) clarifies a few of these federal 
guidelines in sections AS 4C-5, AS 4C-7, and AS 4C-8 of the 
Ohio Department of Transportation's Traffic Control Applica
tion Standards Manual (2) and in section 4B-5 and figures 
CD-5, CD-6, CD-8, CD-9, and CD-11 of the Ohio Manual of 
Uniform Traffic Control Devices (3) . According to these man
uals, the top of the retrorefiective sheeting patch, with dimen
sions of 3 x 6 in., should be 48 in. plus or minus 1 in. above the 
pavement surface. For tangent sections of four-lane divided 
highways, these post delineators are to be spaced 400 ft apart at 
a maximum of 12 ft, 6 in. from the edge of the pavement such 
that their placement is uniform over the entire section of the 
highway. These manuals present tables of recommended post 
delineator spacings for curves with radii from 50 to 1,000 ft 
that are identical to the one shown in the Manual on Uniform 
Traffic Control Devices (I, Table ill-1). Once again, there is no 
mention of curves with radii of greater than 1,000 ft. 

A literature review failed to reveal any studies that have 
addressed, either on an experimental or analytical level, the 
effects from a visibility or driver performance point of view of 
the spacing of post delineators. In addition, there appears to be 
no technical information available that would enable justifica
tion of the 400-ft spacing for tangent sections or trade-offs to be 
made between post delineator height, lateral offset, spacing, 
retrorefiector dimensions, and retroreflector photometric per
formance. There is therefore a need for studies such as the one 
reported by Zwahlen (4), in which the spacing and placement 
of snowplowable raised reflective pavement markers (RRPMs) 
are recommended with respect to a driver's visual information 
needs, capabilities, and limitations. Such an optimal placement 
of post delineators not only may lead to a placement scheme that 
would result in adequate driver perfonnance and safety but also 
might minimize the relatively high life cycle cost of the post 
delineators. 

The objectives of this study were 

• To use a computer model to evaluate analytically, from a 
visual detection point of view, the reflective performance of 
post delineators as a function of height, retrorefiector dimen
sions, photometric performance, lateral offset, and spacing; 

• To conduct a small-scale field demonstration with ODOT 
and FHWA personnel to evaluate various retrorefiector patch 
configurations; and 
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• To recommend to OOOT a set of specifications for post 
delineator height, retroreflector dimensions, lateral offset, and 
spacing. 

GENERAL OPTIMIZATION APPROACH 

The analytical optimization approach was aided by the use of a 
program developed for an Apple Macintosh microcomputer. 
This program allows the user to vary the headlamp beam type, 
atmospheric transmissivity, vehicle-driver dimensions, lateral 
offset of the post, and post height, as well as the type and 
dimensions of the retroreflector. Once the levels for each of the 
variables have been chosen, the program calculates the amount 
of light that is reflected back to the driver's eyes from each of 
the vehicle's headlamps for various retroreflector spacings. 
This program is based on Allard's law (5), which is used to 
calculate the illuminance of an object as long as the back
ground luminance is small compared to the average luminance 
of the light source. 

To provide a framework in which the very small illumination 
values in footcandles (fc) at a driver's eyes can be compared on 
a one-to-one basis with visual backgrounds that have different 
luminance levels and to obtain numbers tied to human detec
tion performance, the final results of the photometric calcula
tions are expressed as multiples of threshold (number of times 
above the illumination threshold for 98 percent plus detection 
of a white point source against a uniform background in the 
laboratory). To relate the illumination at a driver's eyes to 
multiples of threshold (MOT), a luminance level of the dark 
road background must be assumed. This level can then be 
related to a 98 percent threshold detection illumination value 
for a white point source. The multiple of threshold concept has 
been discussed by Zwahlen (6). 

A MOT value that will be acceptable in the detection of post 
delineators must be selected. Because a driver sees the post 
delineator that is closest to the vehicle rather clearly most of the 
time and has a good indication of where the second, third, and 
possibly fourth post delineator will be in the visual field, the 
minimum values for the multiples of threshold need not be as 
high as those that a driver needs to detect a single unexpected 
point source. This situation could require a multiples of thresh
old value of up to 1,000 to assure timely detection [a MOT of 
1,000 corresponds to a human brilliancy rating between satis
factory and bright, according to Breckenridge (7)]. The study 
dealing with the optimal placement of snowplowable raised 
reflective pavement markers, referred to earlier (4), used a 
MOT value of 30 as an acceptable value for the detection of the 
fourth raised reflective pavement marker ahead of the auto
mobile. However, for post delineators a higher MOT value 
should be used for the following reasons: 

• Within a driver's visibility range, post delineators are 
located farther away ·from the driver in comparison with 
RRPMs, and because the highway geometry is more likely to 
change over the longer distance, the driver is less able to 
predict the location of the next post delineator. 

• The post delineator may be located in the driver's pe
ripheral visual field, where the detection sensitivity is reduced. 

• The retroreflectors on post delineators are - 3-4 ft above 
the pavement surface, where they may blend in with other point 
sources in the background near the horizon; they are therefore 
not as conspicuous as RRPMs. 
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• Post delineators must be able to provide drivers with 
guidance in snow conditions, where most other delineation 
elements are no longer visible. The post delineators therefore 
constitute somewhat of a last defense. 

• On the basis of these reasons, a MOT value of 60 (17.1 x 
10-s fc or 1.84 km candles), which, according to Breckenridge 
(7), corresponds to a human brilliancy rating between faint (0.9 
km candles) and weak (4 km candles), was used as the mini
mum level for detection of the fourth post delineator. Accord
ing to Kaufmann (5, p. 3-25) the retroreflective sheeting pa
tches can be assumed to be point sources beyond distances of 
500 ft for a 3 x 6-in. patch, beyond 1,000 ft for a 12 x 1.5-in. 
patch, and beyond 1,500 ft for an 18 x 1-in. patch. If the MOT 
level for shorter distances is to be calculated, a correction factor 
must be incorporated into the calculations. As an example of 
the effect of this correction factor, a distance of 250 ft for a 3 x 
6-in. patch, 500 ft for a 12 x 1.5-in. patch, or 750 ft for an 18 x 
1-in. patch would require about a 5 percent reduction in the 
MOT value. The fourth post delineator is usually located at a 
calculated distance of 1,100 to 1,650 ft. 

In optimizing the spacings of the post delineators, it was 
necessary to consider the following restrictions: 

• On a straight and level highway the minimum number of 
post delineators visible to a driver should be at least four to 
ensure that the driver has a comfortable preview time and that a 
change in direction of the road (left or right curve ahead) will 
be detected in a timely manner. The post delineators should 
also provide some visual lateral position control cues. In case 
an occasional post delineator is missing or has lost nearly all of 
its ~eflectivity, a driver would still see three post delineators, 
which should be enough for perception of the approximate 
course of the road ahead. 

• A straight and level Interstate highway with a lane width 
of 12 ft is assumed. It is further assumed that an automobile 
would be driven exactly in the middle of the right-hand lane. 

• A uniform dark background with a luminance value of 
0.01 foot-Lambert (fL) has been assumed (clear, moonlight, 
lower end of night driving range), which corresponds to an 
illumination threshold value (for 98 percent detection of a 
white point source in the laboratory) of 0.28493 x 10-s fc. 

• The headlamps and the silver retroreflectors on the post 
delineators are clean and operating at the prescribed output 
(100 percent), and the windshield is also assumed to be clean 
with a transmission factor of 1. It was decided that instead of 
using arbitrarily degraded transmission and efficiency factors 
for the windshield, the retroreflectors, and the beams, the selec
tion of a minimum acceptable MOT value of 60 would take 
some of the possible headlamp, windshield, and retroreflector 
deficiencies, as well as some background variations and driver 
deficiencies due to information processing load, age, and so on, 
into account. 

• The headlamps of the vehicle are assumed to be properly 
aimed (i.e., approximately 2 degrees to the right and approx
imately 2 degrees down for the low beams). 

• The vehicle operator is assumed to be seated fairly erectly 
in the driver's seat, which is assumed to be on the left side of 
the vehicle. 

The independent variables, which were investigated for tan
gent sections of four-lane highways, left and right curve sec
tions of four-lane highways, and left and right curve sections of 
two-lane highways, include 
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• The type of retroreflector, 
• The height of the retroreflective patch (measured from the 

surface of the road to the top of the retroreflective patch), 
• The lateral offset (measured from the edge of the highway 

to the center of the retroreflective patch), 
• The dimensions of the retroreflective patch, and 
• The longitudinal spacing of the post delineators. 

On the curve sections of four-lane divided highways it is 
assumed that the post delineators are always on the right side of 
the two lanes regardless of whether the highway curves to the 
left or right. In this case, as for the tangent sections of four-lane 
highway, the post delineators are offset 12 ft from the right
hand edge of the highway. The spacing of post delineators 
along curved sections of four-lane highways is not explicitly 
addressed by the Ohio Manual of Uniform Traffic Control 
Devices (3). On curve sections of two-lane rural highways it is 
nssumcd that bidirectional post delineators are placed on the 
outside edge of the curve only. In this situation, the post 
delineators (set 2 ft from the edge of the roadway) would be 8 ft 
to the right of the longitudinal center of the vehicle for a left 
curve and 20 ft to the left of the longitudinal center of the 
vehicle for a right curve on a highway with an assumed lane 
width of 12 ft. 

Because the low beams of the vehicle are aimed approx
imately 2 degrees to the right horizontally, the post delineator 
spacings on right- and left-hand curves must be analyzed sepa
rately. Therefore the computer optimization calculations were 
carried out for four different curve situations: first for left- and 
right-hand curves on four-lane divided highways and second 
for left- and right-hand curves on two-lane rural roads. 

COMPUTER OPTIMIZATION RESULTS 

During the initial stages of this study the effect of variables that 
were not directly related to the post delineators was studied, 
including the vehicle-driver dimensions, the type of headlamp 
used, and the transmissivity of the atmosphere. A more thor
ough discussion of the entire optimization study has been 
presented by Zwahlen (8). 

Three sets of vehicle-driver dimensions were investigated: 
those of a 95th percentile man in a typical semitractor, a 50th 
percentile person in a typical large automobile, and a 5th 
percentile woman in a typical small automobile. The results 
indicate that on tangent sections of highways when post delin
eators are installed according to the guidelines established by 
ODOT, the delineation conditions favor the 5th percentile wo
man in a typical small automobile and are somewhat less 
favorable for the 95th percentile man in a semitractor. 

Three common types of headlamps were also investigated, 
the halogen 6054 high beam, the halogen 6054 low beam, and 
the 6052 low beam. Of these three headlamp beam types the 
6052 low beam provided the least favorable illumination condi
tions. Therefore, to make the results applicable to a high per
centage of the driving population, the results presented in this 
paper will apply to a 95th percentile man in a typical semitrac
tor equipped with 6052 low beams. The study also included 
two levels of transmissivity, 0.99 per 100 ft (relatively clear 
conditions) and 0.8946 per 100 ft (1 in. of rainfall per hour or 
light fog). Although lower levels of illumination were present 
for the 0.8946 level of transmissivity, illumination levels for the 
0.99 level of transmissivity are presented throughout the results 
because this is the more common condition, and it is felt that 
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the drivers will adjust their driving strategies and speed during 
conditions of heavy rain, snow, or fog. 

During the computer optimization, two types of retroreflec
tive materials were studied. These include encapsulated lens 
sheeting material (such as 3M high intensity) with a specific 
intensity of 309 candela per footcandle per square foot (cd/fc/ 
ft2) and prismatic sheeting material (such as Reflexite A/C 
1000) with a specific intensity of 825 cd/fc/ft2 at a 0.2-degree 
observation angle and a -4-degree entrance angle. During the 
study, actual measurements of the prismatic sheeting materials 
in the field indicated that they had an average specific intensity 
of 1,483 cd/fc/ft2 at a 0.2-degree observation angle and a -4-
degree entrance angle; therefore many of the theoretical results 
also include numbers for prismatic materials with this specific 
intensity. 

As shown in Figure 1, which shows MOT values at various 
distances for prismatic sheeting with a specific intensity of 825 
cd/fc/ft2 and encapsulated lens sheeting with a specific intensity 
of 309 cd/fc/ft2, the minimum selected 60 MOT value for the 
prismatic sheeting material (825 cd/fc/ft2) corresponds to a 
detection distance of -1,390 ft or a spacing of -348 ft for the 
100 percent (ideal) efficiencies and windshield transmittance 
stated in the assumptions. For the encapsulated lens sheeting 
material the 60 MOT value is reached at -1,090 ft, which 
would correspond to a spacing of -273 ft for the 100 percent 
(ideal) efficiencies and windshield transmittance stated in the 
assumptions. If the spacing for encapsulated and prismatic 
sheeting materials were calculated with the assumption of a 
windshield transmittance of 0.7 and a retroreflector efficiency 
of 90 percent, then these distances would be about 86 to 88 
percent of the distances calculated Wlder the ideal conditions. 
Because it would be possible to place post delineators with 
prismatic sheeting material further apart than post delineators 
with encapsulated lens sheeting material while still fulfilling 
the minimum selected MOT value, it would seem that the 
prismatic sheeting is superior to the encapsulated lens sheeting 
material for post delineator applications. 

Three retroreflector heights were evaluated (34, 40, and 46 
in., measured from the surface of the road to the top of the 
retroreflective patch), and the MOT values were plotted against 
detection distance for both tangent (straight) and curve (2.6-
degree curvature, radius of 2,200 ft) sections of highway. Fig
ure 2 shows that at any given distance the MOT value is 
slightly higher for the 34-in. post delineator height than it is for 
the 40- or 46-in. post delineator height on both tangent and 
curved sections of highway. It should also be noted that as the 
retrorcflectivc patches arc mounted closer to the ground, 
shorter delineator posts, which require less material, may be 
used (a 40-in. reflector height with the reflector mounted 2 in. 
below the top of the delineator post will use about 8 percent 
less material than the 46-in. retroreflector height that is cur
rently used); however, other considerations, such as guardrail 
height, grass growth, snow, dirt and spray accumulation, make it 
inadvisable to decrease the retroreftector height below -40 in. 

Lateral offset values of 10, 12, and 14 ft (measured from the 
edge of the road) were investigated Figure 3 shows the MOT 
level at various distances for each of these three lateral offsets 
and for straight and curved sections (2.6-degree curvature, 
radius of 2,200 ft) highway. It can be seen that there is prac
tically no difference between the three lateral offset distances 
until the distance to the fourth delineator post is less than 400 
ft. However, the MOT values for distances less than 400 ft are 
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FIGURE 2 MOT versus distance for variable height and road geometry. 

greater than 200, and therefore any differences are of no great 
practical significance because the retroreftectors on the post 
delineators should be clearly distinguishable under all 
conditions. 

It might be noted that because lateral offset does not seem to 
influence the illuminance level at the driver's eyes near the 60 
MOT line, the spacing optimization that is carried out for four
lane divided highways might be generalized to include tangent 
sections of two-lane highways as well because the only dif
ference between the conditions for the two types of roadways 
would be the lateral offset. 

The photometric effect of changing the current dimensions 
of the retroreftective patch (3 in. in width by 6 in. in length) to a 
patch 1.5 in. wide and 12 in. long was investigated. This patch 
size allowed the use of the same amount of reflective area (18 
in.2) as well as posts of equal height. The calculations were 
done by dividing each retroreftector into four equally wide, 
independent horizontal, rectangular patches and determining 

the illumination at a driver's eyes for each separate patch. 
Thesums of the illuminations from these four equally wide 
patches, each with a different vertical centroid height above the 
road surface, were then plotted in Figure 4. It should be noted 
that although there is no practical difference in the MOT values 
at corresponding detection distances for the two different retro
reftector patches from an illumination or photometric point of 
view, there may well exist a difference from a driver's percep
tual point of view (see the results of the field evaluation). 

An evaluation of the spacings that have been or are presently 
being used by ODOT in conjunction with encapsulated lens 
sheeting material was made, with interesting results. Post delin
eator spacings of 400 and 528 ft were evaluated with a post 
delineator height of 40 in. (measured from the highway's sur
face to the top of the retroreflective patch), a 3 x 6-in. encapsu
lated lens retroreftective patch, 6052 low beams, lateral offset 
of 12 ft, and vehicle-driver dimensions for a 95th percentile 
man in a semitractor. The MOT for the first four retroreflectors 
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were then calculated for each of these two post delineator 
spacings. For a 0.99 transmissivity (clear conditions) and a post 
delineator spacing of 528 ft, the MOT values were 595 for the 
first post delineator, 69 for the second, 12.9 for the third, and 
only 3.6 for the fourth. 

With somewhat degraded atmospheric conditions (0.8946 
transmissivity), the MOT values show a further decline, with a 
MOT value of 203 for ihe first post delineator, 8.1 for the 
second, 0.5 (not visible under laboratory conditions) for the 
third, and 0 for the fourth post delineator. If the 400-ft spacing 
is evaluated in the same way, using a transmissivity of 0.99, the 
MOT value is 1,159 for the first post delineator, 185 for the 
second, 42.2 for the third, and 12.4 for the fourth. Once again, 
these values decline further for the degraded weather condi
tions (0.8946 transmissivity), with a MOT value of 511 for the 
first post delineator, 36.3 for the second, 3.7 for the third, and 
0.5 (not visible under laboratory conditions) for the fourth. The 
use of this retroreflective encapsulated lens sheeting material 
for a post delineator spacing of 528 or 400 ft clearly does not 
fulfill the chosen minimum MOT value of 60 and therefore is 
probably unsatisfactory from a driver visibility or detection 
point of view. 

If the post delineators equipped with encapsulated lens 
sheeting material were to fulfill the minimum MOT value of 
60, the posts could be no farther than 273 ft apart along tangent 
sections of highway for a transmissivity of 0.99, 6502 low 
beams, a 95th percentile man in a typical semitractor, lateral 
offset of 12 ft, retrorefiector height of 40 in., and a 3 x 6-in. 
patch. If the post delineators were equipped with prismatic 
sheeting material with a specific intensity of 825 cd/fc/ft2, then 
the retroreflectors could be placed 348 ft apart, and if they were 
equipped with prismatic sheeting material with a specific inten
sity of 1,483 cd/fc/ft2, then they could be placed 413 ft apart 
and still satisfy the minimum value of 60 MOT for a trans
missivity of 0.99 per 100 ft. 

Table 1 and Figure 5 show post delineator spacings at which 
a MOT value of 60 is obtained at the fourth post delineator for 
both left and right curves on four-lane highways for various 
curve radii and for three different retrorefiective intensities 
(309, 825, and 1,483 cd/fc/ft2 at a 0.2-degree observation angle 
and-4-degree entrance angle). Detection distance values could 
not be obtained for radii below 550 ft due to lack of beam 
pattern data for slightly positive vertical beam angles, com
bined with large horizontal beam angles, and collection of such 
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TABLE 1 SPACINGS FOR RIGHT AND LEFf HORIZONTAL 
CURVES 

Curve Radius Right Curve Left Curve 
(ft) Retroreftectotl Spacing (ft) Spacing (ft) 

3,000 EL 165 135 
Pl 195 160 
P2 221 188 

2,200 EL 145 125 
Pl 170 155 
P2 199 173 

1,800 EL 130 115 
Pl 160 141 
P2 190 162 

1,400 EL 120 110 
Pl 149 128 
P2 172 150 

1,000 EL 110 100 
Pl 128 113 
P2 141 130 

750 EL 95 90 
Pl 108 100 

550 EL 80 85 

Norn: Recommendations for four-lane divided highways, using encapsu
lated lens and prismatic sheeting materials as retrorellectors, vehicle-driven 
dimensions of a 95th percentile man driving a typical semitractor, and 0.99 
per 100 ft transmissivity. No data are available for curve radii smaller than 
550 ft due to lack of available candle power values for large horirontal 
angles and slightly positive vertical beam angles. 
a EL = encapsulated lens sheeting (silver), assumed specific intensity 309 

cd/fc/ft'l-; Pl =prismatic sheeting {silver), assumed specific intensity 825 
ed/fc/ft'l-; and P2 =prismatic sheeting (silver), measured specific intensity 
in field 1,483 cd/fc/f12. 

photometric data was beyond the scope of this study. In Table 1 
and Figure 5 it can be observed that with the exception of radii 
below 550 ft, the post delineator spacings for left curves are 
significantly shorter than those for post delineators for right 
curves, due to the geometric interaction of the driver-vehicle
retroreflector dimensions and the aim of the low beam pattern. 

Functional relationships for the spacing of post delineators 
on curves in four-lane highways with various radii were ob
tained for the three different retroreflective intensities. The 
main objective when formulating these relationships was to 
obtain a relatively good fit over the radius range from 550 to 
2,200 ft by fitting the curve to the 60 MOT detection distances 
(for the fourth delineator post location) for radii of 550, 750, 
1,000, 1,400, 1,800, 2,200, and 3,000 ft for left and right 
curves. However, no photometric data from the computer 
model exist to allow justification of the use of this relationship 
for spacings along curves with radii of less than 550 ft, there
fore an arbitrary minimum spacing of 20 ft for a 50-ft-radius 
curve, which is presented in both the Manual on Uniform 
Traffic Control Devices (1) and the Ohio Manual of Uniform 
Traffic Control Devices (3), was used. 

The relationships that exist between post delineator spacings 
and curve radii not only are different for different retroreflec
tive materials but also are different for left and right curves. 
However, to eliminate confusion that may result from the 
application of the different relationships for post delineator 
spacings along left and right curves, the relationships given for 
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four-lane highways have been fitted for each type of retro
reflective material so that they are adequate regardless of the 
direction of the curve. These relationships are as follows: 9.8 
(R-40)1/3 for encapsulated lens sheeting (309 cd/fc/ft2), 11.5 
(R-45)113 for prismatic sheeting material (825 cd/fc/ft2), and 
13.5 (R-47)113 for prismatic sheeting (1,483 cd/fc/ft2). These 
relationships can then be applied from a 50-ft radius (20-ft 
spacing) up to a radius value that provides spacings of 275 ft 
for encapsulated lens sheeting, 350 ft for prismatic sheeting at 
825 cd/fc/ft2, or 400 ft for prismatic sheeting at 1,483 cd/fc/ft2. 
The derived constants are to be considered tentative at this 
point and will change somewhat if other specific intensity 
values are used. However, the basic functional relationship of 
using a multiplicative constant to multiply the cube root of a 
difference appears to be quite robust. 

To test the accuracy of these relationships, the computer 
model was used to perform photometric calculations for a left 
curve with a radius of 10,000 ft. These calculations yield a post 
delineator spacing of 211 ft (201 ft using the appropriate 
formula given earlier) for the encapsulated lens sheeting, 227 ft 
(247 ft using the appropriate formula given earlier) for the 
prismatic sheeting at 825 cd/fc/ft2, and 257 ft (290 ft using the 
appropriate formula) for the prismatic lens sheeting at 1,483 cd/ 
fc/ft2. When these calculated post delineator spacings for a 
radius of 10,000 ft (0.6-degree curve) are compared with the 
distances obtained through the mathematical relationships, an 
error of only 5 percent is observed for the encapsulated lens 
sheeting, 9 percent for the prismatic sheeting at 825 cd/fc/ft2, 
and 13 percent for the prismatic sheeting at 1,483 cd/fc/ft2. 
Thus for a 10,000-ft-radius left curve, the difference is fairly 
small and is acceptable when it is considered that in deriving 
the multiplicative constant, the exponent, and the amount to be 
subtracted from the radius, trade-offs were made that kept the 
functional relationship fairly simple and minimized the error 
for curve radii between 550 and 3,000 ft (10.4-1.9 degrees of 
curvature) for which calculated 60 MOT detection distances 
were available. 

Table 2 shows post delineator spacings where 60 MOT 
detection distances for the fourth post delineator are obtained 
for radii ranging from 500 to 2,000 ft, two different trans
rnissivities, and left and right curves on two-lane highways. 
These spacings are compared with recommended spacings 
from Figure CD-5 of the Ohio Manual of Uniform Traffic 
Control Devices (3) in Figures 6 and 7. It should be noted that 
the spacings recommended by ODOT for curve radii greater 
than 1,000 ft are calculated from a formula given in the foot
note of Figure CD-5, which was to be used to calculate spac
ings of post delineators leading into and out of the curve. In 
Table 2 of this paper, it can be observed that in all cases the post 
delineator spacings for the left curves are significantly lower 
than those for the right curves. In fact, in Figure 6, which shows 
spacings for a right curve, it can be seen that the spacings 
recommended by ODOT are much shorter than the spacings 
required to obtain an illurninance level at a driver's eyes of 60 
MOT for any of the three types of material. However, if the 
spacings for the left curve in Figure 7 are examined, it can be 
seen that the spacings recommended by ODOT would not 
satisfy the 60 MOT value for the encapsulated lens material on 
curves with radii larger than 1,300 ft. 
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TABLE 2 FLEXIBLE POST DELINEAIDR SPACINGS FOR 
LEFT AND RIGHT CURVES ON TWO-LANE RURAL ROADS 

Retroreflector Transmissivity'l 

Radius EL EL Pl Pl P2 P2 
(ft) Curve 0.99 0.8946 0.99 0.8946 0.99 0.8946 

500 Right 88 92 
Left 

600 Right 99 85 103 92 112 100 
Left 81 76 

700 Right 107 113 123 
Left 87 

800 Right 113 122 133 
Left 91 101 

900 Right 116 129 143 
Left 94 107 120 

1,000 Right 121 135 152 
Left 97 112 

2,000 Right 168 141 185 155 205 i65 
Left 116 93 153 108 166 124 

aEL = encapsula1ed lens sheeting al 309 aJ/fc/fL'-; Pl =prismatic sheeting 
al 825 cd/fc/ft2; and P2 = prismatic sheeting at 1,483 cd/fc/Jt2. 0.99 = 
transmissivity of 0.99 per 100 ft (clear); 0.8946 = transmissivity of 0.8946 
per 100 ft (1 in. of rain per hour or light fog). 

Because the illumination values are dependent on the curve 
radius and the type of retroreflective material, it is once again 
necessary to present mathematical relationships from which 
post delineator spacings can be calculated for various curve 
radii. However, it should be noted that a curve on a two-lane 
highway that is approached as a right curve while traveling in 
one direction will be approached as a left curve when traveling 
in the opposing direction. If these post delineators are placed 
only on the outside edge of the curve, the same delineators 
(bidirectional) will be used by motorists approaching the curve 
from either direction. To provide a satisfactory visual stimulus 
to a driver who approaches the curve from either direction, it is 

necessary to use the mathematical relationships that yield the 
shortest spacings. 

The functional relationships for the spacing of post delinea
tors on curves along two-lane rural highways were obtained in 
the same manner as for the four-lane divided highways. These 
relationships were based on a minimum arbitrary spacing of 20 
ft for a 50-ft-radius (114 degrees of curvature) curve and 60 
MOT detection distances (at the fourth post delineator location) 
obtained for left curves for the radii shown in Table 2. For all 
curves on two-lane highways the mathematical relationships 
are 10 (R-43)113 for encapsulated lens sheeting, 11.5 (R-44)1/3 
for prismatic sheeting at 825 cd/fc/ft2, and 13 (R-46)1/3 cd/fc/ft2 
for prismatic sheeting at 1,483 cd/fc/ft2. 

Photometric calculations that were carried out with the com
puter model for a curve with a 10,000-ft radius resulted in 
flexible post delineator spacings of 181 ft for encapsulated 
sheeting material, 208 ft for prismatic sheeting at 825 cd/fc/ft2, 
and 241 ft for prismatic sheeting at 1,483 cd/fc/ft2. These 
compare with spacings of 215 ft for encapsulated lens sheeting 
material, 247 ft for prismatic sheeting material at 825 cd/fc/ft2, 
and 280 ft for prismatic sheeting material at 1,483 cd/fc/ft2 
calculated from the mathematical relationships. No pho
tometric data from the computer model are available to justify 
the use of these mathematical relationships for curve radii of 
less than 500 ft. Although the differences of 19 percent, 19 
percent, and 16 percent that exist between the results from the 
computer model and the mathematical relationships for a curve 
radius of 10,000 ft seem rather large, they may be acceptable 
given that most curves on two-lane rural highways fall within a 
range of radii from 200 to 2,000 ft [28.6 to 2.8 degrees of 
curvature; see Zwahlen (9)]. 

TANGENT SECTION FIELD DEMONSTRATION 
AND EVALUATION RESULTS 

A small-scale field demonstration and evaluation was con
ducted with ODOT and FHWA personnel. The 10 test sections 
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were on highways 50 and 32 west of Athens, Ohio, in Athens 
and Meigs counties. Test section A used post delineators with 6 
x 3-in. retrorefiectors made of encapsulated lens sheeting ma
terial and a longitudinal spacing of 275 ft. Test section B was 
equipped with post delineators with 12 x 1.5-in. encapsulated 
lens sheeting material retror.efiectors and a longitudinal spacing 
of 275 ft Post delineators with 12 x 1.5-in. retrorefiectors 
made of enclosed (embedded, engineering grade) lens sheeting 
and a spacing of 275 ft were used at test section C, while test 
section D had post delineators with 6 x 3-in. retrorefiectors 
made of prismatic sheeting material and a spacing of 350 
ft. Test sections E and F were equipped and post delineators 

with an 18 x 1-in. silver prismatic retrorefiector and two black 
6--in. strips near the top of the post slanted at a 30-degree angle 
on the front of each post and an 18 x 1-in. red retrorefiector on 
the back. The two black 6--in. strips were slanted away from 
the road in test section E and toward the road in test section F. 
The post delineators on test sections E and F were spaced 350 ft 
apart. The post delineators on test section G had 12 x 1.5-in. 
retrorefiectors made of prismatic sheeting material and were 
spaced 350 ft apart. Test section H was equipped with post 
delineators with 12 x 3-in. encapsulated lens retrorefiectors 
and were spaced 350 ft apart. Test section I used post delinea
tors with 24 x 3/4-in. silver prismatic retrorefiectors and two 
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black 6-in. strips near the top of the post. The strips 
were slanted 30 degrees toward the highway on the front. These 
post delineators were spaced 350 ft apart. Post delineators with 
18 x 1-in. prismatic retroreflectors and two black 6-in. strips 
near the top of the post slanted 30 degrees toward the highway 
on the front were used on test section J and were spaced 350 ft 
apart. Each test section contained approximately 10 flexible 
delincator posts. All posts were 42 in. high (measured from the 
pavement edge to the top of the retroreflective delineator post) ' 
and 12 ft away from the right-hand pavement edge. On the 
basis of field measurements, the encapsulated lens sheeting had 
a specific intensity of about 296 cd/fc/ft2 at a 0.2-degree obser
vation angle and -4-degree entrance angle. The enclosed lens 
sheeting had a specific intensity of -95 cd/fc/ft2 at a 0.2-degree 
observation angle and -4-degree entrance angle. The prismatic 
sheeting had a specific intensity of about 1,483 cd/fc/ft2 at a 
0.2-degree observation angle and -4-degree entrance angle. 

During the demonstration, 13 ODOT and FHWA employees 
evaluated the 10 test sections at night. The first evaluation run 
in a passenger automobile was with low beams, while the 
second evaluation run was with high beams. For each run, a 
two-page Post Delineator Rating Form was filled out. The 
results of this small evaluation indicated that sections E and F 
(prismatic sheeting, 18 x 1-in. vertical silver strip, 350-ft 
spacing) were subjectively judged to be the best from the 
appearance and guidance viewpoint. This type of retroreflector, 
with dimensions of 18 x 1 in., seems to provide drivers with an 
excellent shape cue, an excellent distance estimation cue, and 
an excellent guidance cue. The bottom of this patch is still at 
least 22 in. above the pavement surface when the top of the 
patch is 40 in. above the pavement surface and is therefore very 
functional in the road environment. A vertical strip of 18 x 1 in. 
would also allow the design of a narrower post that would be 
subject to less wind stress and might result in an additional post 
material savings of up to 12 percent. 

The least satisfactory post delineator configuration was the 
enclosed lens material 12 x 1.5-in. vertical silver strip with a 
275-ft spacing. The results were very similar for high beams 
and for low beams. Sections E and F were between two inter
sections, and the post delineators had a red 18 x 1-in. vertical 
prismatic sheeting strip on their backs as a means to warn 
motorists that they were driving in the wrong lane. On the basis 
of the evaluation results, such a red strip would help consider
ably, especially during a dark night or a wet dark night or on a 
snow-covered road, to inform drivers that they were in the 
wrong lane and going in the wrong direction. In addition, 
sections E, F, I, and J had post delineators with a black and 
white pattern (two black diagonal bands, each 6 in. wide, and 6 
in. apart, starting 1 in. below the top, slanted at a 30-degree 
angle toward the road). On the basis of the evaluation results, 
such a contrast pattern was judged to be useful during the 
daytime and in snow. 

CONCLUSIONS 

Post delineator placement and spacing recommendations for 
tangent sections and left and right curve sections of two-lane 
and four-lane highways have been derived on the basis of 
explicit procedures, calculations, and visual detection assump
tions. This analytical optimization was used to determine a 
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preferred retroreflector height of 42 in. (measured from the 
pavement surface to the top of the post). No practical dif
ferences were found between lateral offsets of 10, 12, and 14 ft. 
Therefore, if it is beneficial to place the posts at any given 
distance between 10 and 14 ft from the pavement edge of the 
right lane (to minimize damage during repaving, shoulder re
habilitation operations, or snow removal), such a lateral offset 
is acceptable. 

To minimize the number of post delineators per mile, retro
refiective sheeting should be made of prismatic material and 
should measure 18 x 1 in. The top of the sheeting strip should 
be no more than 2 in. below the top of the post. An 18 x 1-in. 
red retrorefiective prismatic sheeting strip should be placed on 
the back side of the five post delineators closest to an intersec
tion on both sides of a four-lane highway as a wrong way 
indicator. If the post delineator is to be placed in a geographic 
region where snow is common, then a black and white pattern 
(two black diagonal bands, each 6 in. wide, and 6 in. apart, 
starting 1 in. below the top of the post, slanted at a 30-degree 
angle toward the road) should be used to enhance contrast and 
delineation against a white, snow-covered background 

Along tangent sections of highways the post delineators 
should have a longitudinal spacing of 275 ft for encapsulated 
sheeting material with a specific intensity of 309 cd/fc/ft2, 350 
ft for prismatic sheeting material with a specific intensity of 
825 cd/fc/ft2, and 400 ft for prismatic sheeting with a specific 
intensity of 1,483 cd/fc/ft2• The recommended spacing of the 
post delineators along curve sections of a four-lane divided 
highway and the recommended spacing of the bidirectional 
post delineators (with 18 x 1-in. sheeting strips on both the 
front and the back of the delineator post) along curve sections 
of a two-lane highway should be calculated by using the mathe
matical relationships that were previously presented for each 
type of retrorefiective sheeting material. These mathematical 
relationships have the general form of a constant multiplied by 
the cubed root of the curve radius minus some constant. Be
cause the optimization results of this study are based primarily 
on visibility calculations and because the recommendations for 
the shape of the retrorefiective strip, the red retrorefiective 
sheeting strip on the back of posts near intersections, and the 
black diagonal bands for contrast enhancement in snow have 
not yet been fully evaluated from a driver performance a."ld 
safety point of view, it is recommended that further, more 
comprehensive field validation studies be conducted before 
these recommendations are implemented. 
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Effect of Bridge Lighting on Nighttime 
Traffic Safety 

MICHAEL 5. JANOFF 

Extensive research has indicated the existence of adverse neu
rological effects of flickering or rhythmic lights, referred to as 
photic stimulation. Although regularly flickering light rarely 
exists for more than a few seconds in the natural environment, 
some types of artificial lighting, such as that found on long 
bridges or in long tunnels, can provide a photic stimulation for 
a sufficient time (I.e., minutes) to cause such adverse effects. 
These effects, theoretically, could result in an increase In night
time traffic accidents. About 20 years ago, a few highway 
agencies began to design and install low-mounted, lineal-type 
lighting systems-almost all of which produce a fllcker--<>n a 
number of bridges under the assumption that such lighting 
was an improvement over conventional lighting systems. This 
assumption was never validated. One such Installation was the 
San Mateo Bridge over San Francisco Bay. Theoretically, the 
length of this bridge should provide sufficient exposure to this 
lighting to induce the adverse neurological effects. The avail
ability of detailed accident records for the San Mateo Bridge 
provided a basis for determining whether the nighttime safety 
on this bridge was in any way related to the amount of time a 
motorist was exposed to this lighting system. The analyses of 
the accident data have shown that the nighttime safety on the 
bridge has been adversely affected by the lineal lighting, that 
the effect occurs after only about 3 min exposure to the lineal 
lighting, and that replacement of this type of lighting with 
conventional overhead lighting promotes a safer nighttime 
traffic environment. 

Laboratory research as early as the 1930s revealed the exis
tence of adverse neurological effects of flickering or rhythmic 
lights (photic stimulation). Such effects can include somatic, 
mental, and emotional changes ranging from mild physical 
discomfort or drowsiness up to complete loss of consciousness 
(1-3). AHhough regularly flickering light rarely exists for more 
than a few seconds in the natural environment, some types of 
artificial lighting, such as that found on long bridges or in long 
tunnels, can provide such a photic stimulation for a sufficient 
time (i.e., minutes) to cause these adverse effects. These 
effects, theoretically, could result in an increase in the fre
quency of nighttime traffic accidents. 

The Illuminating Engineering Society (IES) has reported that 
in tunnels, the effects of flicker may produce undesirable be
havioral sensations that in extreme cases include dizziness, 
drowsiness, queasiness, or seemingly hypnotic states in motor
ists and have caused seizures in people who have convulsive 
disorders (4). Lott has summarized the critical ranges of fre
quencies that produce these adverse effects and hence should 
be avoided in tunnel lighting designs: 5 to 10 cycles per second 
(5). 

JMJ Research, P.O. Box 144, Newtown, Pa. 18940. 

On bridges, about 20 years ago, a few highway agencies 
began to design and install low-mounted, lineal-type lighting 
systems-almost all of which produced a flicker. The assump
tion was that such lighting provided better illumination and 
delineaLion than could be provided by conventional overhead 
lighting, was more glare-free than conventional lighting sys
tems, provided superior visibility, and ultimately, should 
provide a safer nighttime environment (6, 7). However, such 
hypotheses were never validated. 

One such installation was the San Mateo Bridge over San 
Francisco Bay. For over 20 years, this bridge has had a low
mounted, lineal lighting system that produces a noticeable 
flickering light (6). In theory, the length of this bridge (about 7 
mi) provides sufficient exposure to this lighting to induce the 
adverse neurological effects described previously. 

The availability of detailed accident records for this bridge, 
covering 7 years (1976 to 1982), provided a basis for determin
ing whether the nighttime accident frequency on this bridge 
was in any way related to the amount of time that a motorist 
was subjected to the lighting system. If the nighttime safety on 
the bridge decreased in proportion to the time spent on the 
bridge, given that all other factors were controlled or accounted 
for, it would provide additional proof in an actual traffic en
vironment of the original laboratory research. 

In addition, because the lineal lighting on part of the bridge 
was later changed to a conventional pole-mounted system, an 
opportunity was available for a before-after accident analysis to 
determine the effect of this lighting change on nighttime safety. 

DESCRIPTION OF SAN MATEO BRIDGE 

The San Mateo Bridge is a multilane span, - 7 mi long, divided 
into two sections: a 5-mi level causeway section with two 
traffic lanes in each direction and a 2-mi raised section with 
three lanes in each direction. A medial barrier, 30 in. high, 
separates eastbound and westbound traffic. Average speeds on 
the bridge are 50-60 mph, similar to a limited access divided 
highway. The surface is portland cement. 

DESCRIPTION OF LINEAL LIGHTING SYSTEM 

The original lighting system, installed -1966, consisted of 10-
ft-long lineal fixtures containing 8-ft fluorescent aperture 
lamps. The remainder of each fixture contained the ballast. The 
fixtures were arranged end to end and mounted on the top of the 
medial barrier. The average horizontal illuminance on the 
causeway part of the bridge was -1.25 fc with a uniformity (av/ 
min) of about 1.7:1. On the raised part the values were about 
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1.0 fc and 5: 1 uniformity. The lighting on this part of the bridge 
was changed in 1979 to a conventional pole-mounted high
pressure sodium (RPS) system, with average illumination over 
2 fc. 

The lineal lighting system used on the San Mateo Bridge 
generates a light pulse every 10 ft. At 55 mph (81 ft/sec), the 
pulse rate, or flicker, is 8 cycles per second. This flicker is very 
noticeable in the visual periphery, especially to drivers in the 
leftmost lane, closest to the lighting system. The flicker rate is 
in the center of the frequency range that should be avoided in 
lighting installations, according to the work of Lott (5). 

FIRST ANALYSIS: EFFECT OF LINEAL LIGHTING 
ON SAFETY 

Dependent Factors 

The dependent factors chosen for the first analysis were the 
frequency of nighttime and daytime accidents, the night-to-day 
accident ratios, and the percentage of nighttime accidents. 
These factors were analyzed using accident data for the period 
1976-1982 from the 5-rni causeway section of the bridge. 

Objective 

The overall goal of this first analysis was to determine the 
change, if any, in the preceding safety factors as a function of 
the length of time that a motorist drives under such lineal 
lighting. Because the volume on the bridge is constant over its 
entire length and the analysis of daytime accidents would 
account for any effects of the length of the bridge itself, 
excluding the lighting, it was felt that any change in safety at 
night would be attributed to the effects of the lighting system. 

Analysis 

To meet the stated goal, all accidents were classified by 

• Light condition (day or night); 
• Location on the causeway part of the bridge (mile 

marker); and 
• Date (year). 

The data for these three classifications were taken from acci
dent report summaries obtained from the state of California. 
The statistic "accidents per mile" (APM) was computed for 
each of the five 1-rni sections of the causeway for each direc
tion of traffic separately and for the entire 7-year period. The 
nighttime data are illustrated in Figures 1 and 2, and the 
daytime data are illustrated in Figure 3. 

Results 

Accidents per Mile 

APM for the first and last miles of travel for both directions of 
travel and for both day and night were used for this analysis. 
The data are illustrated in Table 1. 

It is quite evident that for both day and night, in both 
directions of travel, the APM are greater for the last mile than 
the first. However, the nighttime increases, as illustrated in 
Table 1 (+85 percent and +175 percent for eastbound and 
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TABLE 1 ACCIDENTS PER MILE, DAY VERSUS NIGJIT 

Location 

Light First Last Change 
Direction Condition Mile Mile (%) 

Eastbound Day 31 33 +6 
Night 13 24 +85 

Westbound Day 15 22 +47 
Night 8 22 +175 

e 
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westbound, respectively), are much greater than the daytime 
increases (+6 percent and +47 percent, respectively). This dif
ference indicates a substantial decrease in safety at night be
tween the first and last mile of travel. 

Night-to-Day APM Ratios and Percentage of Nigh/ APM 

Combining the night and day accidents per mile into night-to
day ratio (NDR) and percentage of night accidents (PNA), 

night accidents per mile 
NDR = --------

day accidents per mile 

Night accidents per mile 
PNA = -----------

Day + night accidents per mile 

(1) 

(2) 

which are considered to be better indicators of nighttime safety, 
yields the data in Table 2. It is again evident that both factors 
increase substantially (between 40 and 89 percent), indicating a 
decrease in nighttime safety between the first and last miles of 
travel for both directions of traffic. 

TABLE 2 NIGHT-TO-DAY AND NIGHT 
PERCENTAGES 

Location 

First Last 
Direction Mile Mile 

Eastbound 
Night-to-day 0.42 0.73 
Night percentage 0.30 0.42 

Westbound 
Night-to-day 0.53 1.00 
Night percentage 0.35 0.50 

Summary 

Change 
(%) 

+72 
+40 

+89 
+43 

The preceding analysis has shown that the nighttime safety on 
the San Mateo Bridge noticeably decreased, in both directions 
of travel, between the first and last 1-mi sections of the bridge. 
Because volume and environmental conditions such as weather 
are all constant over the entire length of the bridge and the 
increase in daytime accidents between first and last mile is far 
less than the increase at night (both directions); it is concluded 
that the lighting system, with its pronounced flicker, is the 
primary cause of this decrease in safety. 

For both directions of travel, the nighttime safety does not 
decrease until the motorists have traveled at least 3 mi under 
such flickering lights. This is evident from the shape of the 
curves presented in Figures 1 and 2, which are fiat until the 
fourth mile of travel in both directions. Hence the effect of the 
flicker is not evident until a driver has been exposed to it for 
about 3 min. The equivalent daytime results (Figure 3) show 
negligible change in APM over the 5-mi length in both 
directions. 

The implication of the first result is that it is quite possible 
that the flicker produced by the low-mounted lineal lighting is 
inducing adverse neurological effects that cause a loss of driver 
control and result in this increase in nighttime accidents. The 
second result implies that the adverse effects will not occur 
instantaneously but require some minimum amount of driver 
exposure to such lighting before they become evident. 
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SECOND ANALYSIS: EFFECT OF LIGHTING 
CHANGE ON NIGHTTIME SAFETY 

Dependent Factors 

The dependent factors chosen for the second analysis were the 
frequency of nighttime and daytime accidents, the daytime and 
nighttime accident rates, the night-to-day accident ratios, and 
the percentage of nighttime accidents. 

Objective 

The overall goal of this analysis was to determine the effect of 
the lighting modification on the nighttime safety of motorists 
traveling that part of the bridge where the lighting was modi
fied (referred to in the remainder of this paper as the changed 
section) and on the section where the lighting remained lineal 
(unchanged section). 

Analysis 

To meet the preceding goal, accident and volume data for 
1976-1982 were obtained, and all accidents were classified by 

• Time (date of occurrence, before or after), 
• Location on bridge (changed or unchanged part), and 
• Light condition (day or night). 

Because the lighting modifications occurred in 1979, this year 
was excluded from the analysis. This was done because the 
exact completion date of the modification was unknown and 
because the effect of the actual lighting construction on traffic 
and safety could not be quantified. The remaining data (6 years, 
1976-1978 and 1980-1982) were then classified as just de
scribed to yield eight distinct classifications or cells: two times 
(before or after); two locations (changed or unchanged); and 
two light conditions (day or night). 

Accident frequencies and accident rates (frequency/volume) 
were computed for each of the eight cells. Additionally, night
to-day accident ratios and percentage of night accidents were 
computed for the four combinations of location and time. The 
results are discussed in three parts: effect on accident frequen
cies, effect on accident rates, and effect on night-to-day acci
dent ratios and percentage of night accidents. 

Results 

Accident Frequencies 

The accident frequencies for each of the eight cells are sum
marized in Table 3. From these data it can easily be seen that on 
the changed part of the bridge, 

• Night accidents decreased 21 percent and 
• Day accidents increased 43 percent; 

and on the unchanged part of the bridge, 

• Night accidents increased 74 percent and 
• Day accidents decreased 3 percent. 

These changes indicate an increase in nighttime safety on the 
changed portion while safety was decreasing at night on the 
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TABLE3 ACCIDENT FREQUENCIES 

Light 
Location 

Condition Changed Unchanged 

Before Day 41 106 
Night 28 39 

After Day 59 103 
Night 22 68 

Change(%) Day +43 -3 
Night -21 +74 

unchanged part (the "control" section) and safety was decreas
ing during the daytime on the changed part. 

Accident Rates 

The average annual daily traffic (AADT) on the bridge rose by 
18 percent between the before and after time periods (both day 
and night). Thus if after accident frequencies are divided by 
1.18, the effect of the volume change is eliminated. 

Adjusting the "after" data in Table 3 in the manner just 
described yields the data in Table 4. From these data it can be 
seen that on the changed part of the bridge, 

• Night accident rates decreased 32 percent and 
• Day accident rates increased 22 percent; 

and on the unchanged part of the bridge, 

• Night accident rates increased 49 percent and 
• Day accident rates decreased 18 percent. 

TABLE 4 VOLUME ADJUSTED ACCIDENT 
FREQUENCIES (ACCIDENT RATES) 

Light 
Location 

Condition Changed 

Before Day 41 
Night 28 

After Day 50 
Night 19 

Change(%) Day +22 
Night -32 

Unchanged 

106 
39 
87 
58 

-18 
+49 

Again, these changes indicate an improvement in nighttime 
safety on the changed part of the bridge while safety was 
decreasing on the unchanged part. During the daytime on the 
changed part, safety was also decreasing. 

Night-to-Day Accident Ratios and Percentage of Night 
Accidents 

Tables 5 and 6 summarize the NDR and PNA computations. It 
is obvious that on the changed part of the bridge, 

• NDR decreased 46 percent and 
• PN A decreased 34 percent; 

TABLE 5 NIGHT-TO-DAY ACCIDENT 
RATES 

Before 
After 

Change(%) 

Location 

Changed 

0.68 
0.37 

-46 

Unchanged 

0.37 
0.66 

+78 

TABLE 6 PERCENTAGE OF NIGHT 
ACCIDENTS 

Location 

Changed Unchanged 

Before 0.41 0.27 
After 0.27 0.40 

Change(%) -34 +48 

while on the unchanged part, 

• NDR increased 78 percent and 
• PN A increased 48 percent. 
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Both of these results indicate that the modification from lineal 
lighting to conventional overhead lighting improved the night
time safety on the changed part of the bridge, whereas on the 
unchanged part a decrease in safety occurred. 

Summary 

This second analysis has shown that the nighttime safety on the 
changed part of the San Mateo Bridge improved when the 
lighting system was modified from rail-type lineal fluorescent 
fixtures to conventional pole-mounted, high-pressure sodium. 

SUMMARY AND INTERPRETATION OF RESULTS 

The analyses have provided two major results. First, the night
time safety of motorists on the part of the San Mateo Bridge 
that retained the rail-type lineal lighting decreases after -3 min 
exposilre to such lighting. Second, when the lineal lighting was 
replaced by a conventional pole-mounted lighting system on 
part of the bridge, the nighttime safety improved on that part, 
whereas the nighttime safety decreased on the part that retained 
the lineal lighting. 

The implication of the first result is that the lineal lighting, 
with its noticeable flicker, is causing this decrease in nighttime 
safety. The second result reinforces this interpretation because 
the nighttime safety improved substantially when the lineal 
lighting was replaced by a conventional pole-type system on 
part of the bridge. 

Returning to the original hypothesis concerning the adverse 
neurological effects of such flickering light, it definitely ap
pears possible that the decrease in safety results from neu
rological disorders caused by the flicker, compounded by the 
considerable light blockage and resulting shadow patterns 
caused by trucks and buses in the left lane. An alternative 
hypothesis is that the lineal lighting system itself, instead of the 
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TABLE 7 STATISTICAL ANALYSES (CIB SQUARE 
TESTS) 

Signif-
Light icance 
Condition Location Factor Level 

First Analysis 

Direction 
East or Night First vs. APM ns 

west last 
East Night First vs. NTD 0.08 

last 
West Night First vs. NTD 0.02 

last 

Second Analysis 

Time 
Before Night Changed Accident 0.05 

and and un- fre~ 

after changed quency 
and rate 

Before Day and Changed Accident 0.05 
and night and un- fre-
after changed quency 

and rate 
Before Day and Changed NTD 0.001 

and night and un-
after changed 

flicker, may be inducing the decrease in nighttime safety be
cause of its design (i.e., light emanates from the side rather than 
above, as in all other driving situations, including daylight). 
Although this is an interesting hypothesis, there is no way of 
easily testing it. In any case, it is obvious that it is the lineal 
lighting that is causing the decrease in nighttime safety, for 
whatever reason. 

A last suggested hypothesis is that the increase in illumi
nance provided by the newer HPS system is the sole cause of 
the increase in nighttime safety and that the lineal system was 
unsafe only because it did not provide sufficient light. If this 
hypothesis were true, then the graphs of nighttime accident 
frequency per mile illustrated in Figures 1 and 2 would be flat. 
Clearly, both of them increase at almost the same point (i.e., at 
3 mi), indicating a time-dependent effect. This effect would be 
expected to result from a flicker but not from lighting alone. In 
addition, Box (8) has found that some increase in lighting 
(about 0.3 to 0.6 fc) increases nighttime traffic safety but that 
further increases do not. It should be noted that both the lineal 
and HPS systems have averages above Box's values. Finally, 
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Janoff (9) found a direct relationship between average illumi
nance and nighttime safety: as the average illuminance in
creased, so did the nighttime accident rate. It is therefore felt 
that this last hypothesis is false. 

IMPLICATIONS AND RECOMMENDATIONS 

The implication of the preceding analyses and results is that 
bridge and tunnel lighting designers should avoid the lineal 
type of lighting system with luminaire configurations that pro
duce such a noticeable flicker, especially for long bridges and 
tunnels. On the basis of the results presented by Lott, the 
critical range of flicker that should be avoided is 5-10 c/s. 

STATISTICAL ANALYSES 

The results of the statistical analyses for both analyses arc 
presented here (Table 7). In general, for both analyses, the 
changes in simple accident frequencies, rates, and accidents per 
mile (APM) were often not significant, but the changes in 
night-to-day ratios, which are considered to be better indicators 
of nighttime safety, were always significant. 
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Driver Decision Making at 
Traffic Signals 

RICHARD VAN DER HORST 

The driving task at signalized road intersections is simplified 
substantially over that at nonsignalized ones. At the guid11nce 
level, the decision-making process consists mainly of the 
stopping/nonstopping decision at the moment that the signal 
changes from green to yellow. Most red light running offenses 
appear to be related to this particular moment. The results of a 
1-year before-and-after behavioral study in the northern part 
of the Netherlands demonstrate that a yellow interval of appro
priate length (4 s for SO km/hr and S s for 80 km/hr intersec
tions) cuts the number of red light violations in half. Compared 
with fixed time control, vehicle-actuated signal control leads to 
a 1-s shift in the probability of stopping with respect to the 
potential time to the stopline at the onset of yellow, lllustratlng 
the role of driver expectancy in decision making. Through a 
comparison of these results with observed behavior at draw
bridges and signalized railway grade crossings without gates, it 
is concluded that the absence of a separate yellow interval at 
railway grade crossings and drawbridges is disadvantageous. 
For all situations, a uniform stop signalization should be imple
mented. This signalization should consist of a steady red signal 
preceded by a yellow interval that is properly designed to serve 
the driver adequately in normal driving as well as to meet 
minimal driver needs In deteriorated circumstances. 

For task analysis purposes, the driving task is generally divided 
into three performance levels: control, guidance, and naviga
tion (1). In terms of the relationship with other traffic, the 
driving task at the guidance level for signalized road intersec
tions is considerably simplified compared to that for nonsig
nalized intersections. However, at signalized intersections the 
road user has to deal with other tasks, such as processing 
information from traffic control signals. One of the important 
behavioral aspects of the driver's task is the decision whether to 
stop or to proceed when the signal changes from green to 
yellow and then to red. In an earlier study an optimal setting of 
the yellow interval was evaluated, and it was demonstrated that 
the type of signal control system (fixed time versus vehicle 
actuated) influences driver expectancy in this decision-making 
process (2). 

The same kind of decision making is demanded when a 
driver approaches a drawbridge or a railway grade crossing at 
the onset of the red signal. The main difference in signalization 
in these cases, compared with roadway intersections, is the 
absence of a separate yellow interval. In this paper, by using the 
results of three studies dealing with driver decision making at 
road intersections, drawbridges, and railway grade crossings, it 

TNO Institute for Perception, P.O. Box 23, 3769 ZG Soesterberg, the 
Netherlands. 

will be argued that at least part of the problem of running red 
lights can be solved by applying simple measures. 

STOPPING OR NONSTOPPING 

The Traffic Rules and Traffic Signs Law in the Netherlands 
distinguishes among traffic control signals at road intersections, 
railway grade crossings, and drawbridges. In all these situa
tions the required reaction to the red signal (either steady or 
flashing) is quite unambiguous, namely, "stop." At road inter
sections the red signal is always preceded by a yellow signal, 
which, as the law states, means "Stop; but those drivers who 
are close enough to the intersection that they are not reasonably 
able to stop may proceed." 

The rationale for the yellow interval is, in principle, to 
prevent vehicles that are within a given (short) distance of the 
intersection from inevitably running through the red signal. At 
drawbridges the signal changes from off to steady or flashing 
red. This change is sometines preceded by prewaming flashing 
amber signals at a given distance. At railway grade crossings 
the signal changes either from off (at railway crossings with 
gates) or from flashing white (at railway crossings without 
gates) to two signal heads alternately flashing red. The absence 
of a yellow phase at these stops is questionable, and the precise 
meaning of the flashing of a red signal can be questioned as 
well. 

When the signal changes from green to yellow at a road 
intersection, a decision is demanded. The criterion for this 
decision (the distance within which it is not reasonable to stop) 
is not very precise, and for that reason it is subject to dif
ferences in interpretation. Although the yellow phase is absent 
at railway grade crossings and drawbridges, the decision
making process itself is not very different. Factors that may 
influence this process involve the driver's motivation and atti
tude, the amount of predictability of the situation, the estimate 
of the consequences of not stopping (likelihood of running red 
and getting a fine or of getting involved in a conflict with 
intersecting traffic or a collision with the grade crossing gate), 
and the estimate of the consequences of stopping (discomfort, 
waiting time, likelihood of a read end collision or that braking 
will end in a stop within the intersection). Evaluating these 
factors also involves the driver's estimates of the required 
deceleration on the basis of the speed and distance to the stop 
line and the expectations of the duration of the yellow phase 
and the all-red period (or the time left until the gates close or 
the train arrives). 

All of this discussion is based on the premise that the signals 
are implemented and positioned to be visible in due time for the 
approaching driver to make a decision. Also, the behavior of 
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other road users may influence the decision making. An exam
ple is the so-called "mitschleppeffekt," in which a nonstopping 
leading automobile influences the following automobile to con
tinue as well (3, 4). 

SIGNALIZED ROAD INTERSECTIONS 

So that the decision-making processes at road intersections, 
drawbridges, and railway grade crossings can be compared, the 
results of the road intersection study with respect to the timing 
of the yellow signal and the type of traffic control strategy will 
be discussed briefly. More detailed information can be found 
elsewhere (2, 5). 

Duration of the Yellow Interval 

Extensive literature is available regarding the timing of the 
yellow interval. From an explorative study on the extent of the 
problem of red light running (6) and from a review of the 
literature on measures related to traffic signal control (5), it was 
concluded that the optimum yellow timing was 4 s of yellow 
for 50 km/hr intersections and 5 s for 80 km/hr intersections. 
Compared with current values in the Netherlands, this means 
that the duration of the yellow interval should be extended by 1 
s to serve the driver appropriately in normal driving conditions 
and to meet minimum driver needs in deteriorated 
circumstances. 

With this change in yellow timing the number of run red 
offenses would be reduced considerably, simply because 1-s 
prolongation of the yellow is not expected to change the 
drivers' behavior. Furthermore, more consistent decision mak
ing (in the sense that "emergency-type" braking and swerving 
are not needed anymore) might also be beneficial to traffic 
safety. On the other hand, the yellow time should not be longer 
than recommended because the stopping driver has to be "re
warded" with red (confirmation of appropriate behavior) and 
because an overlong yellow time might lead to greater vari
ability in the decision making, resulting, for example, in an 
increase of the number of rear end collisions. Evidence for the 
latter has been found in literature on the safety effects of 
flashing green (3, 7). 

Because the system is better adapted to "normal" behavior, 
enforcement measures might be much more effective. First, the 
group of off enders is expected to be much smaller, and second, 
the beginning of red no longer functions as a "necessary" 
extension of the yellow. 

A 1-s extension of the yellow was evaluated in a 1-year 
before-and-after study in both urban and rural locations. All 
locations were provided with vehicle-actuated signal control. In 
the city of Leeuwarden, which has 23 signalized intersections, 
the yellow interval was changed from 3 to 4 s. The change was 
made without shortening the all-red time so that possible inter
fering effects would be prevented. The behavior of automobile 
drivers was observed at four selected intersections and was 
then analyzed quantitatively from time-lapse video recordings. 
The cameras recorded about 15,000 traffic signal cycles, in 
which 7,000 "deciding" vehicles (those nonstopping plus the 
automobiles that stopped first after the beginning of the yellow) 
were registered. The extension of the yellow interval at rural 
intersections from 4 to 5 s was evaluated on a rural route to 
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Leeuwarden that had seven signalized intersections. At two 
intersections the behavior of about 3,000 deciding vehicles was 
observed for about 4,500 traffic signal cycles. Details about 
method, procedure, and quantitative analysis may be found 
elsewhere (2, 8). 

One year after the timing was changed, the number of run
red offenses at urban intersections appears to have been halved, 
from 1.1 to 0.5 percent of the total number of vehicles and from 
13.4 to 6.7 percent of the number of deciding vehicles. At rural 
intersections the same reduction was achieved. The proportion 
of nonstopping automobiles with a stop line-passing time 
(TPS) greater than or equal to a given time t after the onset of 
yellow (Figure 1) shows a small shift of about 0.13 s for the 
urban intersections (Dmax = 6.0, Kolmogorov-Smimov test, 
one-tailed, p < 0.01). Results for the "between" period (6 
months after the extension of the yellow) differ by this same 
amount from the "before" period, hut the helWeen period does 
not differ significantly from the 1 yr after period. At rural 
intersections, no significant difference was found between the 
before and 1 yr after periods. 
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FIGURE I Proportion of the nonstopplng cars 
with TPS ~ t after the onset of the yellow, for 
before and 1 yr after the extension of yellow at 
urban Intersections. 

By including the information on the stopping drivers, the 
probability of stopping with respect to the potential time to the 
stop line (TIS) was calculated, taking into account the individ
ual approach speed of each vehicle and assuming that vehicles 
will continue with a constant speed. A log-linear model fit 
resulted in a shift of 0.17 s between before and after situation. 
This (relatively small) change in driver behavior appears to be 
present for the after 6 months period as well and does not 
change thereafter. 

From this field study it is concluded that a 1-s extension of 
the yellow time (from 3 to 4 s in urban areas and from 4 to 5 s 
in rural areas) cuts the total number of run-red offenses in half, 
although a small adaptation effect was also observed. However, 
after 6 months, no further change in driver behavior was found. 
The results are completely in agreement with the expectations 
of a simple model for calculating the required yellow time. 

Type of Traffic Signal Control 

It might be expected that different types of traffic signal control 
will differ in terms of exposure to potential offenses and will 
also perhaps differ in the process used by the drivers to decide 
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whether to stop or to proceed. If a vehicle-actuated control 
strategy is used, the green phase, in principle, will be extended 
as long as there are vehicles in a given detection area. When 
this control strategy operates well, it will result in much fewer 
potential red runners than does fixed time cycle control, in 
which the times selected for ending the green are independent 
of the traffic at the moment. 

Zegeer and Deen (9) found a large reduction in the number 
of run red offenses when a green extension system was applied. 
The reduction was due mainly to the difference in exposure, but 
what about the differences in the discipline at the red light at 
the moment that the decision is required? The expectations of 
automobile drivers approaching the traffic light might differ for 
different types of control, resulting in different decision be
havior in general, regardless of the duration of the yellow. 

In the field study on the effects of yellow timing that was 
described in the previous section, all the traffic signal controls 
were vehicle actuated. In Figure 2, the probability of stopping 
at intersections with vehicle-actuated control is compared with 
data on fixed time control, available from the literature 
(1~12). All data sets are based on field studies, except those of 
Mahalel et al. (10). They conducted a laboratory experiment on 
the decision-making behavior of automobile drivers at traffic 
lights. A remarkable 1-s shift exists between the probability of 
stopping for a fixed cycle time control and that of stopping for a 
vehicle-actuated control. Evidently, a vehicle-actuated control 
leads to a shift in the criterion that drivers use. The drivers 
decide to proceed in an earlier stage of the approach process, 
when compared with the decision made for fixed-time control. 
In the field studies, it was observed that the characteristics of 
the decision process itself are not different, as is indicated by 
the similarity of the slopes of the curves at a 0.5 probability of 
stopping. The slope of the laboratory experiment at this point 
tends to be different, indicating a somewhat deviant behavior in 
more artificial circumstances (10). 
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FIGURE 2 Probability of stopping as a function 
of the time to stop line (TTS) for fixed time (10-12) 
versus vehicle-actuated (8, 13) signal control 
systems. 

Given this dependency of behavior on the type of traffic 
signal control, the hypothesis can be formulated that auto
mobile drivers who are accustomed to vehicle-actuated control 
will adapt their behavior and expect to see a response when 
approaching the traffic signal during green. Contrary to the 
fixed time control situation, the drivers expect that the green 
interval will continue. Therefore, when the green phase ends 
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(that is, the maximum green extension period has been 
reached), their expectancy is violated, with consequences for 
their decision-making processes (1). It is expected that similar 
effects will occur in other situations. For example, in a string of 
interconnected signalized intersections (progressive signal con
trol systems), the experience at previous intersections causes 
the expectancy that the driver will have or get the green interval 
at the next one as well. 

To conclude, in spite of a negative effect on the decision
making behavior of automobile drivers per se, a vehicle
actuated traffic control system reduces the number of run-red 
offenses substantially in comparison with fixed time control. 
This reduction is mainly caused by a reduction in exposure, 
however. 

RED SIGNALS AT DRAWBRIDGES 

In the Netherlands, drawbridges are common. The operation of 
these bridges, especially on roads with heavy traffic flows, is 
sometimes problematic. On a freeway, for example, 
bridgekeepers sometimes have problems conducting the open
ing procedure because drivers persist in proceeding. The pro
cedure is automatic once started by the bridgekeeper and con
sists of prewarning flashing signals (combined with a sign 
showing a drawbridge) located 900, 600, and 300 m before the 
bridge (the flashing starts successively about 30 s before the red 
signal), the onset of alternating flashing red lights above the 
stop line on the ramps of the bridge, the closing of the gates (8 s 
after red), and finally the opening of the bridge. The 
bridgekeeper can interrupt this procedure as needed if the 
descending gate threatens to hit a proceeding automobile. Ac
cording to complaints by the bridgekeepers, 1 out of 5 or 10 
closures has to be interrupted (14). 

Why don't the drivers stop? In this case, it is not a matter of 
poor visibility of the signals or the gates. One assumption is 
that motorists, because they are familiar with this system and 
have visual contact with the bridgekeeper, know that the 
bridgekeeper is able to interrupt the procedure. The interaction 
between motorist and bridgekeeper and their mutual anticipa
tion results in a nonstopping motorist. However, hiding the 
bridgekeeper behind one-directional curtains was not an effec
tive countermeasure (14). 

From video recordings, the behavior of the nonstopping 
automobiles was analyzed in more detail. Recordings of 82 
closures with 348 nonstopping automobiles after the onset of 
the red signal were analyzed Figure 3 gives the proportion of 
the nonstopping automobiles with a TPS greater than or equal 
to a given time t after the onset of red. It can be seen that 12 
percent of the nonstopping automobiles pass the stop line after 
the gates begin to close (8 s after the onset of red). 

If the behavior at this drawbridge is compared with that at 
signalized rural intersections with similar approach speeds, it is 
obvious that motorists make the decision to proceed much 
earlier at the drawbridge. On the basis of a speed of 100 km/hr, 
a reaction time of 1 s, and an average decleration rate of 3 mJs2, 
a clearance interval of 5.6 s would be sufficient. Yet 30 percent 
of the nonstopping automobiles pass the stop line later than 
this, compared to 6 percent for rural intersections. Even with a 
speed of 140 km/hr, drivers would be able to stop before the 
stop line at a time distance of 7.5 s. Yet 14 percent of the 
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nonstopping automobiles pass later. It appears that drivers are 
not willing to stop, rather than not able to stop. Given our 
knowledge of motorist behavior at signalized intersections, 
however, the functioning of the drawbridge signalization itself 
is questionable. About 30 s before the red signal is activated, 
the prewarning signal at 900 m starts flashing. Even when the 
prewarning signal is perceived, the uncertainty about the exact 
time that the red will appear is great because of the long 
interval (30 s) that passes with no complementary message to 
the motorist. The signaling system is in the same state at the 
end of the cycle, when the gates have been opened again. At the 
end of the cycle the warning lights are used as a warning for the 
queue of standing cars. In itself, this measure is effective to an 
extent, but it devalues the main function of these lights. Ap
proaching drivers might be uncertain about whether the begin
ning or the end of the cycle is indicated. 

At a speed of 100 km/hr, motorists who have just missed the 
warning signal will reach the stop line after 32.5 s. At that 
moment, the red signal is on for 2.5 s. Logically, it cannot be 
expected that those motorists will decide to stop at the onset of 
the red signal. They will proceed and inevitably run the red. 
Thus the meaning of the red signal is rather ambiguous. Fol
lowing drivers see those automobiles in front running a red 
light. Because their situation is only marginally different (often 
heavy traffic flows with small headways), they are easily 
tempted to proceed as well (the previously mentioned 
mitschleppeffekt). A separate yellow signal, preceding the red 
signal and combined with a much shorter warning time, might 
prevent a lot of these situations. 

RED SIGNALS AT RAILWAY GRADE CROSSINGS 

Recently, a study was conducted on the decision-making be
havior of motorists who were approaching railway grade cross
ings that had signal control and were without gates (15). At this 
type of railway crossing, the yellow interval is absent: The 
signal changes directly from the safe situation (flashing white) 
to the unsafe situation (alternating flashing red). This is another 
situation in which road users may not able to stop and therefore 
necessarily proceed through red. 

The behavior of 660 motorists at the onset of the red signal 
was analyzed at two railway crossings. In contrast with the 
behavior at the drawbridge, motorists at this type of railway 
crossing are more willing to stop than those at signalized urban 
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intersections with comparable approach speeds (Figure 3). The 
probability of stopping at a given time distance appears to be 
higher at railway grade crossings, even in comparison with the 
data on fixed time control. At railway grade crossings the lack 
of a yellow phase seems to work in the opposite direction; that 
is, the obedience to the red light is better than at signalized 
intersections. However, a detailed analysis of the stopping 
vehicles indicated that some of the stops were realized only 
with a high deceleration rate (> 4 rn/s2), and a few of them 
ended very close to the first railway track. Such "emergency" 
stops can easily lead to a stop _on the track itself or to a rear end 
collision by a following automobile. Because of these risks, 
this kind of behavior is not desirable. It can be prevented by a 
separately signalized clearance interval with a yellow 
indication. 

CONCLUSIONS AND RECOMMENDATIONS 

At signalized road intersections, an extension of the yellow 
time by 1 s resulted in the number of run red offenses being cut 
in half. In the literature, evidence was found that 4 s of yellow 
for 50 km/hr zones and 5 s for 80 km/hr zones are optimum 
values. Longer times are not desirable because of expected 
secondary effects. 

The comparison between behavior at vehicle-actuated and 
fixed time control systems indicates that motorists use expecta
tions about the functioning of the signals and act accordingly. 
The relatively small number of run red offenses at vehicle
actuated signals is mainly due to a low exposure of deciding 
vehicles. Discipline at the red light per se appears to be less 
than for fixed time signals, probably because of a difference in 
expectancy. 

Although the willingness of motorists to stop at drawbridges 
seems to be poor, at least some of the offenses can be explained 
by operational deficiencies of the signal system itself. The lack 
of a separate indication for the clearance interval is a major 
one. By introducing a yellow interval, only one interpretation 
of the red signal is possible, namely "stop." At railway grade 
crossings the absence of the yellow interval appears to have an 
opposite effect. The sudden onset of the red signal sometimes 
causes a kind of a panic reaction, with a very abrupt stop. This 
is especially the case with motorists who are so close to the 
railway track L.'iat proceeding would have been more appropri
ate. Although the obedience to the red light is better at grade 
crossings than at signalized intersections, large deviations from 
normal behavior occur. A separate yellow signal would there
fore be advantageous at railway grade crossings as well. 

Because the same behavior is demanded from the road user 
in all three examples given, one uniform signalization for 
stopping is recommended: a steady red signal preceded by a 
yellow interval that is properly designed to serve the driver 
adequately in normal driving as well as to meet minimal driver 
needs in deteriorated circumstances. Specifically, 4 s of yellow 
for 50 km/hr zones and 5 s for 80 km/hr zones are 
recommended. 
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