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Driver Performance in Highway Navigation 
Tasks 
GERHART F. KING 

An empirical study of the performance efficiency of subjects 
engaged In highway navigation tasks Is described. The study 
was designed to assist in quantifying the amount of excess 
travel that Is due to navigational failures and to assess the 
relative contributions of trip-planning and route-following 
errors. Demographically representative samples of drivers 
were observed driving and navigating seven-stop automobile 
tours in Connecticut and Wisconsin, during both day and 
night, under three levels of trip planning. The distances driven 
and the times used were compared with those necessary to 
accomplish the same tour using optimum routes. Analysis of 
the data obtained indicated that a significant proportion of the 
total vehicle miles traveled, and a larger proportion of the total 
time spent driving, may represent navigational waste. Driver 
demographic attributes, and time of day, had little effect on 
driver performance. No significant differences due to the sub
jects' trip-planning efforts were noted. 

Past research, both in the United States (J, 2) and abroad (3, 4) 
has shown that drivers face considerable difficulties in achiev
ing optimum (i.e., minimum distance or time, or both) routes 
from their origin to their destination. These travel inefficiencies 
have been shown to generate a considerable aggregate amount 
of excess travel. 

A comprehensive literature search (5) indicated that naviga
tional waste can arise from any of four distinct driver trip
making activities acting separately or in combination: 

1. Choice of route selection criteria; 
2. Route planning (i.e., application of criteria to route selec

tion) including lack of or inadequate route planning and insuffi
cient or inaccurate information; 

3. Route following (i.e., implementation of a trip plan) 
including all aspects of response to, reliance on, and anticipa
tion of highway information systems; and 

4. Trip chain sequencing (i.e., ordering of multiple destina
tions in the absence of sequential or time constraints). 

As part of a major FHWA-sponsored study of the excess 
travel problem and of potential remedial measures, a series of 
empirical studies of trip planning and route following were 
implemented. The present paper describes the procedures used 
and the results obtained for a set of experiments that address 
route-planning and route-following performance in "local 
stranger" trips. 

The local stranger has been defined (6) as a person with 
overall familiarity with the general area but with no detailed 
knowledge of specific destinations or routes. Trips of this type 
are generally fairly short (i.e., less than 50 mi) and are made for 

KLD Associates, Inc., 300 Broadway, Huntington Station, N. Y. 11746. 

non-work-related purposes. Analysis of the 1977 National Per
sonal Travel Survey (NPTS) data (7) indicated that non-work
related trips of less than 50 mi amounted to approximately 48 
percent of total U. S. highway travel. No data could be located 
that would permit disaggregating this total by familiarity with 
route or destination. 

The overall procedure for these experiments, which were 
implemented in two geographically distinct areas, was as fol
lows: 

1. A set of seven destinations, typical of those used for local 
stranger trips, forming a tour of between 40 and 60 mi was 
selected; 

2. The optimum route connecting these destinations was 
defined; and 

3. Demographically representative samples of drivers were 
observed as they attempted to reach each of these destinations 
for each of three levels of trip planning; both day and night data 
were collected. 

SITE AND TEST ROUTE SELECTION 

The experiment was implemented in two separate areas: 

• Western Fairfield County, Connecticut, a part of the New 
York metropolitan area. The start and end of the tour were 
located in Norwalk, Connecticut, a city of 78,000 population 
approximately 50 mi northeast of New York City. 

• The western suburbs and the western portion of Mil
waukee, Wisconsin. The start and end of the tour were located 
in Waukesha, Wisconsin, a city of 50,000 population, approx
imately 15 mi west of Milwaukee. 

The character of each destination, its location, and the optimum 
route distance and driving time are given in Table 1. These 
destinations were selected to meet the following criteria: 

• Different destination types and descriptors, 
• Availability of alternate routes, 
• Routes encompassing various highway types, and 
• Different degrees of route-following complexity. 

In both locations, the first destination was a gasoline service 
station. This first segment was used to familiarize the subjects 
with the vehicle used and to assess their driving style. Data for 
this first segment were not used in subsequent data analyses. 

The optimum route for each trip segment was determined by 
consensus opinion. A focus group was assembled in each test 
location. Each of these groups consisted of five local residents 
who not only had an intimate knowledge of the local street and 
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TABLEl TEST ROUTE DESCRIPTION 

Segment Destination Location 

Connecticut 

1 211 Post Rd, Darien 
2 600 Summer St, Stamford 
3 CT-104 at Rockrimmon Rd 
4 39 Frost Pond Rd, Stamford 
5 Hrookside Rd, Stamford 
6 Merritt Parkway at Route 123, New Canaan 
7 55 Washington St, South Norwalk 

Total 

Wisconsin 

1 Grand and College Aves, Waukesha 
2 National Ave and Sunnyslope Rd, New Berlin 
3 4519 W. North Ave, Milwaukee 
4 Moorland and Blue Mound Rds, Brookfield 
5 Route 74 and Route V, Sussex 
6 2700 New Castle Court, Waukesha 
7 142 South St, Waukesha 

Total 

highway system but were also professionally involved with trip 
planning and route optimization. Each focus group member 
first planned each trip segment individually. The group then 
assembled and discussed the optimum routing. A unanimous, 
consensus routing was achieved in nearly every case. Jn one or 
two instances, in which alternate routes with very little dif
ference in distance or travel time were possible, the optimum 
route was determined by majority opinion. Distances and driv
ing times for these optimum routes were determined by 
repeated test runs, under nonpeak traffic conditions, by project 
personnel. 

SUBJECT SELECTION AND SAMPLE 
COMPOSITION 

Subjects were recruited through newspaper advertisements, 
word of mouth, and previously established contacts. The sub
jects, who were paid, had to meet the following requirel!lents: 

• Valid, unrestricted (except for eyeglasses) driving license; 
• No current, or previous, professional activities that 

involved driving, route planning, or any aspect of highway or 
traffic engineering; and 

• No specific knowledge of the destinations or of the general 
area of the test route. 

The total sample, as well as the sample for each subexperi
ment, was designed to represent the age and sex distribution of 
the U. S. driving population weighted for actual miles driven. 
The actual sample distribution is given in Table 2. Figure 1 
shows the cumulative age distribution of the sample as well as 
the cumulative distribution of total vehicle miles traveled 
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02timum 

Distance Time 
Destination Type (mi) (min:sec) 

Service station 3.3 5:52 
Restaurant 6.5 13:18 
Country club 8.6 15:31 
Residence 5.8 9:04 
Local government office 8.8 13 :41 
National Guard armory 4.9 7:31 
Office building (origin) 3.9 7:25 -

41.7 1:12:22 

Service station 0.7 2:01 
Professional building 8.3 14:42 
Store 10.0 13:45 
Shopping center 9.7 13:07 
Nursery 11.0 19:45 
Residence 12.2 16:49 
Office building (origin) 4.3 9:23 

-
56.2 1:29:32 

(VMT), for non-work-related trips, by driver age for the U. S. 
population computed from NPTS data. According to NPTS 
data, women drive 37.4 percent of all non-work-related VMT; 
34.8 percent of all subjects were female. Also according to 
NPTS data, 28.7 percent of all non-work-related driving is 
done at night; 34.3 percent of all data were collected at night. 

TRIP-PLANNING LEVELS 

All subjects were asked to perform essentially the same task: 
locate and drive to a sequential set of seven destinations. Jn 
addition to driver age and sex and to day or night conditions, 
three different levels of trip planning were used as independent 
variables. These levels are described hereafter. It should be 
noted that Level 1 required no actual planning by subjects and 
was designed to test route-following efficiency. 

• Level 1: Subjects were given written directions to each of 
the seven destinations, supplemented by verbal directions to 
the first destination only. Subjects were instructed to follow the 
directions to each of the destinations as best they could. 

• Level 2A: Subjects were escorted to the test car and, after 
familiarization with the vehicle, they were directed to Destina
tion 1 (gasoline service station). After the gas tank was filled, 
the subjects were given the address of the second destination. It 
was left up to the subject to determine how to get to the next 
destination using the shortest, quickest route. On arrival at each 
of the destinations, subjects were given the address of the next 
destination. 

• Level 2B: Subjects were provided with the addresses or 
other descriptions of all destinations while seated in the office 
and were asked to plan the "best" route to each of the destina-
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TABLE2 SAMPLE AGFJ'SEX DISTRIBUTION 

Age Day Night Total 

Interval8 M F All M F All M F All 

Connecticut 

<25 6 3 9 2 2 4 8 5 14 
25-34 4 2 6 3 1 4 7 3 12 
35-51 8 5 13 6 2 8 14 7 17 
>51 5 2 7 2 1 3 7 3 11 -
Total 23 12 35 13 6 19 36 18 54 
Median 

age 35 37 35 42 35 33 39 37 38 
Average 

age 38.4 37.8 38.2 37.5 36.5 37.2 38.1 37.4 37.9 

Wisconsin 

<25 5 4 9 3 2 5 8 6 14 
25-34 6 3 9 3 1 4 9 4 13 
35-51 9 4 13 4 3 7 13 7 20 
>51 3 2 5 2 2 5 2 7 -
Total 23 13 36 12 6 18 35 19 54 
Median 

age 36 33 35 37 35 37 . 36 33 35 
Average 

age 37.8 36.0 37.2 37.8 34.0 36.5 37.8 35.4 36.9 

a Age intervals represent quartile points of the distribution of YMT (non-work-related) by driver age. 

tions. No time limit was imposed on planning. When the 
subject had finished his plan, he was escorted to a car and asked 
to drive to the destinations according to his plan. Subjects were 
given verbal instructions to the first destination. 

In all three levels it was made clear to the subjects that any 
questions directed to the observer regarding location, direc
tions, or routing would not be answered. The subjects were 
free, at any time, to stop to ask for directions from others. In all 
three levels, a detailed map and street guide were available to 
the subject at all times. 

EXPERIMENTAL PROCEDURES 

On arrival at the test location each subject was told that he 
would be participating in highway driving research involving 
over-the-road exercises. Approximate duration of participation 
was 3 hr for Level 1 and 6 hr for Levels 2A and 2B. 

Each subject was required to read and sign a participation 
consent form and to submit his driver's license for examination 
of expiration date, restrictions, and validity. Each subject was 
then read instructions appropriate to the particular experiment 
level to which he was assigned. 

General 

Subjects were scheduled for morning, afternoon, or evening 
sessions to balance day and night conditions. Assignment of 
subjects to sessions was blocked to include one subject per age 

and sex category per session per experiment. Observer assign
ment to subjects was counterbalanced as well as possible so 
that each observer would have an equal number of subjects 
categorized by experiment level, session, sex, and age. Data 
analysis showed no significant effect due to observer assign
ment. 

Equipment 

Two vehicles were used at each test site. Midsized, American
made cars were leased for the duration of data collection. All 
vehicles were equipped with cruise control, power steering, 
power brakes, air conditioning, and AM/FM radio. Each auto
mobile was outfitted with a work station that included record-
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ing distance measuring equipment (DME), clipboard, digital 
stopwatch, digital wristwatch with stopwatch mode, and port
able light. 

The following maps were made available to the subjects for 
assistance in both trip planning and route following: 

• Connecticut: "Stamford," distributed by the Connecticut 
Motor Club, 2276 Whitney Avenue, Hamden, Connecticut 
(copyright 1983), and 

• Wisconsin: "Milwaukee County and Waukesha County 
Map and Street Guide," published by Milwaukee Map Service, 
Inc., 4519 W. North Avenue, Milwaukee, Wisconsin (copyright 
1982). 

Data Collection 

Data were collected in Connecticut in October and November 
1984 and in Wisconsin in November and December 1984. Data 
collection consisted of recording, using the DME and the 
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stopwatch, the distance from the origin and the elapsed time 
since the beginning of the segment for each of the following 
items: 

• Passing of any decision point, 
• Turn, 
• Deviation from planned route, and 
• Arrival at destination. 

Also noted were each time the subject referred to the instruc
tions or map and the length of time of referral, each time the 
subject stopped the car to read or refer to the instructions or the 
map or to ask directions, weather conditions, road conditions, 
and driving habits of subject. 

Data Reduction 

All data collected were reduced by the individual observers, 
checked by the experiment supervisor, and entered into elec-

TABLE 3 SUMMARY STATISTICS FOR SEGMENTS 2-7 COMBINED, PARAMETER: DISTANCE (mi) 

Experiments in Connecticut Experiments in Wisconsin 

2-A 2-B 2AB 2-A 2-B 2AB 

Day 
Average 43.45 46.42 45.67 46.09 61.06 75.09 72.03 73.56 
Standard deviation 5.25 4.49 8.56 6.45 8.47 10.08 15.68 12.99 
Maximum 53.21 53.23 60.55 60.55 81.16 98.67 113.90 113.90 
Minimum 38.24 39.57 37.70 37.70 55.44 57.86 57.26 57.26 
Median 42.03 46.20 42.44 45.16 57.36 74.14 69.23 73.24 
Difference from optimum (%) 13.01 20.75 18.80 19.87 9.85 35.09 29.60 32.34 
No. of observations 12 11 9 20 12 12 12 24 

Night 
Average 44.68 46.55 46.11 46.39 61.47 74.92 65.04 69.98 
Standard deviation 4.76 9.24 0.42 7.16 6.40 13.98 5.47 11.36 
Maximum 49.45 64.10 46.52 64.10 70.63 101.31 72.48 101.31 
Minimum 38.86 39.11 45.67 39.11 55.99 60.48 57.12 57.12 
Median 45.75 42.17 46.14 45.67 58.75 73.17 64.56 68.13 
Difference from optimum (%) 16.21 21.09 19.94 20.67 10.59 34.79 17.00 25.90 
No. of observations 5 7 4 11 6 6 6 12 

Male 
Average 44.89 44.23 44.38 44.51 58.13 71.08 71.25 71.16 
Standard deviation 4,91 4.31 6.68 5.31 3.60 6.95 15.56 11.78 
Maximum 53.21 52.66 60.55 60.55 68.17 82.63 113.90 113.90 
Minimum 38.24 39.11 37.70 37.70 55.91 57.86 57.12 57.12 
Median 44.61 44.66 45.57 44.75 56.80 73.12 64.79 72.06 
Difference from optimum (%) 16.77 15.04 1C "'7'l 15.76 4.58 27.88 ,,0, 0 'lO f\'2 JU./.:J .£.0,JO .£.O,VJ 

No. of observations 12 11 9 21 11 12 12 24 
Female 

Average 41.21 50.97 47.91 49.75 66.02 82.94 66.60 74.77 
Standard deviation 4.63 8.09 8.28 7.85 9.99 14.15 7.79 13.83 
Maximum 49.45 64.10 59.28 64.10 81.16 101.31 76.22 101.31 
Minimum 38.71 42.32 39.42 39.42 55.44 66.81 57.26 57.26 
Median 39.32 51.54 46.47 48.18 65.62 78.73 68.02 72.93 
Difference from optimum (%) 7.18 32.58 24.61 29.39 18.77 49.22 19.83 34.52 
No. of observations 5 6 4 10 7 6 6 12 

All 
Average 43.81 46.48 45.81 46.20 61.20 75.03 69.70 72.37 
Standard deviation 4.99 6.48 7.00 6.60 7.65 11.10 13.40 12.42 
Maximum 53.21 64.10 60.55 64.10 31.16 101.31 113.90 113.90 
Minimum 38.24 39.11 37.70 37.70 55.44 57.86 57.12 57.12 
Median 43.26 44.96 45.67 45.57 57.36 73.29 66.17 72.36 
Difference from optimum (%) 13.95 20.88 19.15 20.16 10.10 34.99 25.40 30.19 
No. of observations 17 18 13 31 18 18 18 36 

Note: Optimum distance = 38.45 mi in Connecticut and 55.58 mi in Wisconsin. 
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TABLE 4 SUMMARY STATISTICS FOR SEGMENTS 2-7 COMBINED, PARAMETER: TIME (hr:min:sec) 

Experiments in Connecticut Experiments in Wisconsin 

1 2-A 2-B 2AB 2-A 2-Il 2AB 

Day 
Average 1:26:05 1:53:23 1:47:05 1:50:23 1:50:49 2:36:20 2:28:50 2:32:35 
Standard deviation 0:12:25 0:22:39 0:27:52 0:24:50 0:19:23 0:34:52 0:45:12 0:39:40 
Maximum 1:51:49 2:32:58 2:55:22 2:55:22 2:44:09 3:36:25 4:30:14 4:30:14 
Minimum 1:16:09 1:10:15 1:14:08 1:10:15 1:34:33 1:47:14 1:42:25 1:42:25 
Median 1:19:31 1:50:55 1:39:00 1:45:46 1:44:02 2:34:11 2:21:30 2:25:03 
Difference from optimum (%) 29.47 70.51 61.05 66.01 26.64 78.64 70.07 74.35 
No. of observations 11 11 10 21 12 12 12 24 

Night 
Average 1:40:58 1:53:38 1:54:07 1:53:50 2:05:51 2:22:46 2:23:01 2:22:54 
Standard deviation 0:14:24 0:26:29 0:12:18 0:20:55 0:25:51 0:34:43 0:57:59 0:45:34 
Maximum 1:55:09 2:35:26 2:03:10 2:35:26 2:41:34 3:26:59 4:15:21 4:15:21 
Minimum 1:19:47 1:28:22 1:32:35 1:28:22 1:40:56 1:46:27 1:35:57 1:35:57 
Median 1:39:34 1:48:11 1:58:25 1:53:20 1:55:50 2:17:36 2:05:25 2:13:27 
Difference from optimum (%) 51.85 70.90 71.61 71.19 43.80 63.15 63.43 63.29 
No. of observations 5 7 5 12 6 6 6 12 

Male 
Average 1:33:21 1:47:38 1:40:29 1:44:23 1:48:04 2:20:56 2:23:18 2:22:07 
Standard deviation 0:16:01 0:23:28 0:13:13 0:19:24 0:16:31 0:30:24 0:46:42 0:38:34 
Maximum 1:55:09 2:32:58 2:00:12 2:32:58 2:33:59 3:34:00 4:30:14 4:30:14 
Minimum 1:17:08 1:10:15 1:14:08 1:10:15 1:34:33 1:46:27 1:35:57 1:35:57 
Median 1:31 :17 1:44:27 1:39:00 1:41:16 1:44:22 2:23:38 2:13:44 2:17:50 
Difference from optimum (%) 40.39 61.87 51.13 56.99 23.49 61.05 63.75 62.40 
No. of observations 11 12 10 22 11 12 12 24 

Female 
Average 1:24:59 2:05:10 2:07:19 2:06:09 2:08:02 2:53:34 2:34:04 2:43:49 
Standard deviation 0:09:01 0:20:18 0:30:45 0:24:12 0:25:38 0:33:47 0:54:42 0:44:32 
Maximum 1:39:34 2:35:26 2:55:22 2:55:22 2:44:09 3:36:25 4:15:21 4:15:21 
Minimum 1:16:09 1:45:46 1:30:13 1:30:13 1:39:06 2:13:13 1:42:50 1:42:50 
Median 1:23:15 1:56:51 2:03:10 2:00:18 2:02:35 2:51:29 2:24:25 2:35:47 
Difference from optimum (%) 27.81 88.24 91.46 89.70 46.30 98.33 76.06 87.20 
No. of observations 5 6 5 11 7 6 6 12 

All 
Average 1:30:44 1:53:29 1:49:26 1:51:38 1:55:50 2:31:49 2:26:54 2:29:21 
Standard deviation 0:14:27 0:23:27 0:23:32 0:23:12 0:22:12 0:34:25 0:48:09 0:41:20 
Maximum 1:55:09 2:35:26 2:55:22 2:55:22 2:44:09 3:36:25 4:30:14 4:30:14 
Minimum 1:16:09 1:10:15 1:14:08 1:10:15 1:34:33 1:46:27 1:35:57 1:35:57 
Median 1:24:52 1:49:18 1:41:44 1:48:10 1:47:54 2:26:10 2:17:27 2:21:56 
Difference from optimum (%) 36.46 70.66 64.57 67.89 32.36 73.47 67.86 70.67 
No. of observations 16 18 15 33 18 18 18 36 

Note: Optimum time = 1:06:30 for Connecticut and 1:27:31 for Wisconsin. 

tronic data processing (EDP) storage. Distributional parameters • Level 2A: Minimum trip planning. Subjects were given 
of the data set, stratified by variables of interest, were then the next destination immediately preceding the start of each 
computed. segment. 

• Level 2B: Comfortable trip planning. Subjects were given 

DATA ANALYSIS 
all destinations while seated in the office and asked to plan the 
entire trip without any time constraints. 

Tables 3-5 give summary aggregate statistics for the three 
The results, aggregated by trip-planning level, are given in 

measures of effectiveness. These data were analyzed, using 
Table 6. A series of pairwise comparisons, using the I-test, was 

both single- and multi-variate analyses. The results of these 
made for all possible combinations of the three levels with the 

analyses are described in terms of the independent variable 
results (at the 0.95 confidence level) given in Table 6. It can be 

considered 
seen that, on the basis of these tests, there appears to be no 
significant difference between trip-planning Levels 2A and 2B. 

Levels of Trip Planning There were significant differences in both time and average 
speed between Level 1 and Level 2A in Connecticut. In 

The three levels of trip planning were Wisconsin. significant differences between Levels 1 and 2A 
and 2B in both distance and time can be noted. 

• Level 1: No trip planning by subjects. Each subject was In view of the apparent lack of a significant difference 
given a plan for the optimum route. between Levels 2A and 2B, a closer examination of these data 
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TABLES SUMMARY STATISTICS FOR SEGMENTS 2-7 COMBINED, PARAMETER: AVERAGE SPEED (mph) 

Experiments in Connecticut Experiments in Wisconsin 

2-A 2-B 2AB 2-A 2-B 2AB 

Day 
Average 30.4 25.2 26.8 25.9 33.3 29.6 29.8 29.7 
Standard deviation 2.8 4.1 4.6 4.3 2.6 4.6 4.0 4.2 
Maximum 35.0 33.8 36.6 36.6 37.4 39.7 35.5 39.7 
Minimum 26.8 20.7 20.3 20.3 29.4 21.5 21.S 21.5 
Median 30.0 24.9 26.2 25.5 33.0 28.3 30.4 29.l 
Difference from optimum (%) -12.40 -27.28 -22.154 -2.5.19 -12.64 -22.42 -21.83 -22.13 
No. of observations 11 11 9 20 12 12 12 24 

Night 
Average 26.8 24.9 24.9 24.9 29.8 32.2 29.8 31.0 
Standard deviation 2.6 2.6 3.3 2.7 2.9 6.1 8.1 6.9 
Maximum 29.8 26.9 29.7 29.7 33.6 42.0 41.1 42.0 
Minimum 23.8 20.7 22.6 20.7 26.2 24.7 17.0 17.0 
Median 25.7 25.3 23.6 24.2 30.5 30.5 28.7 29.7 
Difference from optimum (%) -22.87 -28.33 -28.31 -28.32 -21.81 -15.43 -21.90 -18.66 
No. of observations 5 7 4 11 6 6 6 12 

Male 
Average 29.3 25.3 27.6 26.3 32.6 31.3 30.9 31.1 
Standard deviation 3.8 3.7 4.1 4.0 2.7 6.1 5.2 5.6 
Maximum 35.0 33.8 36.6 36.6 35.9 42.0 41.1 42.0 
Minimum 23.8 20.7 23.6 20.7 26.6 21.S 21.S 21.5 
Median 29.2 25.9 26.2 26.1 32.9 30.3 31.0 30.4 
Difference from optimum (%) -15.49 -27.02 -20.47 -24.21 -14.40 -17.95 -18.96 -18.46 
No. of observations 11 12 9 21 11 12 12 24 

Female 
Average 29.1 24.6 23.2 24.0 31.4 28.8 27.6 28.2 
Standard deviation 1.4 3.4 2.5 3.0 3.8 1.6 5.6 4.0 
Maximum 30.5 30.2 26.2 30.2 37.4 31.0 33.4 33.4 
Minimum 27.3 20.7 20.3 20.3 26.2 27.4 17.0 17.0 
Median 29.8 23.9 23.1 23.2 30.9 28.5 28.3 28.3 
Difference from optimum (%) -16.09 -29.02 -33.20 -30.69 -17.72 -24.36 -27.64 -26.00 
No. of observations 5 6 4 10 7 6 6 12 

All 
Average 29.3 25.1 26.2 25.6 321 30.5 29.8 30.l 
Standard deviation 3.2 3.5 4.2 3.8 3.1 5.1 5.4 5.2 
Maximum 35.0 33.8 33.6 36.6 37.4 42.0 41.l 42.0 
Minimum 23.8 20.7 20.3 20.3 26.2 21.5 17.0 17.0 
Median 29.5 25.3 25.3 25.3 32.l 29.5 29.6 29 . .5 
Difference from optimum (%) -15.68 -27.69 -24.39 -26.30 -15.69 -20.09 -21.85 -20.97 
No. of observations 16 18 13 

Note: Optimum speed :: 34.7 mph for Connecticut and 38.1 mph for Wisconsin. 

was made. Comparative data for each individual route segment 
and for defined subgroups of the subject population (day/night, 
male/female) were analyzed using a number of parametric and 
nonparametric statistical tests. The results are given in Table 7 
for Connecticut data and in Table 8 for Wisconsin data. Signifi
cant results, at the 0.95 level of significance, of the following 
statistical tests are shown: 

• t-test 
• Median test 
• Mann-Whitney test 
• F-test 

(t) 
(MD) 
(MW) 
(F) 

Only scattered indications of significant differences can be 
noted and these do not form any clear pattern. In most cases (54 
out of 90) the significant differences noted were in the F -test. 
Because of outliers in small samples, variances were high. In 
only one instance, Connecticut-Night-Distance, did any test of 
central tendency on aggregate data show a significant dif-

31 18 18 18 36 

ference. This result is, however, based on an extremely small 
sample. Further doubt is cast on the practical significance of 
this result by the fact that most of this difference could be 
attributed to one urban segment with operating fixed illumina
tion. 

In view of this apparent lack of significant differences, the 
merged data for Levels 2A and 2B were added to subsequent 
comparisons. 

Ambient Illumination 

Approximately one-third of all subjects, in both Connecticut 
and Wisconsin, drove the test route after dark. Results of 
pairwise comparisons are given in Table 9. Significant results 
are, again, scarce and scattered. On an aggregate basis, only 
Experiment 1 showed any significant differences in central 
tendency. In both Connecticut and Wisconsin, average speeds, 
at night, were significantly lower. 



TABLE 6 TRIP-PLANNING LEVELS 

Measun: of Effectiveness 

Distance (mi) Time (hr:rnin:sec) Avg Speed 
Level N Mean S.D. N Mean S.D. N Mean S.D. 

Connecticut 

1 17 43.81 4.99 16 1:30:44 0:14:27 16 29.3 3.2 
2A 18 46.48 6.48 18 1:53:29 0:23:27 18 25.1 3.5 
28 13 45.81 7.00 15 1:49:26 0:23:32 13 26.2 4.2 

Wisconsin 

I 18 61.20 7.65 18 1:55:50 0:22:12 18 32.1 3.1 
2A 18 75.03 11.10 18 2:31:49 0:34:25 18 30.5 5.1 
28 18 69.70 13.40 18 2:26:54 0:48:09 18 29.8 5.4 

Note: Statistical signilicaicc of the paramctcn i1 as follows. 

Parame1tt 

Dillance lime Speed 

Cmncc1icut 
1 va-1111 2A NS s s 
1vcnus2B NS s s 
2A vcnu12B NS NS NS 

WilCOlllin 
1VCl'IUS2A s s NS 
1 VCl'IUS 2B s s NS 
2A YCl'IUI 2B NS NS NS 

TABLE? TRIP-PLANNING LEVELS 2A AND 2B, CONNECTICUT 

Parameter 

Distance TI me SEd 

Subgroup Segment MD MW F MD MW F MD MW F 

Day 2 
3 
4 s 
5 
6 s s 
7 s s s 
2-7 s 

Night 2 s 
3 s s 
4 s 
5 s 
6 
7 s s s s 
2-7 s s 

Male 2 s 
3 
4 s s s 
5 s 
6 s 
7 s s 
2-7 

Female 2 s 
3 s 
4 s 
5 s s s s 
6 s 
7 s s s 
2-7 

All 2 
3 
4 s 
5 
6 
7 
2-7 



TABLES TRIP-PLANNING LEVELS 2A AND 2B, WISCONSIN 

Pnmeler 

Diarance lirnc s~ 
Subgroup Segmonl MD MW F I MD MW F MD MW F 

Day 2 s s s s s 
3 s s s 
4 s 
s s 
6 
7 s s s s 
2-7 

Night 2 s s s s 
3 
4 s 
s s s 
6 
7 s s 
2-7 s 

Male 2 s s s 
3 s 
4 s 
s s s 
6 
7 s s s 
2-7 s 

Female 2 s s s s s s s 
3 s 
4 
s 
6 s s 
7 s s s 
2-7 s 

All 2 s s s 
3 
4 
s ;. 

6 
7 s s s 
2-7 

TABLE9 DAY-NIGHT COMPARISONS 

E• ime,. 

2A 2B 2A and 28 

PorllDelcr Segment MD MW F MD MW F MD MW F MD MW F 

WilCOlllin 

DIDnce 2 s s s 
3 s s s 
4 s s s 
5 s 
6 s 
7 s 
2-7 s 

Tune 2 s s 
3 s s 
4 s s s 
s s 
6 s s 
7 s s s 
2-7 

Speed 2 s s s 
3 
4 s s 
s 
6 s 
7 
2-7 s 

Connecllcul 

Distance 2 s 
3 s 
4 s 
s s s 
6 s s s 
7 s 
2-7 s 

Tune 2 s 
3 
4 s 
s s s 
6 
7 s 
2-7 s 

Speed 2 s 
3 s 
4 s s s s 
s s 
6 s s s 
7 s s 
2-7 s 
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Sex of Subjects 

As previously stated, the distribution of the sample followed 
that of total VMT. Approximately one-third of the subjects 
were female. Results of pairwise comparisons are given in 
Table 10. Significant differences can be noted for Experiment 2 
in Connecticut and for Experiment 1 in Wisconsin in which 
men generally performed better. 

Other Variables 

The possible effects of a number of other independent variables 
on subject performance were investigated. Single- and multi
variate regression and correlation methods, as well as graphic 
(box plots, scatter diagrams) techniques, were employed using 
the SYSTAT statistical package. The variables considered 
included 

•Age, 
• Years of driving experience, 
• Education, 
• Miles driven per year, and 
• Driving style. 

TABLE IO MALE-FEMALE COMPARISONS 

Ex rlment 

2A 

Parameter Segment MD MW F MD 

Connecticut 

Distance 2 s 
3 
4 s 
5 s 
6 s 
7 
2-7 

Tune 2 
3 
4 s s 
5 
6 
7 
2-7 

Speed 2 
3 
4 s 
5 
6 
7 
2-7 s 

Wisconsin 

Diilaoce 2 
3 s s 
4 s s 
s s 
6 ;- s 
7 
2-7 s s s 

Tune 2 
3 s s 
4 s s 
5 
6 s s 
7 
2-7 s 

Speed 2 s 
3 
4 
5 
6 
7 
2-7 
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Only scattered instances of statistically significant correla
tions for individual experiments, for one or more of these 
variables, were noted. No general pattern was apparent. 

DISCUSSION OF RESULTS 

The data collected demonstrate that considerable and signifi
cant excess driving occurs as a result of navigational failures in 
both trip planning and route following. Table 11 and Figure 2 
summarize this excess in terms of both time and distance. It 
should be noted that excess time always exceeds excess dis
tance. In addition to the extra time necessary to travel the 
excess distance, an additional time penalty is exacted as a result 
of directional uncertainty. 

The overall results of these experiments are given in the 
following table in terms of the percentage of excess over 
optimum for each of two trip-planning levels and for each of 
three parameters. 

2B 

Parameter 

Distance 
Time 
Speed 

Trip Planning Level 

1 2 

12.3 
34.1 

-17.6 

2A and 2B 

26.5 
69.6 

-25.4 

MW F MD MW F MD MW F 

s s 
s 

s s 

s 

s s s 
s 

s 
s s s 

s s 
s 

s s s s 

s 

s 
s s s 
s 

s s 
s 

s 
s s 
s s 

s s s s s 
s 

s s 
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TABLE 11 NAVIGATIONAL WASTE 

Experiment 1 

Day Night Male Female 

Connecticut 

Subjects total 12 6 12 6 
Subjects completing 12 5 12 5 
Excess distance 

Mean 13.0 16.2 16.8 7.2 
<2 % 2 2 3 1 
2-7 % 2 2 3 1 
7-15 % 1 0 1 0 
>15 % 7 1 5 3 

Excess time 
Mean 29.5 51.8 40.4 27.8 
<2 % 0 0 0 0 
2-7 % 0 0 0 0 
7-15 % 0 1 1 0 
>15 % 11 4 10 5 

Wisconsin 

Subjects total 11 7 12 6 
Subjects completing 11 7 12 6 
Excess distance 

Mean 9.9 10.6 4.6 18.8 
<2 % 4 1 3 2 
2-7 % 5 1 5 1 
7-15 % 1 2 2 1 
>15 % 1 3 2 2 

Excess time 
Mean 26.6 43.8 23.5 46.3 
<2 % 0 0 0 0 
2-7 % 0 0 0 0 
7-15 % 3 1 4 0 
>15 % 8 6 8 6 

For the type of travel to unfamiliar destinations represented 
by the test routes, the following results appear indicated on the 
basis of the data obtained. 

• Navigational failures are responsible for approximately 20 
percent of all wiles driven and approxLrnately 40 percent of all 
time spent driving. 

100 

80 

60 

40 

20 

11111 Distance 

::::::::::::::::::::Time 

Planning 1 2 1 2 
Level Connecticut Wisconsin 

FIGURE 2 Percentage excess distance and time. 
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Experiments 2A and 2B 

Total Day Night Male Female Total 

18 24 12 23 13 36 
17 21 10 20 11 31 

13.9 19.9 20.7 15.8 29.4 20.2 
4 2 0 1 1 2 
4 5 1 4 2 6 
1 2 2 4 0 4 
8 12 7 11 8 19 

36.5 66.0 71.2 57.0 89.7 67.9 
0 0 0 0 0 0 
0 1 0 1 0 1 
1 1 0 1 0 1 

15 20 11 19 12 31 

18 24 12 24 12 36 
18 24 12 24 12 36 

10.1 32.3 25.9 28.0 34.5 30.2 
5 0 0 0 0 0 
6 2 2 3 1 4 
3 6 0 3 3 6 
4 16 10 18 8 26 

32.4 74.4 63.3 62.4 87.2 70.7 
0 0 0 0 0 0 
0 0 0 0 0 0 
4 1 0 0 1 1 

14 23 12 24 11 35 

• The contributions to these totals of, respectively, trip
planning deficiencies and route-following deficiencies are 
approximately equal. 

• The magnitude of navigational waste due to trip-planning 
failures appears to be independent of the type of planning done. 

• Male drivers appear to perform slightly better than female 
drivers although this advantage is not consistent across loca
tions or trip-planning levels. 

• Driver's education, age, driving experience, or geographic 
location appears to have no significant effect on the amount of 
navigational waste. 
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Driver Attitudes Concerning Aspects of 
Highway Navigation 
GERHART F. KING 

A comprehensive questlonnalre dealing ·with various aspects of 
highway navigation wa developed, pretested, and admin
Jstered to a demographically representative sample of the U. S. 
driving population. The sample was drawn from a group of 
paid subjects engaged in highway navigation experiments. The 
annlysis of 125 completed and usable que tionnaires is pre
sented. Jn addition to background Information on demo
graphics and on driving experience, topics addressed included 
route selection, behavior under directional uncertainty, dis
tance-time-costs trade-offs, and attitudes toward proposed 
remedial measures. The data obtained indicate that drivers 
are, generally, fairly well satisfied with their ablUty to perform 
route-planning or route-following tasks effectively and beUeve 
that the major constraints on their effectiveness arise from the 
unavailability of adequate and accurate route' and traffic infor
mation. This satisfaction is, however, not supported by data on 
the extent of excess travel due to navigational waste. Further
more, answers to a number of questions indicated an insuffi
cient appreciation of the complexities of determining optimum 
routes and of the extent and serlousn.ess of the problem of 
1111vigational waste. 

The purpose of all motor vehicle travel, except for the 
extremely small proportion classified as pleasure driving, is to 

KLD Associates, Inc., 300 Broadway, Huntington Station, N.Y. 11746. 

proceed from an origin to a destination. The aggregate of all 
such travel represents the total miles driven in the United 
States-an aggregate total that approached 1.8 trillion miles in 
1985 (1). 

All driving accrues costs that are incurred by the vehicle 
operator or owner, or both; by other vehicle occupants; by 
public agencies responsible for the construction, maintenance, 
and operation of the highway system; by owners of property 
abutting the travel route; and by society as a whole, 

With increasing constraints on the availability of resources, 
increasing awareness of the importance of environmental con
servation, and increasing awareness of the enormous societal 
costs of highway accidents, it has become imperative to reduce 
these costs to the maximum extent possible. One approach to 
achieving this objective is to minimize total travel without a 
change in the aggregate origin-destination matrix by imple
menting measures that will increase the probability that all trips 
will be made on optimum routes. This approach is designed to 
minimize or eliminate Wiproductive or excess travel. Excessive 
travei implies a failure in route selection or route following, or 
both. 

A survey of existing literature on the subject (2) indicated 
that efficiency of route selection and route following may be 
affected by such driver demographic attributes as age, sex, 
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TABLE 1 SUBJECTS BY AGE 

Age Connecticut Wisconsin All 

(years) Male Female All Male 

18 1 0 3 
19 I 0 1 
20 0 0 0 1 
21 2 1 3 3 
22 1 1 2 0 
23 1 0 1 0 
24 0 0 0 2 
25 0 0 0 2 
26 0 1 1 2 
27 0 0 0 1 
28 1 1 2 1 
29 1 0 1 0 
30 0 2 2 0 
31 2 0 2 2 
32 0 0 0 4 
33 1 0 1 1 
34 0 0 0 3 
35 2 I 3 0 
36 0 0 0 2 
37 1 0 1 2 
39 0 0 0 0 
40 0 1 1 2 
41 I 0 1 2 
42 4 1 5 0 
43 0 0 0 0 
44 1 0 1 1 
45 2 0 2 2 
46 1 0 1 0 
47 0 0 0 3 
48 0 1 1 0 
49 0 1 1 1 
50 0 0 0 2 
51 0 1 1 1 
52 I 0 1 0 
53 0 0 0 0 
54 1 1 2 0 
55 2 0 2 2 
56 1 1 2 1 
57 0 0 0 2 
58 0 0 0 1 
59 0 0 0 1 
62 0 0 0 2 
68 1 0 1 0 
73 1 0 1 0 

Mean 39.5 38.0 39.0 37.5 
N 30 14 44 53 
No answer 0 0 0 2 

education, and driving experience. The degree of trip optimiza
tion may also be affected by driver attitudes, beliefs, and 
behavior patterns such as selection of route choice criteria, 
perceived driving costs, and distance-time trade-off patterns. A 
comprehel1Sive questionnaire was therefore designed to solicit 
information on these subjects. The questionnaire covered the 
following topics: 

• Demographic attributes, 
• Driving experience, 

Female All Male Female All 

0 3 4 0 4 
1 2 2 1 3 
1 2 1 1 2 
1 4 5 2 7 
0 0 1 1 2 
1 1 1 1 2 
?. 4 2 2 4 
0 2 2 0 2 
1 3 2 2 4 
2 3 1 2 3 
1 2 2 2 4 
0 0 1 0 1 
1 1 0 3 3 
0 2 4 0 4 
0 4 4 0 4 
2 3 2 2 4 
0 3 3 0 3 
0 0 2 3 
0 2 2 0 2 
1 3 3 1 4 
1 1 0 1 1 
1 3 2 2 4 
0 2 3 0 3 
1 I 4 2 6 
2 2 0 2 2 
2 3 2 2 4 
0 2 4 0 4 
0 0 1 0 1 
1 4 3 1 4 
1 I 0 2 2 
0 1 1 1 2 
1 3 2 1 3 
0 1 1 1 2 
0 0 1 0 1 
1 I 0 1 1 
0 0 1 1 2 
0 2 4 0 4 
0 1 2 1 3 
0 2 2 0 2 
1 2 1 1 2 
0 1 1 0 1 
0 2 2 0 2 
0 0 1 0 1 
0 0 0 1 

35.5 36.9 38.3 36.4 37.6 
26 79 83 40 123 
0 2 2 0 2 

• Perceived driving costs and time-distance trade-offs, 
• Trip-planning behavior and skills, and 
• Evaluation of candidate remedial measures. 

The questionnaire was administered to all participants in a 
series of empirical experiments on route planning and route 
following reported elsewhere (3). Data were collected in Con
necticut and Wisconsin and a total of 125 usable replies were 
received. This total represents 93 percent of all participants in 
the experiments. 
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DEMOGRAPHIC DATA 

Subjects were recruited through newspaper advertisements, 
word of mouth, and previously established contacts. The sub
jects, who were paid, had to meet the following requirements: 

• Valid driving license unrestricted except for eyeglasses 
and 

• No current, or previous, professional activities that 
involved driving, route planning, or any aspect of highway or 
traffic engineering. 

100 Sampl•~-----· 

/ 
,,.-;. Populetlon 

1/-
c 80 

~ 
if 60 

! 
.; 40 
E 
:I 
(.) 20 

o._""" __ ..., __ ..,. __ .,.. __ ,,_ __ ,,_, 
20 30 40 50 60 70 

Years 

FIGURE 1 Subjects by age. 

Table 1 gives the distribution of respondents by sex, age, and 
location of the experiment. Figure 1 shows a comparison of this 
distribution and the age distribution of the U. S. adult popula
tion weighted by actual miles driven. On a nationwide basis (4) 
women drive 37.4 percent of all non-work-related vehicle 
miles traveled (VMT); 32.0 percent of all subjects were female. 
Figure 2 shows the distribution of respondents by education as 
well as comparable data for the U. S. population. 

These data show that the sample was somewhat nonrepre
sentative of older drivers (i.e., the approximately 5 percent of 
total VMT accumulated by drivers over 70). This difference is 
not statistically significant. 

Sample subjects were better educated than the population as 

30 Populotlon 
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FIGURE 2 Subjects by education. 
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a whole (5), and Connecticut subjects were better educated 
than those in Wisconsin, which reflects the overall difference in 
education in these two states: 

High School 
Graduates(%) 

College 
Graduates (%) 

Connecticut 
Sample 93.8 61.4 
Population 70.3 20.7 

Wisconsin 
Sample 97.7 15.0 
Population 69.6 14.8 

U. S. population 66.5 16.2 

That the subjects were better educated than the population as 
a whole does not detract from the results because past studies 
(6) have indicated that both the number and the length of long 
trips, especially to unfamiliar areas, are positively correlated 
with education. 

DRIVING EXPERIENCE 

Table 2 gives self-reported estimates of annual travel by major 
trip purpose classification and by degree of familiaricy with the 

TABLE 2 AVERAGE ANNUAL VMT BY TRIP PURPOSE 

Male 

Work or Business Related 

Mean (mi) 8,623 
Standard deviation (mi) 7,500 
Percentage of total 51.9 
Percentage familiar 82.6 

Family or Personal Business 

Mean (mi) 3,441 
Standard deviation (mi) 2,399 
Percentage of total 20.7 
Percentage familiar 74.3 

Civic, Educational, Religious 

Mean (mi) 
Standard deviation (mi) 
Percentage of total 
Percentage familiar 

Social and Recreational 

Mean (mi) 
Standard deviation (mi) 
Percentage of total 
Percentage familiar 

All Purposes 

Mean (mi) 
Standard deviation (mi) 
Percentage familiar 

1,046 
1,014 
6.3 

76.3 

3,698 
2,838 
22.3 
58.7 

16,616 
8,242 
72.1 

Female 

3,857 
3,980 
27.2 
82.l 

4,090 
3,548 
28.8 
82.4 

1,820 
2,408 
12.8 
82.9 

2,587 
1,876 
18.2 
59.5 

14,177 
8,380 
73.5 

Total 

7,070 
6,913 
44.9 
82.5 

3,634 
2,777 
23.0 
77.0 

1,327 
1,682 
8.4 

79.6 

3,333 
2,602 
21.l 
58.9 

15,782 
8,259 
72.5 
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TABLE 3 ESTIMATED DRIVING COST PER MILE 

Connecticut Wisconsin 

Male Female All Male 

Freeways 

Mean 14.9 22.2 16.9 19.1 
SD 8.2 30.1 17.1 21.4 
No. 29 11 40 53 

Rural Roads 

Mean 16.6 24.4 18.6 21.0 
SD 9.0 37.0 19.9 24.0 
No. 29 10 39 48 

Normal City Driving 

Mean 19.2 28.3 21.6 26.5 
SD 10.1 44.5 23.9 33.6 
No. 28 10 38 53 

Congested City Driving 

Mean 23.3 41.9 28.2 33.0 
SD 13.0 74.8 39.4 40.0 
No. 28 10 38 52 

Note: Entries are in cents. SD = standard deviation. 

route and the area. It should be noted that these VMT estimates 
are considerably higher than commonly accepted values 
derived from trip diaries or motor fuel sales. The distribution of 
VMT by trip purpose, however, roughly parallels similar fig
ures abstracted from National Personal Transportation Survey 
(NPTS) data (3) if allowances are made for the fact that persons 
who drove as part of their employment were systematically 
excluded from the sample. It is worthy of note that, in the 
present context, 27.5 percent of all travel represents non
familiar trips. 

PERCEI"V'ED DRIVING COSTS 

The subjects were asked 10 estimate the actual cost of driving 
uoder four different driving conditions. /1• sum mary of 
responses is given in Table 3. Examination of this table reveals 
a number of interesting points: 

• The mean of the estimated costs was of the correct order 
of magnitude and fell between previously reported figures 
(7, 8) for out-of-pocket (variable) and total costs. 

• Subjects, as a whole, were accurate in rank ordering esti
mated driving costs for different driving conditions. 

• Estimates made by female subjects were generally signifi
cantly higher than those made by male subjects. Responses by 
female subjects also showed much higher variability. 

Table 4 gives a summary of the answers to a question dealing 
with distance-time trade-offs. Examination of these data shows 
fairly consistent results for all three variables: sex of subject, 

Female 

33.9 
40.4 
23 

41.4 
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22 

44.7 
55.6 
24 

56.7 
69.5 
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19.3 36.l 24.2 
19.7 44.9 30.2 
77 32 109 

24.0 39.9 28.7 
28.0 52.5 37.4 
81 34 115 

29.6 52.2 36.2 
33.3 70.3 48.0 
80 33 113 

mi 
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t ~-
5 10 60 
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FIGURE 3 Proportion of 
respondents willing to make trade
off. 

experiment location, and trip purpose. It is interesting to note 
that less than one-quarter of all respondents were willing to 
make any trade-offs for savings of 1 min. This proportion 
increases rapidly as the time savings becomes larger (Figure 3). 

In Table 5 these distance-time trade-offs are converted to a 
cost-time trade-off. The table was constructed by multiplying, 
for each subject, the "extra" miles by the estimated cost of 
driving 1 mi (using the mean of the four driving conditions). 
These computations indicate an imputed mean value of time of 
approximately $7 .30 per hour as detailed in the following table: 
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lmpuJed Value of Time($) 

Work Trips Other Trips 

Connecticut 
Male 5.13 4.99 
Female 11.42 12.54 
All 6.51 6.64 

Wisconsin 
Male 7.42 5.28 
Female 14.42 10.22 
All 9.62 6.46 

All 
Male 6.47 5.16 
Female 13.51 11.07 
All 8.42 6.53 

TABLE4 DISTANCE-TIME TRADE-OFFS 

Connecticut Wisconsin 

Male Female All Male 

Extra Miles to Save 1 min: Work Trips 

Mean 1.6 1.7 1.6 1.2 
SD 0.9 0.6 0.8 0.4 
No. 9 3 12 13 

Extra Miles to Save l min: Other Trips 

Mean 1.4 2.5 1.7 1.1 
SD 0.8 0.7 0.9 0.3 
No. 7 2 9 9 

Extra Miles to Save 5 min: Work Trips 

Mean 3.0 3.2 3.0 3.5 
SD 1.7 2.7 1.9 2.3 
No. 21 5 26 27 

Extra Miles to Save 5 min: Other Trips 

Mean 3.1 3.5 3.2 4.0 
SD 1.8 3.5 2.3 2.6 
No. 17 6 23 22 

Extra Miles to Save 10 min: Work Trips 

Mean 5.7 6.3 5.8 6.2 
SD 3.1 4.7 3 .4 5.2 
No. 24 7 31 34 

Extra Miles to Save 10 min: Other Trips 

Mean 6.7 7.5 6.9 6.9 
SD 4.5 5.7 4.7 5.4 
No. 24 8 32 33 

Extra Miles to Save 1 hr: Work Trips 

Mean 27.9 17.5 25.4 24.5 
SD 18.6 12.0 17.7 16.7 
No. 26 8 34 35 

Extra Miles to Save 1 hr: Other Trips 

Mean 27.4 17.2 24.8 25.2 
SD 18.2 13.0 17.4 16.7 
No. 26 9 35 38 

Note: SO = standard deviation. 
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The differences between the value of time assigned to 
"work" and to "other" are not statistically significant. Sim
ilarly, there were no significant differences attributable to either 
sex of subject or location. The value of the coefficient of 
variation approached or exceeded 1.0 in every instance. 

TRIP-PLANNING BEHAVIOR AND SKILLS 

All subjects were asked to rate themselves on a seven-point 
semantic scale (ranging from very poor to very good) with 
respect to five important trip-planning and route-following 
skills. The responses to these questions are summarized in 

All 

Female All Male Female All 

1.0 1.2 1.4 1.3 1.3 
0. 0.4 0.7 0.5 0.6 
5 18 22 8 30 

1.0 1.1 1.3 2.0 1.4 
0. 0.3 0.6 1.0 0.7 

10 16 3 19 

3.2 3.4 3.3 3.2 3.2 
1.9 2.1 2.0 2.1 2.0 
12 39 48 17 65 

3.4 3.8 3.6 3.4 3.5 
3.1 2.7 2.3 3.2 2.5 
8 30 39 14 53 

6.4 6.2 6.0 6.4 6.1 
4.1 4.8 4.4 4.2 4.3 
15 49 58 22 80 

7.2 7 .0 6.8 7.3 6 .9 
6.5 5.7 5.0 6.1 5.3 
13 46 57 21 78 

24.1 24.4 26.0 21.9 24.8 
17.7 16.8 17.5 16.1 17.1 
16 51 61 24 85 

20.0 23.9 26.1 18.8 24.3 
11.7 15.7 17 .2 12.0 16.3 
12 50 64 21 85 
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TABLES COST-TIME TRADE-OFFS 

Connecticut Wisconsin All 

Male Female All Male Female All Male Female All 

Extra Cost to Save 1 min: Work Trips 

Mean 21.7 118.3 45.8 37.4 46.0 39.8 31.0 73.1 42.2 
SD 12.8 167.9 84.6 82.2 44.0 72.4 63.1 102.8 76.1 
No. 9 3 12 13 5 18 22 8 30 

Extra Cost to Save 1 min: Other Trips 

Mean 20.6 249.0 71.3 15.l 37.0 17.3 17.5 178.3 42.9 
SD 10.0 309.7 149.1 10.0 0. 11.7 10.5 250.9 103.5 
No. 7 2 9 9 l 10 16 3 19 

Extra Cost to Save 5 min: Work Trips 

Mean 49.0 241.6 87.5 72.2 190.4 109.6 62.1 205.5 100.8 
SD 41.8 476.2 213.0 81.8 269.7 171.0 67.8 327.5 187.4 
No. 20 5 25 26 12 38 46 17 63 

Extra Cost to Save 5 min: Other Trips 

Mean 53.8 334.6 120.7 112.0 273.l 156.4 86.8 296.8 141.4 
SD 44.8 685.6 332.4 264.6 598.9 380.9 201.4 605.7 358.2 
No. i6 5 21 21 8 29 37 13 50 

Extra Cost to Save 10 min: Work Trips 

Mean 101.4 425.0 168.3 119.5 403.5 208.3 112.1 409.7 193.2 
SD 81.4 938.5 424.6 121.7 682.9 408.3 106.5 739.4 412.2 
No. 23 6 29 33 15 48 56 21 77 

Extra Cost to Save 10 min: Other Trips 

Mean 115.4 511.3 197.3 143.4 464.8 236.2 131.7 479.5 221.0 
SD 101.6 1125.4 510.8 231.1 1183.9 664.5 187.2 1134.3 605.5 
No. 23 6 29 32 13 45 55 19 74 

Extra Cost to Save 1 hr: Work Trips 

Mean 513.4 1142.1 650.9 742.4 1442.2 961.9 647.0 1350.9 842.0 
SD 452.4 2594.6 1237.4 1432.1 2824.7 1973.8 1130.5 2701.l 1725.6 
No. 25 7 32 35 16 51 60 23 83 

Extra Cost to Save 1 hr: Other Trips 

Mean 498.6 1253.6 663.8 527.7 1021.7 646.3 516.2 1107.l 653.1 
SD 453.5 2889.1 1369.4 727.0 1951.2 1139.8 628.6 2263.2 1226.3 
No. 25 7 32 38 12 50 63 19 82 

Note: SD = standard deviation. 

Table 6. Both the numerical mean rating (very good = 7, very tesian grid networks of the Midwest. The sex-based difference 
poor = 1) and the modal verbal rating are given. appears to reflect population stereotypes. It should be noted 

It can be seen that, in general, Connecticut subjects rate that only very minor sex-based differences were found in the 
themselves higher than Wisconsin subjects and male subjects empirical portions of the research program (see paper by King 
higher than female subjects. The geographic differences may in this Record). 
be due to a higher educational level for the Connecticut sub- In general, the subjects had a fairly high opinion of their 
jects or it may reflect the belief that a higher level of route- route-planning and route-following skills. Although the modal 
planning and route-following skills is required, and therefore response was "average" (31 percent of all individual 
developed, in the eastern part of the country because of the responses), responses of good or very good were more than 12 
generally more complex road network. A lower skill level may times more prevalent than responses of poor or very poor. 
be considered adequate for navigating the predominantly Car- The responses to a question concerning the most likely 
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TABLE 6 ABILIIT SELF-RATING 

Obtaining Following Following 
Materials Self- Routes 

Reading Planning for Trip Planned Planned 

Subject Maps Routes Planning Routing by Othe111 

Group N Mean Mode8 Mean Mode8 Mean Mode Mean Mode Mean Mode 

Connecticut 

Male 30 5.73 VG 5.53 GD 5.27 AA 5.43 AV 5.28 GD 
Female 14 4.79 GD 4.21 AV(BA 5.43 GD 5.36 GD 5.14 GD 
All 44 5.43 VG 5.11 GD 5.32 GD 5.41 AV 5.23 GD 

Wisconsin 

Male 55 5.07 GD 5.13 GD 5.20 GD 5.29 AV 4.93 AV 
Female 26 3.88 AV(BA 4.23 AV 4.88 AV 4.81 AV 5.27 AV 
All 81 4.69 AV 4.84 AV 5.10 AV 5.14 AV 5.04 AV 

All 

Male 85 5.31 GD 5.27 GD 5.22 GD 5.34 AV 5.05 AV 
Female 40 4.20 AV!BA 4.22 AV 5.07 AV 5.00 AV 5.22 AV 
All 125 4.95 AV 4.94 GD 5.18 AV 5.23 AV 5.10 AV 

Note: VG= very good, GD= good, AA= above average, AV= average, and BA= below average. 
"Two entries indicate a bimodal distribution. 

action to be taken in the face of directional uncertainty are 
summarized in Table 7. Subjects were given three different 
types of action and asked to estimate the frequency with which 
they would adopt each of these. The responses show that male 
subjects are more likely to resort to maps and that female 
subjects are more likely to ask for directions. 

Because the probability of identifying the optimum route is a 
function of the number of alternate routes tried, the subjects 
were asked how many routes were tried before the route nor
mally taken for frequent trips was selected. The responses are 
summarized in Table 8 and shown graphically in Figure 4. It 
can be seen that the responses were fairly consistent across all 
subject groups. Most subjects tried two or three alternate routes 
and evaluation of four or more routes was infrequent. Connect
icut drivers generally tried more alternate routes than Wiscon
sin drivers, which possibly reflects differences in the extent and 
complexity of the road systems in the two test areas. 

EVALUATION OF CANDIDATE REMEDIAL 
MEASURES 

The subjects were presented with a list of 17 remedial measures 
that had been previously advocated (2). These measures were 

A-Teach map-reading skills in driver education classes, 
B-Teach map-reading skills in adult education classes, 
C-Teach map-reading skills in TV courses, 
D-Teach comprehensive trip-planning skills in driver edu-

cation classes, 
E-Teach comprehensive trip-planning skills in adult educa-

tion classes, 
F-Teach comprehensive trip-planning skills in TV courses, 
G-Make maps easier to read, 

H-Make maps more available, 
I-Improve directional and informational signing on free

ways and expressways, 
J-Improve directional and informational signing on city 

streets, 
K-Improve directional and informational signing on rural 

highways, 
L-Make trip-planning help available by telephone, 
M-Make trip-planning help available by home computer, 
N-Make traffic conditions and detour information available 

by telephone, 
0-Improve accuracy and frequency of radio traffic reports, 
P-Provide automotive in-vehicle systems that determine 

and show vehicle location, and 
Q-Provide automatic in-vehicle systems that determine and 

show the best route. 

100 ... ... . ... ... . . . . . . . . _,,, .. 
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FIGURE 4 Cumulative distribution of alternative routes 
tried. 
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TABLE 7 ACTION WHEN LOST 

Rarely or 
Never Sometimes 

Stop and Try To Figure Things Out with a Map 

Connecticut 
Male 0.0 23.3 
Female 14.3 28.6 
All 4.5 22.7 

Wisconsin 
Male 1.8 30,9 
Female 11.5 30.8 
All 4.9 30.9 

All 
Male 1.2 70.6 
Female 12.5 60.0 
All 4.8 67.2 

Usually or 
Frequenlly 

76.7 
57.2 
70.4 

67 .3 
57.7 
64.2 

70.6 
57.5 
66.4 

Try To Find a Gas Station Attendant or Some Other Person To Ask 

Connecticut 
Male 0.0 60.0 40.0 
Female 0.0 7.1 92.9 
All 0.0 43.2 56.8 

Wisconsin 
Male 0.0 38.2 61.8 
Female 0.0 34.6 65.4 
All 0.0 37.0 54.1 

All 
Male 0.0 45.9 54.1 
Female 0.0 25.0 75.0 
All 0.0 39.2 60.8 

Keep Driving Until Bearings Are Reestablished 

Connecticut 
Male 0.0 86.7 13.3 
Female 14.3 71.4 14.3 
All 4.5 81.9 13.6 

Wisconsin 
Male 9.1 80.0 10.9 
Female 11.5 69.2 19.2 
All 9.9 76.6 13.5 

All 
Male 12.5 70.0 17.5 
Female 12.5 70.0 17.5 
All 8.0 78.4 13.6 

Note: Entries are pcrcemage of respondails. 
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The subjects were asked to rate each of these items on a six
point scale ranging from "not at all important" to "very impor
tant." Results for all subjects are given in Table 9. The mean 
ratings for individual subgroups of subjects are given in Table 
10. The 17 items were ranked on the basis of the mean ratings. 
The Spearman rank correlation test showed extremely high 
uniformity: 

Comparison 

Male versus female 

Rank 
Correlation 

Connecticut 0.97 
Wisconsin 0.91 
All 0.97 

Connecticut versus Wisconsin 
Male 0.93 
Female 0.92 
All 0.93 

The 17 items fall into seven natural classes. The rank order
ing of these classes is as follows: 

1. Signing improvements (Items I, J, and K); 
2. Map contents and availability (Items G and H); 
3. Real-time traffic condition information (Items N and 0); 
4. Map-reading skills (Items A, B, and C); 
5. Trip-planning skills (Items D, E, and F); 
6. Trip-planning help (Items L and M); and 
7. Navigation and guidance systems (Items P and Q). 

Only the first two of these classes received mean importance 
ratings of "important" or better. Closer examination of these 
data shows that 

• Improvements in signing, in map availability and 
accuracy, and in real-time traffic information (i.e., the items 
most often used for individual route following and trip plan
ning) dominate the ratings. 

• Improving skills is less important than improving perfor
mance aids. The preferred setting for skill improvements is 
driver education, which implies that this improvement is 
needed by others and not by the subjects who were all licensed 

TABLE 8 NUMBER OJ< RULJTE.S TRIED 

Standard 85lh 
No. Mean Deviation Median Mode Percentile 

Connecticut 
Male 29 3.21 1.95 2 3 5 
Female 14 3.36 2.41 2 2 7 
All 43 3.26 2.08 3 2.38 6 

Wisconsin 
Male 53 2.64 1.36 2 3 3 
Female 26 2.77 1.53 3 3 4 
All 79 2.68 1.41 3 3 3 

All 
Male 82 2.84 1.61 3 3 4 
Female 40 2.97 1.87 2.5 2 4 
All 122 2.89 1.69 3 3 4 

"Bimodal. 
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TABLE 9 RELATIVE IMPORTANCE OF RATINGS-ALL SUBJECTS 

Not at Probably 
All Not Not Possibly 

Item Important Important Important Important 

A 4.2 6.7 15.0 
B 3.3 7.4 9.8 27.9 
c 9.0 17.2 18.0 30.3 
D 4.1 3.3 9.9 24.8 
E 4.2 4.2 12.6 32.8 
F 10.0 14.2 17.5 32.5 
G 0.8 3.3 5.8 14.1 
H 1.6 2.5 4.9 13.9 
I 2.5 3.3 3.3 7.4 
J 0.8 1.6 3 .3 6.6 
K 0.8 1.6 4.1 6.6 
L 5.0 9.9 12.4 40.5 
M 7.5 10.0 20.0 42.5 
N 0.8 4.1 7.4 31.2 
0 2.1 2.1 6.3 24.0 
p 9.1 18.2 14.9 24.8 
Q 13.1 13.9 8.2 29.5 

Note: Table entries for columns 2-7 are percentages. 

drivers. This attitude is consistent with the optimistic self
rating in Table 6. 

• Assistance in, or delegation of, the trip-planning and 
route-following tasks is ranked rather low, which implies, 
again, that subjects consider themselves perfectly capable of 
handling these tasks if they have adequate information. The 
low rating of navigation and guidance systems may also be 
partly due to the relative unfamiliarity of the concepts 
involved This unfamiliarity is also the probable reason that 
these two items show the highest value for the coefficient of 
variation. 

The final topic addressed by the questionnaire concerned the 
perceived value, as expressed by willingness to pay, of a 
number of different remedial measures. The question concen-

Coefficient 
Very Mean Standard of 

Important Important Rank Rating Deviation Variation 

45.0 
39.3 
19.7 
34.7 
33.6 
19.2 
31.4 
35.3 
27.3 
32.0 
25.4 
21.5 
15.0 
34.4 
41.7 
19.8 
24.6 

29.2 6 4.88 1.04 0.21 
12.3 10 4.30 1.22 0.28 
5.7 17 3.52 1.37 0.39 

23.1 9 4.52 1.27 0.28 
12.6 11 4.25 1.21 0.28 
6.7 16 3.57 1.39 0.39 

44.6 4 5.06 1.12 0.22 
41.8 5 5.04 1.12 0.22 
56.2 3 5.22 1.19 0.23 
55.7 2 5.34 0.96 0.18 
61.5 1 5.39 0.99 0.18 
10.7 12 3.96 1.27 0.32 
5.0 15 3.63 1.22 0.34 

22.1 8 4.61 1.09 0.24 
24.0 7 4.73 1.09 0.23 
13.2 14 3.68 1.53 0.42 
10.7 13 3.70 1.56 0.42 

trated on the more innovative measures, that is, on those that 
generally are not currently available. A summary of responses 
is given in Table 11. The table gives means and standard 
deviation for all respondents who gave a nonzero response as 
well as the percentage of all respondents who gave such a 
response. The data presented can be compared with the follow
ing information. 

• Individual American Automobile Association member
ship-Connecticut $65.00 per year and Wisconsin $35.00 per 
year. 

• The only in-vehicle navigation and guidance system com
mercially available in the United States is the ETAK navigator, 
a self-contained vehicle location and map display system. The 
system is designed to sell for approximately $1,500. Assuming 

TABLE 10 RELATIVE IMPORTANCE RATINGS, SUMMARY 

Connecticut Wisconsin All 

Item Male Female All Male Female All Male Female All 

A 4.83 5.21 4.95 4.65 5.24 4.84 4.72 5.23 4.88 
B 4.03 4.36 4.14 4.21 4.76 4.38 4.14 4.62 4.30 
c 3.17 3.79 3.36 3.51 3.80 3.60 3.39 3.79 3.52 
D 4.50 5.00 4.66 4.23 4.88 4.44 4.33 4.92 4.52 
E 3.90 4.54 4.10 4.25 4.52 4.34 4.12 4.53 4.25 
F 3.03 3.92 3.31 3.51 4.12 3.71 3.34 4.05 3.57 
G 4.79 5.57 5.05 4.83 5.56 5.06 4.82 5.56 5.06 
H 5.00 5.21 5.07 4.89 5.32 5.03 4.93 5.28 5.04 
I 5.60 5.64 5.61 4.65 5.72 5.00 5.00 5.69 5.22 
J 5.63 5.79 5.68 4.91 5.68 5.15 5.17 5.72 5.34 
K 5.67 5.86 5.73 4.96 5.68 5.19 5.22 5.74 5.39 
L 3.77 3.93 3.82 3.81 4.54 4.04 3.80 4.32 3.96 
M 3.79 4.14 3.91 3.51 3.38 3.47 3.61 3.66 3.63 
N 4.30 4.57 4.39 4.49 5.24 4.73 4.42 5.00 4.61 
0 4.68 5.29 4.88 4.38 5.12 4.61 4.51 5.19 4.73 
p 3.63 3.86 3.70 3.40 4.20 3.66 3.49 4.08 3.68 
Q 3.70 4.07 3.82 3.30 4.36 3.64 3.45 4.26 3.70 
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TABLE 11 WILLINGNESS TO PAY FOR IMPROVEMENTS ($) 

Connecticut Wisconsin All 

Male Female All Male Female All Male Female All 

AAA Type of Trip-Planning Service 

Mean 28.19 30.63 28.86 16.03 24.75 19.13 21.14 26.71 22.95 
SD 15.98 12.66 14.95 10.79 16.70 13.67 14.40 15.45 14.88 
No. 21 8 29 29 16 45 50 24 74 
Percentage 70.00 57.14 65.91 55.77 72.73 60.81 60.98 66.67 62.71 

Trip-Planning Packages for a Home Computer 

Mean 26.50 56.88 35.85 15.79 27.50 20.88 22.01 40.56 28.82 
SD 23.74 40.70 32.43 9.06 29.18 20.69 19.52 36.86 28.30 
No. 18 8 26 13 10 23 31 18 49 
Percentage 66.67 61.54 65.00 28.26 47.62 34.33 42.47 52.94 45.79 

In-Vehicle Systems That Show the Exact Location of the Car 

Mean 124.33 34.00 101.75 107.50 60.00 88.20 114.93 52.78 93.41 
SD 244.56 17.10 213.87 228.45 67.21 180.59 232.19 58.32 192.12 
No. 15 5 20 19 13 32 34 18 52 
Percentage 53.57 38.46 48.78 37.25 56.52 43.24 43.04 50.00 45.22 

In-Vehicle Systems That Show Both Location and Route to Destination 

Mean 141.25 50.00 116.36 126.02 57.50 99.37 132.43 55.25 105.82 
SD 233.35 24.29 201.90 220.29 66.90 178.68 222.88 56.83 186.26 
No. 16 6 22 22 14 36 38 20 58 
Percentage 55.17 46.15 52.38 43.14 60.87 48.65 47.50 55.56 50.00 

In-Vehicle Systems That Show Location and Best Route to Destination Given Current Traffic and Weather 
Conditions 

Mean 145.00 106.25 134.67 160.00 48.82 117.04 153.26 67.20 124.19 
SD 219.86 97.39 193.89 283.45 61.33 230.17 254.41 77.60 214.98 
No. 22 8 30 27 17 44 49 25 74 
Percentage 73.33 61.54 69.77 55.10 70.83 60.27 62.03 67.57 63.79 

In-Vehicle Systems That Tell Exactly How To Go at Each Choice Point 

Mean 161.76 115.13 146.84 89.78 
SD 246.93 134.02 215.36 126.78 
No. 17 8 25 18 
Percentage 58.62 61.54 59.52 36.00 

a median vehicle lifetime of 12 years (6), an interest rute of 10 
percent, and no scrap value, the equivalent annual cost is $220 
to which must be added about $30 a year for new and updated 
digital map cassettes. 

• A trip-planning package for home computers can be 
assumed to cost about $200 for the basic software and about 
$30 per year for map cassettes. If the economic life is assumed 
to be 5 years, the equivalent total annual cost is about $83. 

Examination of the data collected shows that the subjects' 
willingness to pay was considerably less than the anticipated 
probable costs for the various measures suggested. The large 
spread of the data, both within and between the different 
subject groups, should, however, be noted. 

65.38 79.55 124.74 84.33 109.59 
67.22 105.19 195.10 98.03 165.57 
13 31 35 21 56 
56.52 42.47 44.30 58.33 48.70 

DISCUSSION OF RESULTS 

The overall conclusion indicated by these data is that drivers 
are, in general, fairly well satisfied with their ability to perform 
a route-planning or route-following task effectively. The major 
constraint on this effectiveness is believed to be unavailability 
of adequate and accurate route and traffic information. 

These deficiencies, which undoubtedly exist, are, however, 
not sufficient to explain the amount of excess travel due to 
navigational waste that has been documented by many studies 
both in the United States (9, 10) and abroad (11, 12). A syn
thesis of these studies (3), combined with a series of empirical 
studies made as part of the current research effort, resulted in 
an estimate that such excess travel amounts to 6.4 percent of 
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the total distance traveled by noncommercial vehicles in the 
United States and to 12.0 percent of all time spent in such 
travel. 

Furthermore, the distribution of the results achieved by the 
same subjects in a series of route-planning and route-following 
exercises (see paper by King in this Record) clearly indicates 
that route-planning and route-following skills, in many 
instances, are inadequate for the demands of these tasks. 

The optimistic self-rating, the responses concerning the 
number of routes tried, the relative importance ratings of 
remedial measures, and the subjects' willingness to pay for 
such improvements show that the subjects appear to have an 
insufficient appreciation of the complexities of determining and 
following optimum routes. Past studies have indicated that 
recovery of a substantial portion of total navigational waste is 
definitely feasible. However, the perception of the problem on 
the part of drivers, and of the public at large, must become 
considerably more realistic before adequate and appropriate 
remedial measures can be considered and implemented 
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Human Information Processing and License 
Plate Design 
JON D. FRICKER 

In mnny ;ispects of trans.portatlon, such as vehicle design and 
traffic control devices, " h ari fitrtors" are glveri careful con
sideration. An understanding of how individuals function in 
their environment In response to certain stimuli usually leads 
to a better design. 'rhe vehide license or registration plate hns 
a role to play In law enforcement, data collection, traffic sarety, 
and even the Image of the state that Issues It. In tbls paper is 
evaluated the extent to which states are applying basic princi
ples of human fact.ors, ergonomics, or human lnforma.tlon 
processing ln the design of their license plates. Dy drawing 
from the extensive literature In these fi elds, the degree to wblcb 
the plate Is effective in communicating its visual message can 
be determined. Several specific recommendations are given 
regarding the size, shape, color, and format of the characters 
used on vehicle license plates. 

The license plate displayed on a motor vehicle serves several 
functions. First, it is an indication that the vehicle was properly 
registered at the time the plate was issued. To law enforcement 
agencies and witnesses to incidents involving motor vehicles, it 
is the most specific means of identifying a particular vehicle. 
This specificity of vehicle identification is also important to 
researchers interested in tracking vehicles entering and leaving 
study areas. To officials concerned with nighttime traffic safety, 
a reflectorized plate is an important item. To those interested in 
promoting a distinctive feature of the home stale, the license 
plate is an opportunity to display a slogan on thousands and 
thousands of vehicles, wherever they may travel. 

For these and other purposes the license plate may serve, it 
acts as a visual display. Visual displays are devices, no matter 
how simple or complicated, that are used to send information to 
a human receiver. The page of a book, a computer terminal, or 
a license plate is a visual display. For a display to be effective, 
its message must be visible, distinguishable, and easily inter
preted (J). 

As a visual display, the license plate can be assigned several 
characteristics that will help in the application of certain funda
mental principles of ergonomics to its design. The license plate 
is a static display. Unlike a television or a clock, its message is 
fixed. Its primary message usually consists of a code-alpha
numeric symbols (letters and numbers in nonword format)
rather than pictorial symbols or natural language words. A 
license plate is usually confined to a 6- x 12-in. two-dimen
sional rectangular space on an object that may be observed 
while stationary or while passing by at 60 mph or more. The 
conditions under which an attempt to read the plate may take 
place vary from bright sunlight to fog, or the dark of night. The 
license plate is an externally illuminated sign that is reflec-
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torized in most states, but it gives off no illumination of its 
own. 

These characteristics of a license plate as a visual display 
serve as a guide to the ergonomics literature. Much in the 
effective design of license plates is consistent with common 
sense. The topics in today's ergonomics literature are much 
more specialized than the fundamental design principles appli
cable to license plates. But, in systematically identifying the 
design principles and their treatment in the literature, it can be 
shown that (a) they are not always properly applied to license 
plates :u1d (b) some issues still need to be research d, or at least 
rediscovered in the vast literature of ergonomics, human fac
tors, and information processing. This paper is an attempt to (a) 
identify these principles, (b) draw inferences from research 
published on these principles as they may pertain to this par
ticular application, and (c) translate these inferences into more 
specific guidelines for license plate design. 

In the next two sections of this paper, the design principles 
for a license plate as a visual display will be discussed. Subsec
tions will deal with specific components of the design problem 
and the evidence available in the literature. 

CAN THE LICENSE PLATE BE SEEN? 

Visual acuity refers to "the ability of the visual system to 
resolve patterned stimulation" (2, 3). Except for a possible 
state symbol, the patterns on license plates are alphanumeric 
characters-letters and numbers. In this section, three topics 
that help determine how well license plate patterns can be seen 
and recognized are considered. 

Size and Form of Characters 

Among the many articies on iegibiiily, the work of Smith (4) is 
the most useful for the purposes of this paper. He summarizes 
an extended study of display legibility as a function of charac
ter size and viewing distance. The 2,007 observations in the 
study include a variety of display types (isolated letters, words, 
random number sequences) and viewing conditions (dim, nor
mal, and bright illumination). Each combination of character 
size and viewing condition can be resolved into a standard 
measure of visual acuity, the subtended visual angle. Bartley 
(5) established 1 min of arc as the minimum standard acuity 
condition for normal eyes under normal conditions to dis
tinguish fine detail. Thus a letter E would have to subtend a 
minimum vertical angle of 5 min (its three horizontal strokes 
and the two spaces between them) to allow the standard viewer 
to recognize and distinguish it from, say, the letter F (Figure 1). 

The method used to measure legibility is simple. Attach a 
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VIEWING DISTANCE, D 
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8 IN RADIANS 

FIGURE 1 Subtended visual angle, 0. 

display sample to a vertical surface. Position a viewer at a 
distance far enough away so that the display cannot be read. 
Then ask the viewer to approach slowly and record the farthest 
distance at which he can read the display. Letter height is then 
divided by viewing distance to determine the visual angle in 
radians (4). The results of Smith's study are summarized in 
Figures 2 and 3. The cumulative distribution in Figure 3 is 
especially useful as a visual display design tool, although 
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FIGURE 2 Distribution of visual angle 
at limit of legibility (4). 
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FIGURE 3 Cumulative distribution of 
visual angle at limit of legibility (4). 
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Smith himself misinterprets it: "at a letter height subtending 
0.0015 rad, 38 percent of displayed letters can be read" 
(4,p.667). 

Given the context of this statement and the variety of sub
jects in the study, a more correct statement would be: at a letter 
height subtending 0.0015 radians, 38 percent of a representative 
sample of observers would be able to read the display. 

Smith is careful to cite other factors that infhi.ence the data 
collected for the study: 

1. Display context can influence legibility. Word labels are 
more easily distinguished than are isolated letters or random 
numbers. Whereas the total study has a mean 0-value of 0.0019 
radians, nonword displays require a mean 0-value of 0.0024 
radians to be identified. 

2. The visual angle required for legibility is, to some extent, 
dependent on viewing distance. Although no consistent rela
tionship could be developed, mean 0 for viewing distances 
between 10 and 22 m (the longest distances in the study) was 
0.0018 radians. 

3. Letter shapes, viewing conditions, and age of subject may 
have detectable impacts on 0. For most applications, bold 
vertical and black alphanumerical characters with height-to
width-to-strokewidth (H:W:T) ratios between 30:18:5 and 6:6:1 
are effective in reflected displays (1). An example is the upper
case NAMEL style. An alternate view is offered, however, by 
another study (6), which claims that "the upper case form for 
any given letter will not necessarily be the most legible for use 
in codes" such as vehicle license plates. 

4. There is often a trade-off between character size large 
enough for legibility and character size small enough to fit all 
information required for a display in a limited space. When this 
happens, it may not be possible to include a "factor of safety" 
to put character size above the 90 percent size in Figure 3; 
character size will instead be closer to the minimum legibility 
criteria. In these cases, special care should be taken to mini
mize the use of characters that can be easily confused. The 
obvious examples are 0 (oh) and 0 (zero), I and 1, 0 and Q, and 
G and C. The extent to which pairs of letters in a given set of 
letter forms may be confused can be tested by appropriate 
experiments (7-9) and evaluated using a "confusion matrix" 
(9, 10). In Table l, for example, it is indicated that 28 percent of 
the time the letter Q was perceived as the letter 0 by subjects 
tested under the conditions established for the experiment (9). 

Smith rightly concludes his study by noting that a visual 
display may be composed of legible alphanumerics but be 

TABLE 1 EXCERPT FROM CONFUSION 
MATRIX (9) 

Stimulus Response Percentage 

Q 0 28 
B R 18 
F T 18 
T I 16 
H N 15 
J I 15 
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otherwise so clumsily designed or installed as to be confusing 
or unseen. "Legibility, then, is only the necessary first goal in 
the design of effective display" (4,p.669). 

Comments on Current Practice 

In this subsection some of the ideas just presented are applied 
to the characters currently used on license plates. Table 2 gives 
a sample of the variety of license plate formats recently or 
currently in use. Standard J686 of the Society of Automotive 
Engineers specifies a 6- x 12-in. overall size for motor vehicle 
license plates and designates the locations of the bolt holes. As 
for the size of the main alphanumeric symbols on the plate, 
most states appear to have adopted an H:W:T ratio of 69:30:7 

TABLE 2 LICENSE PLATE FORMATS 
FROM SELECTED JURISDICTIONS 

Jurisdiction 

California 
Florida 
Illinois 

Indiana 
Louisiana 
Minnesota 
Ohio 
Pennsylvania 
Tennessee 
Texas 
Washington 
Wisconsin 
Federal Republic of Germany 

Format 

1 LVB232 
TCF 087 
FGC 371 
CM 6679 
79F1046 
376A892 
EOL 166 
DDQ*394 
GKL*347 
1•6AOM71 
487*CGE 
CAB 143 
L68•341 
AIC-UN 938 

Note: *indicates location of state outline or symbol. 

(measured in millimeters). Examples of noteworthy exceptions 
are West Vrrginia (62:32:7) and Wisconsin (76:36:9.5). In addi
tion. the letter in the standard Indiana passenger car format is 
49:20:4. If 0 = 0.003 radians is adopted so that the 90 percent 
level in Figure 3 is exceeded, and it is then applied to the 
prevalent license plate letter height (h) of 69 mm, the max
imum legible viewing distance (d) can be calculated as 

d = (hie) = (69 nun/0.003) = 23 m (75.44 ft) 

Using the rule of thumb that vehicles should not be closer 
than 2 sec apart, the maximum speed (r) at which a 69-mm
high license plate character will be legible under normal condi
tions can be calculated with at least 90 percent probability: 

r = (d/t) = (75.44 ft/2 sec) = 37.72 fps = 25.7 mph 

For an observer to identify 69-mm characters from a 2-sec 
interval distance at 55 mph (161.3 ft), he or she would have 
visual acuity of 0 = 0.0014 radians, which is at the 28 percent 
level. This is probably reasonable for a trained observer with 
good vision, such as a police officer. But the 49-mm letter on 
the Indiana automobile plate would not be legible to this 28 
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percent (72nd percentile) observer at 55 mph until the vehicle 
interval was reduced to 1.42 sec, which is in violation of the 
2-sec minimum car-following rule. 

To assess the difference between the 69-mm "standard" 
height and Wisconsin's 76-mm height, let us consider an aver
age observer with a 0 threshold of 0.0019 radians. Using d = 
h/0 with h = 69 mm, d = 36.3 m = 119.1 ft. With h = 76 mm, d = 
40.0 m = 131.2 ft. Seven extra millimeters of character height 
provide 12 extra feet of viewing distance. More important, 
fixing d at 119.1 ft and using h = 76 mm in e =hid produces a 
0-value of 0.0021, which includes about 72 percent of the 
subjects in Figure 3. Thus, 7 extra millimeters of character 
height add another 22 percent of the population to those who 
can recognize the alphanumeric symbols 119.1 ft away. 

The author had an unexpected opportunity to conduct a 
crude experiment on this question. While driving on an Inter
state highway in Indiana, Smith's test procedure was modifie<l 
slightly to fit the environment of high-speed traffic. The 
observer's car would close gradually on cars with Indiana 
plates at 60 mph until he was certain of the numbers on the 
target plate. At that "moment of certainty" he started a stop 
watch while noting the location of the target car's rear bumper. 
When the observer reached that location, the timer was stop
ped. For several such trials, the times were between 1.10 and 
1.31 sec. In one case, a black-on-yellow plate was approached 
from behind. The "moment of certainty" occurred at a "dis
tance" of 1.50 sec. The target was a Wisconsin license plate. 
Because Indiana numbers are 69 mm high, Wisconsin charac
ters are 76 mm high, and a vehicle travels 26.83 m/sec at 60 
mph, the author's es for the plates of the two states can be 
calculated: 

6 (Indiana)= 0.069 m/[(26.83 m/sec)(l.20 sec)]= 0.00214 

6 (Wisconsin) = 0.076 m/[(26.83 m/sec)(l.50 sec)] = 0.00188 

Admittedly, this was not a precise experiment, but if a 
carefully conducted study yielded similar results, the es would 
be interesting. These values are for the same observer under the 
same conditions, yet even after character size is accounted for, 
the Wisconsin plate is more legible (produces a lower e) than 
Indiana's. 

Color and Contrast 

The overwhelming majority of the ergonomics literature is, 
surprisingly, less concerned with how use of colors might 
improve the legibility of a display than with a subject's ability 
to identify color or with the chromatic nature of the light used 
in an experiment (11, 12). Just as surprisingly, the few refer
ences to color and acuity simply state that black characters on a 
white background provide superior results (J, 11-15). What 
appears to be a fundamental question with respect to daily 
experiences is, according to Jung (13), "complex" and "diffi
cult to understand." Hassenstein (16), as cited by Jung (13), has 
proposed a model to explain how information about color is 
processed and the International Commission on Illumination 
(CIE) standard chromaticity diagram permits specification of 
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any color mjxture (1, 11), but none of this has been successfully 
applied Lo lhe question of which color combinations should be 
considered (or avoided) in alphanumeric visual displays. Jn 
addiLion Lo the larger character sizes used on Wisconsin plaLes, 
I.bat state also has employed the particularly effective black-on
yellow combination in recent years. Nevertheless, in 1987, 
Wisconsin will begin issuing red-and-white plates. 

As mentenioned at the start of this paper, most license plates 
are refiectorized. Although no studies specific to the luminance 
and legibility of plates at night were found in the ergonomics 
literature, related work on highway signs has appeared there 
(17, 18). 

One Plate or 1\vo? 

A license plate may be well designed for legibility, but will it 
be seen? Approximately 18 states issue only one license plate 
per registered vehicle. Typically, the reason given for a single 
plate is economic (19)-production and mailing costs can be 
reduced and, because license plate fees are usually not reduced 
accordingly, additional revenues accrue to the state. 

Opposition to the single plate system, based primarily on a 
survey of interested parties, has come from law enforcement 
officials (19, 20). A more systematic appraisal begins with 
considering the relative value of front and rear plates for law 
enforcement purposes. If a moving vehicle must be identified 
by its license plate and the observer is driving in pursuit, a rear 
license plate meeting the legibility criteria set forth earlier in 
this paper will suffice. If, however, the observer is a bystander 
who is to the front of the vehicle in question, the absence of a 
fronc plate causes a difficult visual recognition problem. 
Indeed, the problem is manifold. The author's personal experi 
ences as a runner and as a roadside collector of vehicle data 
support the reasonable hypothesis that it is easier to read the 
front plate of an approaching vehicle than the rear plate of a 
vehicle that has already passed. 

It is precisely because the observer must wait for the vehicle 
to have passed his or her location that there are multiple 
problems: 

1. Reduced exposure time of the target (license plate). Jn 
calculating the maximum viewing distance, d = h/0, earlier, it 
was assumed that one vehicle followed another at similar 
speeds and, therefore, that there existed a prolonged exposure 
duration. A vehicle passing an "average" (0 = 0.0019 rad) 
observer at 40 mph is out of range (d > 119.1 ft) in 2.03 sec. 

2. But when did the vehicle come "into range"? This raises 
the matter of the time it takes an observer to focus on the 
"target" once it has come into view. As the target vehicle 
passes the observer, the rear plate is about to come into view. 
But lhese are extremely poor conditions under which to per
form a recognition task [i.e., reading symbols (11)]. The target 
is moving with a lateral component in the observer's field of 
view and the target's eccentricity (departure from straight
ahead view) further complicates the task; all the while the 
target is increasing its distance from the observer at a rate of 40 
mph. Again, from the author's experience, this task of recogni
tion can be accomplished, but (a) unless the need to perform 
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the task is anticipated, it will not be done accurately and (b) a 
front plate makes the task considerably easier. There are hun
dreds of papers in the literature on detection tasks (did a given 
event happen?) involving exposure duration (11), eccentricity 
(21), and moving targets (22, 23), but nolhing was found to 
provide a quantitative experimental basis for addressing this 
topic. This is perhaps the most fascinating and practical of the 
experiments proposed in this paper. 

WILL THE SYMBOLS BE REMEMBERED? 

If there is a need to read the symbols on a license plate, there is 
usually a need to perform some subsequent task based on the 
observation. Unless this task is simply reading the information 
directly onto audio tape, the immediate next requirement is to 
remember the information until it can be recorded or used. The 
ability to recall information involves processes known as sen
sory memory and short-term memory. 

Perceptual analyses, such as recognition, are performed on 
stimuli residing in sensory memory (SM). Incoming informa
tion enters "temporary storage" and resides briefly in SM as an 
"icon." These stimuli persist for a time and are available for 
processing when the external input has ceased Allhough infor
mation in SM rapidly decays, part of it is selected and trans
ferred into short-term memory (STM). The third part of the 
memory model is, of course, long-term memory (LTM), but it 
would be a mistake to think of these three parts as separate, 
sequential memory systems. The perception of a word or letter, 
for instance, involves LTM to identify and name the word or 
letter. Similarly, STM is better described as the active, con
scious part of LTM than as a separate "box" (24, 25). In this 
section, the results of experiments that most closely fit the 
problem of recalling the message on license plates are pre
sented. 

Length of Message 

One limitation on the number of characters in a license plate 
would be related to the ability of an observer to provide a 
"whole report" of a display seen during brief exposure. A 
whole report is the reciting or listing of as many characters seen 
and recalled as possible. Among the work of the many 
researchers interested in the relationship between whole report 
quality and exposure duration, that of Sperling (26) and Mack
worth (27) stand out. A. H. C. van der Heijden (28) summar
izes their work and builds on it to produce the relationship 
shown in Figure 4. Beyond t = 5 (1 sec), the mean number of 
elements reported by the individuals in the study leveled off at 
about six. This is in close agreement with Miller (29) in his 
classic article, wherein he concluded that STM can process 
about 7 ± 2 items, and with Cardozo and Leopold (30). It also 
ties in with the discussion earlier in this paper about the 
stationary observer waiting for a glimpse of the rear plate. One 
second is about the maximum time available for observation of 
the rear plate. 

In the case in which the target vehicle can be followed, the 
observer has the opportunity to "rehearse" lhe eventual recall 
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(1 - e---0.5l50(t+0.62711)J for t.be crossed points (28). 

of the information. Consequently, more items can be stored for 
recall, but even here certain factors affect the amount of infor
mation available. One is not knowing the length of the 
sequence of characters about to be viewed (31). If the character 
string is longer than expected, or the exposure time is too short 
to allow adequate rehearsal, it is likely that some items cannot 
be recalled. Typically, the elements most often missed are those 
in the middle of the sequence (32, 33). 

Pattern of Characters 

The sequence in which characters (especially letters) show up 
in a display has a significant impact on the quality of recall. 
Two concepts are at work here: chunking and meaningfulness. 
Miller (29) developed the idea that an individual can substan
tially increase retention of a character string by mentally sub
dividing the string into groups or chunks of from three to five 
items. The success of such chunking is due in part to the 
elements in each chunk. For instance, letter pairs that seldom 
occur in words-such as pairs drawn from the letters B, P, J, W, 
F, G, C, and M-are more difficult to recall (34, 35). Con
versely, pronounceable chunks-even if they are nonwords like 
LIS or NYD-,:nake the recall task much easier (24). If C 
stands for a consonant and V for a vowel, verbal units such as 
CCC are clearly more difficult to process than CVC or VCV. 
Hull (35) has determined that there is little difference in the 
ability to recall a :;ix-letter (LLLLLL) string or a six-number 
(NNNNNN) string. Many states appear to have recognized the 
advantages of three-character chunks. (Note the LLL NNN 
format or variations thereon in Table 2.) However, Canadian 
postal codes such as H9X 3B7 and KlS 4V4 appear to defy 
easy learning. 

Another way to aid recall is to add meaning to the characters. 
In Indiana, the 92 counties are assigned numbers according to 
their alphabetical order. Thus the car with the plate 79F1046 in 
Table 2 is registered in the 79th county, Tippecanoe. Wash
ington and Tennessee order their counties by population, and 
the rank of the county of registration is the prefix on those 
states' plates. The "C" in CAB 143 for Washington's plate in 
Table 2 stands for Spokane County, the third largest by pop11la-
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tion. Not only is this an aid to roadside data collectors inter
ested in counties of origin, but it can have the effect of con
centrating the observer's attention on the "random" part of the 
display that, wilbout the familiar meaningful prefix, is corre
spondingly shorter to process through lhe SM and S'IM. The 
West Gennan system uses letter prefixes to identify lhc issuing 
license branch. With a few historical exceptions, the largest 
areas have one-letter prefixes and the smallest have three let
ters. Thus "M" is found on a plate from Munich, "CO" on a 
plate from Coburg, and "NES" on a plate from Bad NeusLadt. 
The familiarity of these letter pattems in an expected pos:i:tion 
on the plate greatly facilitates the task of recognition (33). The 
German method is probably the easiest to master, because an 
observer does not have to memorize the counties in a state in 
alphabetical order or learn the population ranks of the counties, 
which are subject to change at each census anyway. Also, the 
larger jurisdictions have shorter prefixes, leaving more space 
for the digits necessary to give each vehicle a unique number 
sequence. 

Another phenomenon that assists license plate recall is the 
vanity plate that spells out distinctive words or lheir approx
imations. Even though they are almost always nonstandard in 
format, they are among the most memorable because they often 
spell out words, names, or clever expressions. 

Role of Stress 

This topic can be approached from opposite viewpoints, and 
both may have validity. On one hand, there is the notion that 
the ability to store and retrieve the plate's information is ne
gated by other sensory stimuli or emotional reactions. If this is 
a common occurrence, a much more conservative license plate 
design is needed to compensate for it. 

On the other hand, there is the concept of attention (36). A 
special event calling for recognition of the characters on a 
license plate may cause the observer to filter out distractions 
and increase accuracy of recall (37). Although there has been 
some use of incentives and "threats" to experimentally explore 
this point with human subjects (37), there is much more to be 
learned here. 

RECOMMENDATIONS 

The body of knowledge uncovered in the ergonomics literature, 
as analyzed and applied to the design of license plates, leads to 
certain recommendations: 

1. Issue two license plates. If one of the major functions of a 
plate is to clearly identify a vehicle for law enforcement pur
poses, the money saved by issuing only a rear plate may be a 
false economy. 

2. Increase character size, subject to space available on the 
plate and need for other information to be displayed !here. A 
number of states have been experimenting with new slogans on 
their license plates, presumably to boost their image to tourists. 
This has led to "Wander" on Indiana plates and "You've Got a 
Friend in" for Pennsylvania. It is not clear that this is any more 
of a selling point than an attractive design, such as the stalk of 
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wheat on the Kansas plate that is currently being phased out. 
3. Although a majority of states have adopted a three-letter, 

three-number (LLL NNN) format or minor variations thereof, 
few states appear to have considered the pronounceable non
word approach to constructing the letter sequence. The eve 
and VCV sequences of consonants and vowels provide the 
basis for generating these units and determining whether there 
are sufficient combinations to issue enough unique plates. [The 
LLL NNN format allows more than 17 million unique com
binations. Using CVC and VCV chunks, with the letter Y as 
both a vowel and a consonant, makes 3.4 million unique LLL 
NNN combinations possible. Only California has more than 10 
million registered automobiles (38,p.17).] 

4. Conduct some basic experiments to determine the best 
(and worst) color combinations with respect to license plate 
legibility. A variety of acceptable combinations would allow 
each state to not only maintain a helpful color contrast on its 
plates but also to maintain a distinctive look with respect to 
neighboring states. 

5. Incorporate the county or locality in the number of the 
license plate. Several states (among them Iowa, Kentucky, 
Ohio, and South Dakota) include county names at the lop or 
bottom of their plates, but these are in letters so small (approx
imately 16.5 mm) as to be illegible to roadside observers. 
Properly done, this feature not only can assist data collection 
but can also reduce the "random" portion of the character 
sequence to be processed by an observer. The number of 
combinations required to provide unique plates to each regis
tered vehicle will dictate the format in a given state, but the 
examples of Indiana and West Germany are instructive. 

The last three of these ideas would cost little or no extra 
money and would improve the legibility of license plates for 
the variety of purposes they serve. 
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Laboratory Evaluation of Crash Cushion 
Delineation 
NEILD. LERNER AND BRYAN K. TURNER 

Alternative means of dellneating crash cushions In gore areas 
were Investigated In laboratory evaluations. A variety of pas
sive delineation methods, lncludJng nose panels, back panels, 
side treatments, and combinations of these, was evaluated. The 
laboratory experiments used driver's-eye-view photographic 
slides of road scenes, only some of which contained crash 
cushions. A high-resolution computer graphics and digitiza
tion system was used to convert the original photographs to 
computerized Images, so that any desired dellneatlon could be 
Inserted Into, or removed from, tl1e scene. Two experiments 
were carried out to Investigate different aspects of the "con
spicu1ty" of the markings. In one, viewers quickly searched a 
scene to determine if a crash cushion was present. Detection 
time, and the apparent distance of the crash cushion, were 
recorded. The other experiment provided only a brief fixed 
viewing time (1 sec), and the viewer was required to answer a 
series of questions about the scene; detecting crash cushions 
was a fQw priority, and crash cushions had no special relevance 
to the viewer. The results lndkated differences between delln
eatlon and no delineation, as well as among alternative means 
of delineating, In terms of rellablllty of detection, speed of 
detection, and apparent distance or crash cushions. The find
lngs suggest that Type 1 object markers may be less effective 
than other alternative and tbat back panels may be an 
especially promising means of delineating crash cushions. 
There were also age-related deficits ln viewers' ablllty to detect 
crash cushions. 

Crash cushions (also called impact attenuators) are commonly 
used at freeway gores and other areas to protect motorists in 
run-off-the-road accidents. Typically, crash cushions guard 
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some fixed-object hazard, such as a bridge pier or a railing end 
in an elevated gore area. These devices provide recognized 
highway safety benefits by substantially reducing the severity 
of accidents (J, 2). However, they do not reduce the frequency 
of collisions and, indeed, may even result in an increase of 
"nuisance" collisions. This increase may result from the 
reduced area of the recovery zone, perceptual confusion, or 
simply the presence of an additional object to strike. 

Most collisions with crash cushions result in only minor 
injury or vehicle damage (reducing crash severity is, after all, 
the purpose of a crash cushion). However, these collisions still 
result in occasional serious injury or death as well as significant 
maintenance costs. Collisions with crash cushions can lead to 
secondary accidents and can disrupt traffic flow because ele
ments of the barrier, or its contents (sand, water), or the impact
ing vehicle itself, obstruct the roadway. There is risk as well for 
the highway crews that must do the repair work at high
accident-risk sites with limited work space. Thus, for reasons 
of both safety and cost, it is important to reduce the frequency 
of collisions with crash cushions. One means of doing this is 
through effective delineation of crash cushions. Unfortunately, 
what constitutes "effective" crash cushion delineation, how 
well it works, and how cost-effective it may be are not known. 

Crash cushion delineation has been recommended by the 
FIIW A as well as by manufacturers of the devices. Marking 
practices differ widely. Some jurisdictions have implemented 
extensive programs of standardized marking practices for their 
crash cushions; others may only spot-treat extreme problem 
sites. Many varied delineation elements, which differ in size, 
color, shape, markings, and reflectorization and occur in 
nwnerous combinations, have been encountered. 
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Under contract to the FHWA, COMSIS Corporation is eval
uating crash cushion delineation as a means of reducing colli
sions with these devices at gore areas. The interest is in passive 
marking treatments rather than more elaborate powered treat
ments such as flashing lights or illuminated barrels. Laboratory 
research evaluations of alternative delineation treatments are 
described in this paper. Some field evaluation is planned for the 
future. 

COLLISIONS WITH CRASH CUSHIONS 

There is relatively little information on the nature of accidents 
involving crash cushions. This is due in part to the minor nature 
of most collisions, which may go unnoticed for some time. One 
5-year study (3) found that 88.5 percent of collisions with crash 
cushions were hit and run. Thus accident circumstances are 
often unknown. Furthermore, most accident studies done to 
date have focused on hardware performance, injury reduction, 
or maintenance and repair costs. These do not shed light on 
problems that relate to the effective use of delineation in 
preventing the collision in the first place. Nevertheless, there 
are some accident data of interest. 

The majority of collisions occurs in darkness, and the early 
morning hours may be particularly overrepresented (4, 5). 
Most hits are to the nose of the cushion and generally strike at a 
flat angle (J, 6). Brown et al. (7) used a videotaping method. 
Although they only captured 13 hits during a 4-year period, 
accident descriptions are available for these. They too found 
most collisions to occur at night (8 of 13), including all four of 
their injury accidents. Alcohol use was reported involved in 
three cases, not involved in one, and unreported for the remain
ing nine. Accident diagrams suggest that a last-minute changi< 
of course contributed to three collisions; this was the most 
frequent accident cause reported by Corum (4) in his study. 
However, diagrams for five other cases reported by Brown et 
al. appear to show the vehicle driving straight into the gore area 
(including all three of the known alcohol-involved cases). 
Brown et al. concluded that "no single cause can be identified 
as contributing abnormally to crash cushion collisions." 

A review of sources revealed that a number of different 
accident "causes" have been identified, but the relative fre
quency of each is unknown. These causes include last-second 
changes of course, "inattention," confusion at the gore, and 
other vehicles (forcing the victim into the gore or obscuring the 
view of the road). Other causes were loss of vehicle control due 
to skidding on ice or tire blowouts; however, these are not of 
concern here because delineation could have little effect on 
loss-of-control accidents. 

PREVIOUS STUDIES 

There have been few formal evaluations of crash cushion 
delineation. Some spot-treatment improvements have been 
reported, but typically these involve multiple improvements to 
the site in addition to crash cushion delineation (e.g., signing, 
lane lines). Only three relevant studies have been identified. Of 
these, one (7) evaluated only a single unusual and extensive 
treatment that consisted of a battery-powered, illuminated 
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orange plastic barrel and an array of reflective delineator posts. 
The authors concluded that the display was effective, but no 
data were reported. They also acknowledged that maintenance 
was prohibitively expensive. 

The remaining two studies used more realistic delineation 
treatments. Both were conducted in Texas. Wunderlich and 
Dudek (8) investigated 10 sites in the Houston area using 
frequency of repair (based on district maintenance records) as 
the measure of effectiveness. Four different levels of delinea
tion, along with control sites, were compared. The most exten
sive treatment, which included amber flashers, appears to have 
led to some reduction in collisions. This treatment was used at 
the two sites with the highest pretreatment accident rates. The 
other three treatments, which used static delineation elements 
only, were located at sites with lower accident rates, and the 
results were ambiguous. 

In another study in the Fort Worth area, Wunderlich (9) 
videotaped three sites and used vehicle encroachments into the 
gore area, rather than actual collisions, as the measure of 
effectiveness. At each site, a yellow and black high-intensity 
reflective back panel was added to the existing delineation; 
other aspects of the existing delineation were also modified at 
some sites. The existing pretreatment delineation differed for 
each site, but all included a striped nose panel. At all three 
sites, this study found a 42 percent drop in nighttime encroach
ments and a 21 percent drop in daytime encroachments. Thus 
extensive passive delineation, in the form of reflectorized nose 
and large back panels, appears to be effective in reducing 
erratic driving through the gore area. Gore encroachments are 
presumed to be related to actual crash cushion collisions, but 
the nature of this relationship is unknown. 

In summary, delineation apparently can help reduce colli
sions with crash cushions. How extensive delineation needs to 
be, what treatments are most effective, and how great a reduc
tion in collisions may be expected are unknown. 

LABORATORY EXPERIMENTS ON CRASH 
CUSHION PERCEPTION 

The laboratory study investigated people's ability to detect 
crash cushions imbedded in roadway scenes. Two experiments, 
employing somewhat different procedures, used photographic 
slides that portrayed behind-the-wheel views of the road ahead. 
Some of these scenes contained crash cushions; these photo
graphs were modified so that different delineation treatmenis 
could be incorporated into scenes that were otherwise identical. 
The images were modified by photodigitizing the original pho
tographs and then using a high-resolution computer graphics 
system to modify the image. 

The two experiments were directed at somewhat different 
aspects of detection of crash cushions by motorists. "Conspi
cuity" (the property of an object that causes it to be conspic
uous, or easily noticed) has been recognized as having two 
different aspects. Cole and Hughes (JO) have labeled these as 
"attention conspicuity" and "search conspicuity." The former 
refers to the ability of an object to attract attention when it is 
not expected; the latter refers to how readily the object is 
identified when it is being searched for. Both types of conspi
cuity are relevant for crash cushion collisions. The primary 
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experiment described in this paper addresses search conspi
cuity. In the second experiment, concerning attention conspi
cuity, similar, though less extensive, results were obtained. 

Search Consplculty Experiment 

This experiment focused on the role of delineation in helping 
the driver to detect the presence and proximity of a crash 
cushion at a glance. It was designed to model the condition in 
which a driver makes a last-second decision to change course 
and must quickly decide if any object hazards are in the path 
and, if so, at what distance. Therefore the important measures 
are how long it takes the subject to detect the presence of a 
crash cushion and, in this brief view, how close the device 
appears to be. 

Photographic Stimuli 

Crash cushions located in the greater Washington, D. C., area 
were photographed from a driver's-eye position at distances of 
from 100 to 300 ft. The camera was mounted facing directly 
ahead of the vehicle, so that the picture was centered on the 
uproad path. The location of the crash cushion itself might 
therefore be anywhere from central to peripheral in the picture. 
Both day (using Kodacolor 200 ASA film) and night (using 
Kodacolor 1000 ASA film) shots were taken. The photographic 
prints were then converted to digitized computer images (1024 
x 780 pixels) using a high-resolution computer graphics system 
(New England Technologies Graphics System, incorporating a 
Jupiter graphics generator, a hard disk system, a color graphics 
recorder, the digitizing controlling unit, and a Panasonic TV 
camera for input to the digitizer). After they had been con
verted to computer images, the scenes containing crash 
cushions could be modified in any manner desired. The modi
fied images were rephotographed for presentation as slides. 

The use of a digitizer-computer graphics system permitted 
excellent experimental control of the stimuli used for the 
experiment. The same site could be presented with alternative 
delineation treatments inserted into the scene. Perhaps the most 
important advantage was that undesired aspects of the scene 
could be easily and convincingly eliminated. Most of the crash 
cushions photographed already contained some sort of mark
ing, and this could be readily eliminated in the computerized 
image. Extraneous signage, signals, warning flashers, and other 
hardware or distracting features could be removed. This 
method provided an alternative to the more difficult, time
consuming, less flexible (and sometimes unsatisfactory) photo
composite and photo-retouch method. 

Delineation Treatments 

In selecting delineation treatments to evaluate in this study, the 
emphasis was on passive markings, already in use by some 
states or jurisdictions and in conformance with the Manual on 
Uniform Traffic Control Devices (MUTCD) (11). The delinea
tion treatments selected represent the devices typically used. 
Thus alternatives differ not only in shape and marking but also 
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in size. The experiment on search conspicuity used six different 
delineation treatments, shown in Figure 1. Figure 2 shows a 
crash cushion with delineation elements added. 

Experimental Design 

The research subjects viewed a series of slides of road scenes, 
fewer than half of which contained crash cushions. Therefore 
the subject had to study the scene to determine if any crash 
cushion was present. Each of the 36 slides containing crash 
cushions (18 daytime and 18 night) were modified so that each 
site was portrayed with each of the six delineation treatments. 
Each research subject viewed each scene only once; different 
versions of the scene were viewed by different subjects. Thus 
there were six groups of subjects, each of which viewed a 
different delineation treatment for a given scene. Comparisons 
among treatments could be made on the basis of performance 
for all 18 day and 18 night slides, so that site-specific factors 
became less important. The design was counterbalanced so that 
each research subject saw each treatment three times in the set 
of 18 crash cushion slides, and each version of a site was 
viewed by one-sixth of the subjects. 

Research Participants 

Thirty paid research participants, 14 males and 16 females aged 
18 to 35, were recruited through local advertising. All reported 
normal or corrected-to-normal vision and held valid driver's 
licenses. 

Procedure 

The general procedure was for the subject to view a slide and 
press a button as soon as he was able to determine that there 
was, or was not, a crash cushion somewhere in the scene. If a 
crash cushion was seen, its distance ahead was also estimated. 

Subjects participated one at a time. They viewed rear-pro
jected slides from a distance of 8 ft; the slide subtended a visual 
angle of 26 degrees horizontally and 18 degrees vertically. This 
reproduced the crash cushion image at approximately the same 
visual angle that it subtended in the field. The initial instruc
tions informed the subject that his task would be to determine 
as rapidly as possible whether there was a crash cushion in a 
scene and then to estimate its distance; however, there would 
be a training period. 

Training covered three elements: distance estimation, famil
iarization with crash cushions, and practice with the response 
time procedure. 

The purpose of the distance training was to reduce the 
variability of the distance judgments and to make the task less 
distressing for the subject. The concern in collecting distance 
judgments was not with the absolute accuracy of the estimates 
but with the relative differences in the apparent distances of 
cushions with alternative delineation treatments. The training 
provided the subjects with some benchmarks and feedback. 
Slides that portrayed the same car at different distances from 
the camera were shown, and the subject was informed of the 
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A. Diamond nose panel B. Bi-directional striped nose panel C. Bi-directional striped back panel 

0 
Yellow/ 18"sides 
MUTCD Type 1 Object 
Marker (Without buttons) 

Yellow and Black I 24" by 36" 
Two adjacent MUTCD Type 3 
Object Markers 

Yellow and Black I 48" by 48' 

D. Nose panel plus back panel E. Side Treatment F. No Delineation 
(Control) 

Yellow and Black I 18" by 24" 
MUTCD W 1-8 Chevron 
Alignment Arrrows 
(applied to sides of crash cushion 
array) 

FIGURE 1 Delineation treatments for search conspicuity experiment. 

distance. Following this, the same car was shown in different 
settings, at various distances. The subject estimated the dis
tance, and then the experimenter informed him of the actual 
distance. The actual distances employed in training ranged 
from 75 to 268 ft. 

Next, the subject was familiarized with the appearance of 
crash cushions. First he viewed (nondigitized) slides of a sand 
barrel array and two perspectives of a hydrocushion. Then he 
viewed a digitized scene that contained another hydrocushion 
and was told that this was typical of the scenes he would see. 
The cushion in this scene contained a nose panel, which was 
pointed out, with the comment "sometimes the highway 
department puts markers on or near the crash cushion. We put 

FIGURE 2 Illustration of a crash cushion with nose panel 
and back panel. 

several different kinds of markers on this crash cushion, to give 
you some idea of what they look like." The subject then saw 
slides that portrayed the crash cushion with each of the delinea
tion elements that would be encountered during the session 
(striped nose panel, diamond nose panel, striped back panel, 
and side alignment chevrons). 

Finally, the subject practiced the response time procedure. 
The instructions emphasized the need for making a decision as 
rapidly as possible. First, four slides were presented, and the 
subject was only to determine if there was a crash cushion and 
operate the button appropriately. If a response time was slow 
(more than 2 sec), the experimenter coached the subject to 
respond more rapidly. Then, four more slides were presented, 
and the task of providing the distance estimate was added. 

During actual data collection, the subject viewed a screen 
with a dot pattern projected on it. This provided a fixation point 
as well as a masking stimulus to minimize visual aftereffects of 
the actual scenes. The subject pressed a hand-held button to 
present the slide of the scene and activate a timer. As soon as 
the subject was able to determine that there was, or was not, a 
crash cushion in the scene, he again pressed the button. This 
stopped the timer and presented the dot pattern in place of the 
scene. The subject then informed the experimenter "Yes" 
(there was a crash cushion) or "No" (there was not a crash 
cushion), and, if there was one, how far away it appeared to be. 
The experimenter then recorded this information as well as the 
response time to the nearest millisecond. 

First, a block of 42 daytime slides, 18 of which contained 
crash cushions, was viewed After a brief break, a block of 42 
night scenes, 18 of which again contained crash cushions, was 
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FIGURE 3 Percentage of crash cushions detected. 

viewed. The order of the slides was random and was the same 
for all subjects. The subjects differed only in what delineation 
treatment they saw in each of the slides that contained a crash 
cushion. 

Results 

Overall, the "hit" rates (correctly reporting a crash cushion 
when there was one in the scene) were high (95 percent); the 
false alarm rate (incorrectly reporting a crash cushion when 
there actually was none in the scene) was low (2.7 percent); 
and the six groups of subjects were closely comparable. Mean 
detection times were uniformly rapid (well under 1 sec for all 
delineation treatments), as desired. Thus the procedure was 
successful, and comparisons of detection time and estimated 
distance may be readily made among treatments. 

There were three dependent variables of prim~ interest: the 
percentage of time a crash cushion was correctly detected, the 
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mean time it took to detect the presence of the crash cushion, 
and the apparent distance of the crash cushion. All three of 
these measures were significantly related to the delineation 
treatment. 

As expected, because the subject was free to search the scene 
until he could decide whether a crash cushion was present, the 
detection rates were quite high. Figure 3 shows the percentage 
of time a crash cushion was detected as a function of the 
delineation treatment used. For both night and day scenes, 
fewer crash cushions were detected when no delineation was 
used (82 percent for nighttime, 86 percent for daytime). At 
night, a ceiling effect limited comparisons among the alterna
tive markings: all delineation alternatives led to greater than 97 
percent detection. For day scenes, the trend was for greater 
detection as delineation became larger and more extensive. 
Again, however, the magnitude of these differences was con
strained because all delineation alternatives led to detection 
rates greater than 91 percent. 

Figure 4 shows the geometric mean time required to detect 
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FIGURE 4 Geometric mean time to report cushion. 
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crash cushions for each delineation condition (geometric mean 
was used because the logarilhm conversion corrects for posi
tive skew when Lhere are occasional long reaction times). As 
the figure makes clear, delineation generally produced faster 
detection of the crash cushion than did no delineation. The 
exception was for the diamond nose panel, which produced no 
benefit for the daytime simulation and a smaller benefit for the 
nighttime simulation. The trend in the detection time data was 
for faster times as the delineation became larger in area or more 
extensive in treatment. However, these effects were small and 
cannot be statistically confirmed. The fastest mean detection 
times for both day and night conditions occurred with the 
combination of the striped nose and back panels. 

Figure 5 shows the mean distance at which subjects per
ceived the crash cushion to be. Although distances were esti
mated as somewhat farther for day scenes, this should be 
cautiously interpreted because the set of sites and actual dis
tances was not the same for day and night slides. The more 
important point is that the same pattern was evident for both 
day and night conditions: the perceived distance was strongly 
dependent on how the crash cushion was marked. Crash 
cushions with nose panels, but no back panel, appeared farther 
away than if no delineacion was used; crash cushions with only 
a back panel appeared nearer than if no delineaLion was used. 
The combination of nose plus back panel led to an intermediate 
perceived distance. The difference between the judged dis
tances for the extreme conditions was quite substantial: 41 ft (a 
39 percent difference) at night and 39 ft (a 32 percent dif
ference) in day. The implication of these findings is that some 
treatments may help reduce the likelihood of the driver making 
a last-second change of course through the gore because, at a 
glance, the crash cushion will appear to be much closer to the 
vehicle than it really is. It is possible that this finding could be 
related to some tendency of the viewer to assume some "stan
dard" sized delineation and then interpret the differences in 
size as differences in distance. Such a process could occur on 
the road as well as in the laboratory. An attempt was made to 
minimize any anifactual tendency of lhis kind by (a) providing 
all distance judgment training using a target other than crash 

180 -

100 -

33 

cushions and (b) showing examples of delineation that included 
different sized markers. 

Taken together, the results from this experiment clearly show 
that delineation can improve the probability and the speed of 
detecting a crash cushion in the context of a roadway scene. 
There are also meaningful differences between alternative 
delineation candidates. 

Attention Consplculty Experiment 

The objective of this experiment was to compare the conspi
cuity of markings for the situation in which the driver is not 
concerned primarily with the detection of crash cushions. The 
key difficulty in devising a meaningful study of attention con
spicuity is getting sufficient information on the subject's 
response to the object without having that object become the 
focus of his attention. Unfortunately, if the subject is constantly 
viewing crash cushions, and especially if he is making judg
ments about them, his attention will certainly come to be 
directed to these devices. If the subject rarely encounters a 
crash cushion, the problem is mitigated, but few data are 
collected. The solution to this problem was to force the subject 
to visually process multiple aspects of a scene (as in real 
driving), controlling the priority that various aspects of the 
scene received and being sure that crash cushions were not 
typical aspects of every scene. Thus, although subjects were 
required to indicate when they saw a crash cushion in a scene, 
identification of these objects was designed to be a relatively 
low auentional priority for them. 

Temporal constraints on viewing were also designed to par
allel certain features of real driving conditions. Crash cushion 
collisions often involve a driver who is devoting his attention, 
under time stress, to problems such as determining the proper 
route, seeking a gap for lane changing, or other problems. In 
the course of evaluating these other problems, Lhe driver may 
fail to notice a crash cushion un.til it is too late lo avoid it. In 
this experiment, each scene was visible lo the subjects for only 
1 sec. This was long enough to permit normal visual search and 
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visual information processing. However, it was brief enough to 
produce some. temporal stress and to force rapid simultaneous 
processing of diverse elements of roadway-related information. 
In this way, the visual demands of scene interpretation during 
driving were approached without distorting normal visual 
acquisition processes. 

The measure of effectiveness of delineation for this type of 
study is the percentage of time that subjects were able to detect 
the presence of crash cushions in scenes. This dependent vari
able does not provide a measure for each observation, as was 
done for response time and distance in the search conspicuity 
experiment. This is therefore a much less sensitive measure, 
although a necessary one given the objective of the experiment. 
Because the results of this experiment generally parallel those 
of the previously described experiment, though not always with 
statistically significant findings, only the general method of the 
rather complex detailed design and procedure will be described 
here. It would have been prohibitively long to evaluate every 
treatment at every site using this method; the actual design 
evaluated three related treatments at each site. 

Delineation Treatments 

Ten delineation treatments were included. There were three 
nose panel treatments: the diamond and striped panels as used 
in the search conspicuity experiment plus a novel treatment. 
The novel treatment was a modification of the bidirectional 
striped marker, in which the sign was essentially inverted and 
arrowheads were placed on the ends of the yellow stripes. This 
was included as an attempt to emphasize the directional infor
mation in the markings. There were also three back panel 
treatments, each of which was evaluated only in combination 
with a striped nose panel. The back panels included the bidirec
tional striped back panel described for the other experiment. It 
also included a Type 1 object marker (MUTCD 3C-3), which is 
the same as the diamond nose panel. Finally, it included a 
double arrow sign (MUTCD Wl2-l). There were three side 
delineation treatments, again used only in conjunction with the 
striped nose panel. The side treatments included the alignment 
chevrons, Type 3 object markers (diagonal striping), and a 
horizontal reflective yellow band. The tenth and final treatment 
was a combination of the striped nose panel, striped back panel, 
and side alignment chevrons. 

Experimental Design and Procedure 

As in the previous experiment, scenes contajning crash 
cushions were modified so that different versions contained 
different delineation treatments. Different subjects viewed dif
ferent versions of the same scenes. In all, each person viewed 
60 scenes, 21 of which contained crash cushions. All were 
daytime scenes. 

Each slide was shown for 1 sec. The subject then answered 
six questions about the scene. Only the last question asked 
about the presence of a crash cushion. The other questions 
served the function of ensuring that the viewer acquired the 
complete range of information relevant to driving; questions 
related to path, other vehicles, environment, and the like were 
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included. These questions also served to keep the subjects from 
paying special attention to crash cushions. The crash cushions 
had no special status to the subject. A training and practice 
period assured that subjects understood the questions and 
served to emphasize the priority given to each of the questions. 
The instructions emphasized that the first questions were the 
most important and that the questions should be answered in 
order; however, every question had to be answered, with a 
guess if necessary. The crash cushion question, because it was 
last, was given low priority. This method was designed to force 
the viewer to fully process the visual scene for the many 
aspects of importance while driving, intentionally giving low 
priority to the task of identifying crash cushions. It was subjec
tively a demanding task, and it was not possible to fully attend 
to all aspects of the scene during the 1-sec presentation. 

Each of the 21 scenes containing a crash cushion was pre
sented with one of three delineation treatments. Thus not all 
treatments were compared at every site, nor were all possible 
pairs of treatments directly compared with one another. Rather, 
the design permitted comparison of triads of related treatments 
at the same location. 

Research Participants 

This experiment employed participants whose ages covered a 
much wider range than the previous experiment. This made it 
possible to evaluate age-related differences in perception. Sev
enty-seven research subjects were recruited through local 
advertising and paid to participate. All held valid driver's 
licenses and reported normal, or corrected-to-normal, vision. 
The group included 28 males and 49 females whose ages 
ranged from 18 to 78 years (mean of 40.2). 

Results 

Overall, crash cushions were correctly identified 55 percent of 
the time. False alarms were infrequent, occurring at an overall 
rate of less than 5 percent. The low false alarm rates for crash 
cushions indicate that guessing and confusion are not important 
factors and that the number of correct crash cushion identifica
tions may be readily compared. 

Effects of Age and Sex Performance was strongly related to 
the age of the subject. Figure 6 shows a scatterplot of the 
percentage of crash cushions missed versus the age of the 
subject. The figure shows much greater variability in perfor
mance as age increases. This effect appears to begin around age 
40, with continuing decline thereafter. Nonetheless some older 
subjects did quite well. This experiment was not designed to 
identify the underlying cause of this age effect on conspicuity. 
However, it is clear that the ability to identify a crash cushion 
embedded in a realistic scene declines with age, perhaps 
becoming significant as early as age 35 to 40. Males detected 
somewhat more crash cushions than females (63 versus 51 
percent). An age-by-sex analysis of variance, where age was 
classified into three categories (18 to 35, 36 to 50, and 51 years 
and older), found a statistically significant effect of the age 
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FIGURE 6 Percentage of crash cushions missed versus age of subject. 

variable and the sex variable. The age-by-sex interaction was 
of borderline significance. 

Consplcuity of Delineation Treatments Large site-to-site 
differences, the lesser sensitivity of simple detection data, and 
possibly the lesser statistical power of nonparametric analyses 
resulted in fewer clear-cut and statistically significant dif
ferences. Chi-square analyses were used to evaluate the dif
ferences in detection rates for each treatment at a given site. 
The most apparent result was that some delineation provides 
significantly better detection than no delineation. At three sites 
where nose panels were compared with no delineation, the 
crash cushion was detected only 34 percent of the time with no 
delineation versus 53 percent with a striped nose panel and 44 
percent with a diamond nose panel. At three sites where no 
delineation was compared with treatments that included the 
nose and back panel combination, the crash cushion was 
detected only 35 percent of the time with no delineation versus 
54 percent with a striped back panel and 49 percent with a 
diamond back panel. Thus it is apparent that adding delineation 
to the device improves its detection. 

Comparisons among different delineation elements (nose, 
back, side), or different alternatives for a given element, were 
less clear. Whether as a nose panel or a back panel, the detec
tion rate was generally higher for the bidirectional striping than 
for the yellow diamond. At six sites, the striped nose panel was 
detected 55 percent of the time versus 48 percent for the 
diamond panel. At 6 sites, the striped back panel was detected 
62 percent of the time versus 56 percent for the diamond panel. 
However, these differences were generally not statistically dis
criminable for a given site, and, in four cases, the diamond 
panel performed just as well. Where the striped nose panel 
treatment was compared with the nose-plus-back panel com
bination, the back panel treatment was detected at a nonsignifi
cantly higher rate at all three sites; however, this advantage was 
quite small, averaging only 4 percent. Thus in terms of the 
advantage of the bidirectional striping over the diamond panel, 
and in terms of the advantage of the back panel over the nose 
panel, the results of this experiment are consistent with those of 
the previous one, but the findings are less robust. 

Among the other comparisons of treatments, only one set 
yielded a clear result. Among the nose-plus-side treatment 
conditions, the horizontal reflective band was less effective 
than the two alternative side markings. Crash cushions marked 
with the band were detected 60 percent of the time versus 70 
percent for the diagonal striping and 76 percent for the chevron 
alignment arrows. 

DISCUSSION OF RESULTS 

These laboratory studies support the value of delineation in 
making crash cushions more conspicuous to approaching 
drivers. The findings indicate improved conspicuity for both 
night and day and that some delineation treatments are more 
effective than others. Benefits of delineation were observed in 
detection time, apparent distance, and probability of seeing. 
Some of these differences were substantial. However, the abso
lute magnitude of the response measures, and the difference 
among treatments, should not be taken literally; it is relative 
performance with different delineation conditions that is mean
ingful. 

The findings suggest that of the two common nose panel 
treatments, the bidirectional striped panel may be preferable to 
the fype 1 object marker (yellow diamond panel, simulated 
without buttons). In particular, it took longer to detect crash 
cushions when the diamond panel was used. These nose treat
ments differed in pattern, shape, and size, and the experiments 
were not designed to isolate one aspect as more critical than 
another. 

Comments from the research participants indicated further 
drawbacks to the diamond panel. Despite its frequent use as a 
gore marker in the Washington, D. C., area, many subjects 
thought it an unusual and unfamiliar marking. It did not convey 
much meaning (except a most general "caution"); some people 
expressed the opinion that the marker was a warning sign in 
which the "message" had been left off. 

The findings also indicated potential benefits from the use of 
back panels. However, there are a number of additional site
specific factors that must be considered in determining whether. 
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a back panel is appropriate. It should be emphasized that back 
panels must be viewed as an optional marking treatment. 

Although treatments that included back panels were detected 
more rapidly than those with only nose panels, the most 
extreme differences between treatments were in perceived dis
tances. For both day and night viewing, crash cushions with 
back panels appeared closer than in identical scenes with nose 
panels. The magnitude of this difference was as high as 39 
percent. If a crash cushion appears farther away, it is assumed 
that it is more likely that a driver will attempt a last-second 
change of course in front of the device. Thus, by causing the 
crash cushion to appear perceptually nearer, the back panel 
may be expected to reduce the number of erratic maneuvers 
through the gore area. Back panels have a number of other 
potential advantages in addition to those specifically identified 
in the laboratory evaluation. First, they can be larger than other 
markings because there is more area at the rear of the cushion 
array. In complex environments this may improve the detec
tability of the crash cushion; Cole and Jenkins (12) have found 
target size to be the most critical determinant of conspicuity of 
traffic control devices, and Mace et al. (13) have found that 
conspicuity effects interact with the visual complexity of the 
surrounding scene. Second, back panels are more elevated than 
nose (or side) markings. This will improve sight distance, 
particularly through vertical curves. It may also improve detec
tability through surrounding traffic. Third, the marking will 
survive accidents, particularly nuisance hits, better than nose 
markings. Finally, the marker should maintain its visibility 
better; it is raised beyond the splash zone and may also be less 
obscured by snow. Thus there are a number of reasons for 
considering the use of back panels as a means of marking crash 
cushions under certain conditions. 

Nonetheless, back panels must be deployed with restraint. At 
sites with adequate sight distance and good geometrics, less 
extensive treatments are probably adequate. At narrow crash 
cushions, back panels may also be of limited use. Perhaps the 
major concern is with interference with other gore area signs 
and markings. Back panels must not obscure exit signs or other 
devices and must not contribute to a cluttered or distracting 
array of traffic control devices at the gore. Thus the laboratory 
findings and other considerations suggest that back panels may 
be effective in reducing crash cushion collisions, but only 
under appropriate conditions that must include full considera
tion of site factors. 

Another interesting aspect of the results was the substantial 
age effect revealed in the attention conspicuity experiment. It is 
not unusual to find that older subjects have more difficulty in 
studies of roadway perception (14). Many factors may contrib
ute to such age-related deficits, including visual abilities, infor
mation processing rate, search behavior, cognitive strategies, 
and decision processes (15). (The limited accident data avail
able suggest that males under 35 are most frequently involved 
in crash cushion collisions; however, little is known about 
involvement rates. Other factors, in addition to visual detec
tion, may be influencing the accident rates.) What is par-

TRANSPORTATION RESEARCH RECORD 1093 

ticularly interesting in the present findings is the suggestion 
that a fairly sharp change in performance may occur by age 40. 
More extensive data are required to substantiate this. The 
general procedure may prove interesting for evaluation of age 
effects and individual differences in driving. Some elderly 
subjects performed very well, and a method that uses a limited 
viewing time and demands search may prove useful in inves
tigating what factors contribute to this ability. The difficulty in 
detecting roadside objects experienced by some middle-aged 
and older viewers further underscores the importance of ade
quate delineation, particularly as the driving population ages. 
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Investigation of Lamp Damage in 
High-Mast Illumination Towers 
THEODOR l<RAUTHAMMER AND PAUL A. RowEKAMP 

The present study was Initiated to Investigate the possible 
causes of excessive lamp failure rates on high-mast Ulumlna
tlon towers In the state or Minnesota. This type of highway 
Ulumlnatlon system consists of high masts on which there are 
either three or four lumlnalres. The masts are 120 ft high and 
the lumlnalres are attached to a ring assembly that can be 
lowered for lamp replacement. The study consisted of two 
methods of analysis that were combined for obtaining Informa
tion on the motion of the towers and the lumlnalres. The first 
step was to analyze numerically the complete system by 
employing a finite element code and to compute the motions of 
the complete system under typical wind conditions at the site 
(wind velocities between 5 and 60 mph). The numerical results 
provided Information about lamp accelerations and the fre
quencies of motion. The second phase of the study consisted of 
an experimental effort during which one of the Ulumlnatlon 
towers was Instrumented and motion data were collected for 
various wind conditions. The final ph.ase of the study Included 
the evaluation of the numerical as wen as the e.xperlmental 
data that had been obtained from the preceding steps. This 
evaluation Included the Identification of modes of vibration In 
the frequency domain, filtering of data for assessment of modal 
effects, and comparisons of experimental and numerical 
results. 

This paper is based on the results of a recent study performed at 
the University of Minnesota for the Minnesota Department of 
Transportation (MN/DOT) concerning excessive failure rates 
of high-pressure sodium lamps installed on high-mast towers 
(1). These failures consisted of fractured arc-tubes, broken arc
tube bases, and severely deformed support wires. Preliminary 
reviews of the issue by MN/DOT personnel determined that 
such failures were not caused by electrical or electromagnetic 
problems and that the issue of wind-induced vibrations needed 
to be investigated. 

This study consisted of an analytical-numerical phase, an 
experimental phase, and a comparison and evaluation phase. 
The analytical-numerical part included implementation of the 
finite element method for the assessment of tower behavior 
under various static and dynamic loading conditions. In the 
experimental phase one of the towers was instrumented with 12 
single-degree-of-freedom (SDOF) accelerometers that were 
placed on a tower ring assembly, on a lurninaire, and on a lamp, 
and the recorded data were studied in both the time and fre
quency domains. The numerical and experimental results were 
compared at various stages of this study so as to obtain an 
accurate description of the wind-induced vibrations and the 
relationship with the observed bulb failures. 

T. Krauthamrrier, Department of Civil and Mineral Engineering, Uni
versity of Minnesota, 500 Pillsbury Drive, S. E., Minneapolis, Minn. 
55455. P. A. Rowekamp, Bakke Kopp Ballou and McFarlin, Inc., 219 
North Second Street, Minneapolis, Minn. 55401. 

Structural response to dynamic loads can be evaluated by 
employing either classical methods in the linear domain, or, 
when complex structures are considered, numerical techniques 
may have to be used for the analysis. For structural analysis in 
the nonlinear domain of behavior, a reliable numerical 
approach is almost always required for obtaining acceptable 
solutions that can be interpreted for engineering purposes. 
Newark and Rosenblueth (2) provide a substantial amount of 
information on dynamic structural analysis in the linear and 
nonlinear domains of behavior, but this work is primarily 
oriented toward addressing the problem of earthquake effects. 
Nevertheless, the analytical approach presented does apply to a 
wide range of structural dynamics problems. Also, there are 
similarities between the structural response of systems under 
the effects of dynamic loads transmitted through the ground 
and the behavior of structures under wind-induced loads as 
discussed by Cevallos-Candau and Hall (3). 

A fundamental treatment of wind engineering is presented 
elsewhere (4, 5), and this information can be employed for the 
analysis of structural systems under the effects of wind loads. 
These texts also provide an abundance of information concern
ing wind forcing functions, drag coefficients, and vortex shed
ding effects. The issue of loading conditions associated with air 
flow has been studied quite extensively, and the information 
available from the literature was used in this study. Sachs (4) 
and Sirniu and Scanlan (5) also contain several typical wind 
records with durations of about 2 min, and such instantaneous 
records were an essential part of the pretest numerical approach 
in which simulated wind loads had to be employed for 
assessing structural responses. 

Cheung and Chiu (6) provided information concerning prob
abilistic determination of extreme winds from short-duration 
records, and other publications (7-12) contain relevant infor
mation on wind forces and corresponding structural response 
for various systems, primarily on towerlike structures, which 
are similar to the high-mast system under consideration. 

There are many excellent references available on the finite 
element approach. Probably the most' valuable for this study 
was written by Bathe (13) who also developed the finite ele
ment code ADINA (14) used to analyze the high-mast system. 
Other texts, such as that by Clough and Penzien (15), also 
provide relevant information and examples on implementation 
of the finite element method for dynamic analyses. Instrumen
tation and testing of structures and mechanical components 
have become increasingly popular and easy with the advent of 
personal computers and advanced software packages. 

The specific towers dealt with on this project measure 120 ft 
high and taper in diameter from the base to the top. The 
average base diameter is approximately 24 in. and the average 
top diameter is approximately 7 in., as shown in Figure 1. The 
tower is actually composed of three sections of cold-formed 
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FIGURE 1 High-mast 
tower. 

steel plate. Each section is approximately 40 ft high and is 
formed into a 16-sided cylinder fitted together to form the mast. 
All three tower sections have different plate thicknesses: the 
lower section is ~/16 in. thick, the middle section is 1/4 in. thick, 
and the top section is 3/16 in. thick. The material is high
strength, low-alloy steel per ASTM A588 with a 50,000-psi 
minimum yield strength and a 70,000-psi minimum tensile 
strength, The approximate weight of I.he shaft is 7 ,200 lb, and 
the section modulus al I.he base is nearly 190 in.3, which results 
in a 100 percent yield moment of 785,000 ft-lb. Al the base of 
the tower there is a 36-in.-high tube section made from folded 
plate that tapers from 39 in. in diameter at the bottom to 24 in. 
at the top. The top of this section is connected to the bottom of 
I.he lower section of I.he shaft with 100 percent penetration 
welds. This base section also has a door for access to the 
electrical connections and a steel cable winch for lowering the 
ring assembly and luminaires. The largest ring of the assembly 
is a 2.5-in. steel pipe that is cold formed into a 47.25-in.
diameter ring. Four smaller steel pipes extend from the ring and 
the luminaires are mounted on these smaller pipes. Each lumi
naire weighs approximately 65 lb and houses one 1000-watt 
high-pressure sodium bulb. These bulbs are cylindrical in 
shape, about 13 in. long, and 2.75 in. in diameter. When the 
winch at the tower base is unwound the ring assembly disen
gages from the masthead and is slowly lowered. The masthead 
assembly at the top of the tower houses several pulley mecha
nisms that thread the electrical and steel cables as the ring is 
raised or lowered. When the ring assembly is raised to its 
standard uppermost position it is locked into place by the 
masthead 
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METHODOLOGY AND APPROACH 

The purpose of the present study was to identify the effects of 
wind-induced vibrations on lamps in the high-mast illumina
tion towers. Naturally, the main thrust was on obtaining experi
mental data from the site under consideration, but a significant 
amount of numerical preparation was required in order to plan 
and perform the tests and 10 assure the reliability of the data. 
The numerical studies had to be performed initially to derive 
predictions of expected tower and lamp vibrations and later for 
purposes of correlation with I.he available experimental infor
mation. Furthermore, it was important to be able to study a 
broad range of wind effects in order to identify which ones 
could be responsible for the observed damage, and such eval
uations can be best performed either by well-controlled labora
tory experiments or by numerical means. To obtain numerical 
results on the lamp motions, the entire tower needed to be 
analyzed because the wind forces cause the tower to vibrate 
and these vibrations are transferred to the lamps. 

As briefly discussed earlier, the analysis of the high-mast 
illumination tower system consisted of an analytical-numerical 
phase and an experimental phase. The analytical study was 
carried out first to gain a better understanding of the tower's 
basic properties including stiffness, damping, and natural fre
quencies. When this information was available, simulated wind 
loads could be applied and the tower response observed (the 
motions computed in this study corresponded to the component 
of interest, such as the luminaires and lamps). These wind loads 
could be varied by changing the frequency and magnitude of 
the applied load and applying different loading patterns includ
ing uniform loads, concentrated loads, and mass proportional 
loads. This type of analysis should provide an adequate spec
trum of expected values for the displacement velocities and 
accelerations of the luminaires and lamps. Because it is nearly 
impossible to exactly model the wind effects on the compli
cated head and ring assemblies, the second stage of the analysis 
included placing accelerometers on the ring assembly, lumi
naire, and lamp to observe the actual motion of the structure 
under field conditions. 

In the analytical evaluation of the problem, use was made of 
the finite element method for the dynamic analysis of the 
structural system, and the program ADINA (14) was employed 
for this purpose. ADINA is a commercially available multipur
pose finite element program for linear or nonlinear analysis of 
structural systems in static or dynamic domains of behavior in 
one-, two-, or three-dimensional space. The program can 
provide time histories of forces, strains, stresses, displace
ments, velocities, and accelerations, as well as natural frequen
cies and mode shapes of the structures. 

In the following subsections several parameters that must be 
considered when analyzing a structure for wind-induced vibra
tions are discussed. 

Boundary Layer Effects and Changes in Wind Speed 

When dealing with tall structures such as towers, an important 
consideration is the variation of wind speed with height. It is 
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well known that roughness of the terrain retards the wind near 
the ground The lower layers of air then retard those above 
them, which results in di.fietent wind speeds from the ground 
level until the retarding forces are diminished to zero (4). 
Several approximate equations have been developed by various 
researchers to provide a better understanding of the wind gra
dient, and one such equation is the power law wind formula (5) 
that is used to calculate wind speed at a height other than that at 
which the wind is measured. 

Reynolds Number 

The Reynolds number is an index that helps to define what type 
of flow characteristics may be expected and is a function of the 
wind velocity, the diameter of the tower, and the kinematic 
viscosity of air (4, 5). In the case of a tapered cylindrical tower, 
the Reynolds number will vary with height because the diame
ter changes with height, and so does the wind speed, as men
tioned previously. 

Force Coefficients 

The force coefficient (or shape facor) is a dimensionless param
eter, included in most wind pressure equations, that makes it 
possible to calculate forces on many different structural shapes 
using the same general equation that can be written as 

Wind force = CAq 

where 

C = shape factor or force coefficient, 
A = area upon which the wind force acts, 
q = (1/2)aV2 is the dynamic head of wind, and 
a = mass density of air. 

(1) 

Furthermore, the shape factor or force coefficient can be 
divided into two different types, drag coefficient (Cd) and lift 
coefficient (Ck). 

Vortex Shedding 

Winds acting on a cylindrically shaped tower may induce 
forces in several different directions. Naturally, the tower is 
expected to deflect in a direction parallel to the wind. But it 
may also vibrate in a direction perpendicular to the wind; this is 
due to the phenomena of vortex shedding (5). Vortex shedding 
occurs when the airstream separates on each side of a structure 
and vortices or eddies are formed alternately at each separation 
edge. The formation and detachment of each vortex or eddy 
induces a suction force at the separation points that alternates 
back and forth between the points. When these across-wind 
vibrations act concurrently with the along-wind vibrations, the 
deflection of cylindrical shapes such as the high-mast towers 
can become rather complicated For simplicity the across-wind 
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and along-wind vibrations are usually handled separately and 
then superimposed to describe the final behavior. The present 
study deals with wind speeds that vary from 0 to 60 mph and 
corresponding Reynolds numbers that vary between 30,000 
and 1,700,000. 

Strouhal Number 

The pronounced regularity of such vortex wake effects is 
describable in terms of a nondimensional number, known as the 
Strouhal number, that can be determined as follows (4, 5): 

S = fvDN 

where 

fv = 
D = 
v = 

s = 

frequency of full cycles of vortex shedding, 
dimension of the body projected on a plane 
normal to the mean flow velocity, 

(2) 

velocity of the oncoming flow, assumed laminar, 
and 
Strouhal number. 

The value of S takes on different characteristic constant 
magnitudes depending on the cross-sectional shape of the 
prism being enveloped by the flow. There has been some 
question as to what value of D, the diameter, should be input in 
this equation for tapered structures. Several authors including 
Sachs (4) have recommended that the diameter at the tip of 
tapered structures be input. For the high-mast towers the tip 
outside diameter is approximately 7 in. or 0.60 ft. Introducing 
this and S = 0.2 into Equation 2 results in 

(3) 

It was observed by Penzien (11) that the maximum deflection 
response from vortex shedding occurred when the frequency of 
vortex shedding equaled one of the structure's lowest natural 
frequencies. This condition is termed a resonance condition, 
and it will have a certain "critical" wind velocity associated 
with it as seen from Equation 3. This critical wind velocity can 
be calculated for various modes of vibration, and the critical 
wind velocity for the lowest natural frequency of the present 
tower is accordingly 0.82 mph. Hence, at this wind speed the 
shedding frequency will equal the structure's natural frequency 
and the tower will interact with the flow. 

ANALYTICAL-NUMERICAL APPROACH 

The numerical approach adopted for the present study was the 
finite element method, as discussed in the literature (J, 13). The 
actual structure is simulated by an approximate model that 
consists of discrete elements to which the loads are applied, 
and for the present analysis it was decided to approximate the 
tower as an assemblage of beam elements. One restriction that 
could not be overcome by any of the element types was the 
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exact modeling of the nonprismatic shape of the tower. The 
lack of such an available element can be made up for by using a 
large number of prismatic members and gradually decreasing 
the outside diameter of each element from the bottom of the 
tower to the top. For the present analysis, 57 two-node beam 
elements were employed to approximate the tower shaft and 10 
elements to model the ring assembly and masthead. 

The elements describing the tower shaft were connected end 
to end and assigned an average diameter. The elements describ
ing the ring assembly had a constant cross-sectional area and 
diameter and were placed end to end to form a 47-in.-diameter 
circular section. Because of the inability to model a circular 
surface with a small number of sb'aight beam elements, iso
parametric beam elements were used to model the ring's circu
lar shape. 

To properly calculate the dynamic response, the mass density 
of the structure must be included. Rolled steel weighs 490 lb/ 
ft3, which corresponds to a mass density of 0.000734 slugs per 
cubic inch. Another important consideration in the finite ele
ment analysis is the weight of the masthead and lwninaires. 
The masthead was modeled as a 475-lb concentrated load at the 
top of the tower shaft. Each luminaire weighs 65 lb and a 
concentrated load was placed at each luminaire location to 
approximate the lwninaire weight (1). 

One of the restrictions of using the finite element code is that 
loads can only be applied at the structure's nodal points. Hence 
a continuous load due to wind must be broken down into 
equivalent nodal loads. In this case a program was written to 
compute the diameter at each node and then calculate the 
distance between adjacent nodes. When these data are available 
for the entire structure, the tributary area can easily be calcu
lated for each nodal point. If the tributary area is then multi
plied by the wind load per unit area, the result will be the 
equivalent nodal load. 

The behavior of high-mast towers subjected to unsteady 
wind forces is obviously dynamic. Similarly, the structural 
response to a dynamic load (i.e., resulting motions and bending 
moments) is also dynamic. For this particular case the variation 
of wind force with time is assumed to be known. Although the 
force may be oscillatory or irregular, it still must be a pre
described dynamic load The choice of a suitable dynamic load 
is an important step in the analysis, and if the load selected is 
not similar to the actuai ioads on the structure the numerical 
results may not resemble the actual behavior. 

In general, structural response to any dynamic loading is 
described in terms of the displacements, velocities, acceiera
tions, and frequencies of the structure. A deterministic analysis 
leads to such time histories that correspond to the prescribed 
loading history. Other aspects of the response including stresses 
and strains are then determined from the previously established 
response patterns. Further information on dynamic analysis can 
be found in texts on the subject, for example, Newmark and 
Rosenblueth (2) and Clough and Penzien (15). Most ordinary 
structures have a damping ratio of less than 5 percent. Many 
references on tower structures and steel shapes assume a damp
ing ratio of 2 percent. For the numerical analysis it was 
assumed that the high-mast towers have a damping ratio of 2 
percent, but computer runs were also made using 1 and 3 
percent damping. For structures with such low ratios of critical 
damping, it is often assumed that the damped and undamped 
natural frequencies are equal (2). 
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EXPERIMENTAL APPROACH 

The main objective of the experimental phase of the project 
was to instrument the high-mast tower system so actual accel
eration measurements could be recorded These measurements 
could then be compared with the predicted finite element 
response to better understand the behavior of the tower and 
lamps. The basic setup of the required instrumentation is 
shown in Figure 2 and includes accelerometers, which convert 
the measurand [measured quantity or property (i.e., accelera
tion)] into usable electrical output. The number of points and 
the sampling rate were determined by the user through input Lo 
the computer. After it exited from the analogue-to-digital con
verter the signal was processed through the computer, an IBM
PC in this study, and the data were stored on a hard disk. 

IBMPC 

1--1 

0 Oscilloscope 

FIGURE 2 Experimental equipment 
configuration. 

Each accelerometer of the type used in this study is capable 
of measuring acceleration in only one direction. Hence, to 
completely define three-dimensional motion at a point, three 
accelerometers must be used, one in each of the x, y, and z 
directions. Because of the tower height and the local topogra
phy it was decided not to place accelerometers on the tower 
shaft because that would have required special heavy equip
ment, and the points of interest were the lamps at the top of the 
tower. Fortunately, the ring assembly on which the lamps are 
located could be easily lowered to the ground and instru
mented The points of accelerometer installation were chosen 
such that they would provide the required experimental data 
and correspond with specific points identified in the finite 
element grid. Hence an appropriate correlation between the 
finite element model and the actual structure could be investi
gated. For ease of installation and better performance, the 
accelerometers were mounted in groups of three onto small 
alwninum plates and a total of four such devices were installed 
on the ring assembly, on a lwninaire, and on the lower tip of 
one lamp. This approach also assured that three accelerometers 
on a plate were orthogonal to each other in each of the x, y, and 
z directions. 
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RESULTS 

Results of Numerical Study 

After several simple checks were made to assure that the tower 
was modeled properly, the approximated structure was sub
jected to several simulated ex!Temely windy and gusLy condi
tions and several calm or mild wind conditions. A summary of 
the results from the analytical-numerical study for different 
wind conditions is given in Table 1. These results indicate that 
even for random loads of high magnitude the tower does not 
reach excessive levels of acceleration or extreme values of 
displacement. A review of all of the numerical results indicated 
that the maximum acceleration at the top of the tower induced 
by simulated wind loads did not exceed 0.15 g. The numerical 
displacements did reach as much as 14 in. when subjected to 
extreme winds in excess of 45 mph; however, for a 120-ft-high 
tower a tip displacement of 14 in. is still less than 1 percent of 
the tower height, which is quite small for a cantilever structure 
under extreme wind conditions. The moderate and calm wind 
conditions caused a maximum acceleration of less than 0.05 g 
and displacements of less than 3 in. 

TABLE 1 A SAMPLE OF PEAK NUMERICAL RESULTS 

Peak Maximum Maximum 
Wind Along-Wind Along-Wind 
Velocity Displacement Acceleration 

Record (mph) (in.) (g) 

Extreme 46 14 0.15 
Moderate 25 3.8 0.07 
Calm <15 2.2 O.Q3 

Experimental Results 

The second phase of this study included mounting accelerome
ters on an existing high-mast tower in Eagan, Minnesota. A 
total of 12 accelerometers were mounted on the ring assembly 
of the tower, on a luminaire, and on a lamp, and the tower 
motions were monitored on 5 different days in late October and 
early November 1984. The average duration of each record was 
7 min with a sampling rate of 10 readings per second. Several 
other records were also taken with sampling rates of 100 read
ings per second. After processing all the raw data into accelera
tion-time histories the next step in the analysis was to process 
the data through a double integration scheme in order to com
pute the corresponding deflections. 

On November 9, 1984, afternoon wind gusts were measured 
in excess of 25 mph, and the resulting filtered tower accelera
tions showed that the maximum horizontal lamp acceleration 
was 0.08 g and the corresponding peak displacement for the 
lower end of the lamp was approximately 2 in. These accelera
tions and deflections compare quite closely with the response 
from five other data sets recorded on that day. Figures 3 and 4 
show the horizontal and vertical acceleration-time records for 
the lamp, respectively. Comparing these plots shows that the 
vertical accelerations were approximately SO percent less than 
those in the horizontal direction. 
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Comparison of the results of the analytical-numerical study 
with the experimental data shows good agreement on almost all 
counts. The values calculated for the lowest natural frequencies 
of the structure were identical in both studies and the calculated 
values of maximum acceleration and displacement due to 
winds under 30 mph were also nearly identical. It appears quite 
likely that the motion of the tower is induced by a combination 
of both vortex shedding and along-wind vibrations, especially 
under fairly calm or steady wind conditions. An interesting 
point brought out in both phases of the study was the preva
lence of first mode response. The tremendous fundamental 
mode response from the numerical study and the filtering of all 
frequencies except the fundamental in the experimental study 
also showed that almost all of the response occurred in the 
fundamental mode. A close examination of the numerical and 
experimental analyses results showed that even when the tower 
was subjected to very high winds the response was mainly at 
0.4 Hz. The experimental displacement data indicated clearly 
that almost all of the horizontal response was in the first mode. 
Furthermore, both the analytical and the experimental results 
clearly show a level of acceleration of less than 0.20 g and 
displacements of less than 3 in. for a 30-mph wind. 

Several burned out lamps were examined, and noticeable 
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FIGURE 5 Damaged lamps. 

nonrecoverable buckling deformations were very common 
among the small-diameter lead wires connected to the arc-tube 
inside the bulb, as shown in Figure 5, and it became clear that 
this buckling had been induced by thermal effects. When the 
1000-watt lamps are lit they generate a large amount of thermal 
energy, and this heat will cause the small-diameter lead wires to 
expand and induce tensile stresses in the arc-tube. If the lamp is 
then subjected to a sudden decrease in temperature, when 
power to the lamp is terminated, the lead wires will contract, 
inducing compressive stresses in the arc-tube. These support 
wires inside the lamp are connected to the arc-tube by a pair of 
small metal cross-plates, and when the lead wires in the lamp 
buckle the cross-plates connected to them will rotate and may 
induce flexural stresses in the arc-tube. This combination of 
thermally induced flexural and axial stress cycling combined 
with low-level vibrations could lead to premature failure of the 
lamp by breaking the arc-tube or causing severe distortions at 
the arc-tube base, as seen in Figure 5. During the last few 
months an improved lamp has been introduced in which the 
two lead wires are placed in glass sleeves. At this time it 
appears that the performance of the lamp has been improved by 
the added stiffness of the glass sleeves. 

CONCLUSIONS AND RECOMMENDATIONS 

The present study was initiated to investigate possible wind
induced vibrations in lamps that are mounted on high-mast 
tower illumination systems. htltially, it was expected that such 
vibrations were the principal cause of excessive failure rates of 
the lamp. However, after preliminary data became available 
during the study, it appeared that mechanical vibrations could 
not be the only cause of such failures, and the following 
conclusions and recommendations were made. 

1. As a result of this study it was concluded that the mea
sured peak accelerations apparently were not the principal 
cause of the observed lamp damage. 

2. No obvious problem was detected in regard to the tower 
design and its possible effect on lamp performance. 
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3. At this time it appears that a principal cause of severe 
stresses in the lamps is associated with thermally induced 
deformations in the lead wires that are located in parallel to the 
arc-tube. Nevertheless, it is quite reasonable to expect that low
magnitude vibrations would further enhance the failure rate 
because the dynamic effects will conl.Iiuule Lu the stale of 
stresses in the internal components of the lamp. 

4. At this stage it is recommended to perform controlled 
experiments in the laboratory to investigate the separate effects 
of thermal cycling and mechanical vibrations and to determine 
more accurately their influences on the lamps, and also to study 
their combined influence on lamp performance. 
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Minimum Retroreflectance for Nighttime 
Visibility of Pavement Markings 

J. L. ETHEN AND H. L. WOLTMAN 

Many tudles have addressed questions related to pavement 
markings; few, however, have de.alt with tlte subject of mini
mum and generally acceptable retroreflectance values for 
nighttime visibility. Three studies that deal with this subject 
were found, and they agree closely on minimum and accept
able values. The question of minimum retroreflectance 
depends on the retroreflectlve quality of the painted line, the 
quality of headlamp IJluminance, the contrast between the line 
and the immediately adjacent road surface, and the presence 
or absence of roadway lighting. Tests were conducted using 
markings with a broad range of retroreftectance on a level 
tangent roadway of weathered asphaltlc concrete. A subjective 
system was employed for rating the llnes, and the results 
correlated well with those of other studies. Two retroreflec
tance values, expressed as specific luminance In units of milll
candelas per square meter per lux (mcd/m2/lx) are suggested 
as acceptable and minimum. These values are approximately 
300 and 100 mcd/m2/Ix, respectively. These values may be 
useful in establishing acceptance and service criteria for pave· 
ment markings. The availability of portable instruments such 
as the Ecolux, which was used in this study, permits the assess
ment of pavement markings for conformance to such criteria. 

Numerous studies have been performed on the durability of 
pavement marking materials, including a study currently under 
way funded through the NCHRP (1). Somewhat fewer studies 
have dealt with nighttime performance, and fewer still with the 
subject of minimum and generally acceptable retroreflectance 
values. The subject is timely. It is the basis for a recent petition 
and proposed rulemaking (2) by the FHWA and is a question on 
which comparatively liltle h~d information exists. 

Pavement markings provide fundamental guidance for vehi
cle control, separation of opposing lanes of traffic, prohibition 
of passing maneuvers, and delineation of roadway edges. As 
stated in the Manual on Uniform Traffic Control Devices 
(MUTCD) (3), "Markings which must be visible at night shall 
be reflectorized unless ambient illumination assures adequate 
visibility." The present experiment was conducted before the 
previously mentioned petition and is reported on here with 
related studies, one of which was unknown at the outset of the 
experiment. This experiment deals with the visibility of pave
ment markings under both ambient illumination and dark con
ditions as cited in the MUTCD. 

PREVIOUS RESEARCH 

Perhaps the most comprehensive evaluation of the role of 
pavement markings in driver guidance is the work performed 
by Allen et al. (4) for the FHWA. Using a driving simulator 

Traffic Control Materials Division/3M, 3M Center, St. Paul, Minn. 
55144-1000. 

followed by the testing of subjects with an instrumented vehi
cle, basic relationships were presented that relate visibility 
range, stripe-to-skip length, and luminance contrast to the 
driver's ability to stay within his lane. These variables are 
expressed as a probability of lane exceedance and define line 
luminance primarily in terms of contrast (Delineation Contrast, 
C) with the adjacent road surface. This relationship is shown in 
Figure 1. 

Allen's study suggests a minimum marking contrast of 2 and 
a minimum visibility distance of from 100 to 125 ft. This would 
result, for example with a line specific luminance of 90 med/ 
m2/lx, in a road specific luminance of 30 mcd/m2/lx. These 
terms describe retroreflectance of the line and road as measured 
photometrically. 

Availability of portable pavement photometers, such as the 
Ecolux, permits direct comparison measurements from labora
tory to field as well as among types of materials. The Ecolux 
instrument is a portable photometer that measures at an 
entrance angle of 86.5 degrees and an observation angle of 1 
degree. Readings are expressed in millicandelas per square 
meter per lux (specific luminance). Values from other instru
ments may differ due to different measuring geometries. 

A study similar to the authors' is that by Serres (5). In this 
study an experiment developed a correlation between subjec
tive ratings and line specific luminance. The study results were 
employed to develop homologation requirements for accep
tance and line replacement based on retroreflectance values. 
The histogram from the Serres study is reproduced as Figure 2. 

The conclusion of Serres' study (5) is that line sp~ific 
luminance below 150 mcd/m2/lx is unacceptable to the median 
viewer and that line replacement should be made at 100 med/ 
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FIGURE 2 Line specific luminance versus number of just acceptable ratings, from Serres (5). 

m2,'lx. It is significant that Serres employed the same type of 
instrument, with the same optical geometry, that was used in 
this study. 

To make a subjective determination of minimum and 
optimum line luminance, two procedures appear to be possible: 
one in which conditions and observers are the ideal case, the 
other under impaired conditions. In the present test such vari
ables as oncoming headlamp glare, roadway curvature, rainfall, 
misaligned headlamps, or impaired drivers were specifically 
avoided in the interest of obtaining a judgment of minimum 
and optimum line lurninances under ideal (unimpaired) condi
tions. Additional safety factors to compensate for these effects 
should be considered in future work. 

DESIGN OF EXPERIMENT 

Pavement tapes were prepared in the laboratory using 1.5 and 
1.9 refractive index glass beads coated at various concentra
tions to provide eight separate retroreflectance levels for test
ing. These levels and their order of presentation are given in 
Table 1. 

All tape stripes were white, 4 in. x 10 ft, and placed with a 
30-ft gap. Three consecutive stripes of each specific luminance 
were applied at the test site in the order given in Table 1. This 
provided eight sets of three stripes. 

TEST ROAD 

The test road is an asphalt-surfaced road laid out as one side of 
a four-lane freeway; it has two 12-ft lanes, a 10-ft paved right 
shoulder, and a 3-ft paved left shoulder. Edge lines were pres-

ent but were well worn and were not judged to be of signifi
cance in the evaluation of the test stripes, which were placed in 
the center lane line position (Figure 3). 

The test road is a 2,200-ft, level, tangent section in a dark 
rural area; lurninaires are positioned along one side. These are 
mounted at a 50-ft height and 250-ft spacing and are provided 
with 250-watt mercury-vapor lamps. Lighting, which was used 
in one phase of the visibility test, conforms closely to the 
standard for rural freeways. Each of the eight test line sets 
consisted of three 10-ft stripes wifu 30-ft spacing between 
stripes. A 250-ft length of roadway was employed for each of 
the eight test sets to ensure adequate isolation of adjacent sets. 
Sets were presented in the order indicated in Table 1. As 
subjects drove the length of the road the sets were completely 
presented and as subjects returned from the opposite direction 
the presentation appeared in reverse order. 

After complete viewing in dark conditions by all subjects, 
the luminaires were turned on and the viewings were repeated 

TABLE 1 RETROREFLECTANCES AND 
ORDER OF PRESENTATION 

Retroreflectance Order of 
(mcd/m2/lx) Presentation 
Avg Min-Max Run 1 

30 20-40 200 
70 60-80 140 
90 80-100 1700 

140 130-150 625 
200 180-220 30 
450 400-500 450 
625 600-650 70 

1700 1600-1800 90 

Run 2 

90 
70 

450 
30 

625 
1700 
140 
200 
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FIGURE 3 Test road layout. 

PROCEDURE 

On arrival, subjects were instructed to use low beams only. The 
widespread use of low beams is well documented and is the 
design illumination baseline for retroreftective traffic control 
materials. Headlamps were aligned and visually aimed in 
accordance with SAE J 599 (6) before viewings. During the 
viewings, one driver and one observer rode together in each car 
and recorded separate ratings. Vehicles were sufficiently sepa
rated so that no oncoming headlights or illumination from a 
following car could interfere. Subjects were instructed to view 
the stripes from two distances, which were marked off before 
each series of test stripes: 100 and 30 ft. Thus the nearest stripe 
in each set would be viewed from 30 ft, and the most distant 
stripe of the same set, when viewed from the 100-ft mark, 
would be observed at a distance of 190 ft. The 30- to 190-ft 
viewing range is substantially shorter and longer than the 100-
to 125-ft distance reported as the required visibility range by 
Allen (4). 

The subjects were instructed to rate the stripe appearance 
from both distances using the following subjective rating scale: 

7 Superior, 
6 Excellent, 
5 Very acceptable, 
4 Generally acceptable, 
3 Minimum acceptable, 
2 Unsatisfactory, and 
1 Very poor. 

A line judged very acceptable (5) is visible at from 400 to 500 
ft, a requirement which satisfies the 5-sec headway requirement 
from Wier and McRuer (7) or the 140-m (460-ft) visibility 
distance for 100 km/hr speed from Blaauw and Padmos (8) . 

A rating of minimum acceptable (3) was defined as visibility 
of the farthest stripe in the set at 190 ft. If this stripe were not 
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visible at that distance the rating would be unsatisfactory (2) or 
very poor (1). 

It is noted from experience that new beads-on-paint lines 
with specific luminance in the range of from 300 to 500 med/ 
md2 /Ix are readily visible at from 400 to 500 ft. These would be 
rated very acceptable (5), comparable to the Wier and McRuer 
(7) and Blaauw and Padmos (8) time and distance require
ments. 

The number of separate observations of each line set was 32 
for the dark phase and 28 for the lights-on phase. 

RESULTS 

The results for the viewings conducted under dark conditions 
are shown in Figure 4 for various retroreftectances. Results for 
the lighted roadway condition are shown in Figure 5. To obtain 
a linear regression from the response of Figure 4, a log of 
specific luminance versus line rating was detennined and is 
shown in Figure 6. 

The regression equation for Figure 6 is 

Line rating= 2.88(log of line specific luminance) - 2.59 

The standard deviation for rank about the regression line is 
0.4450 with a correlation coefficient of R2 = 93 percent. Using 
a standard deviation of 0.3 for predicted line rating at any one 
observation (largest seen), a 95 percent confidence interval of 
±1.32 is calculated for the predicted line ratings. 

Levels of minimum and acceptable performance may be 
drawn from Figures 4 and 6. The minimum level, a 3 rating, 
corresponds to approximately 90 rncd/rn2/lx. Because of insiru
rnent variability a value of 100 mcd/m2/lx is suggested as a 
conservative representation. The acceptable luminance would 
appear to be at the transition of the curve of Figure 4, corre
sponding to a rating of 5 or above. This is equivalent to at least 
400 mcd/m2/lx or above. It should be noted that no upper 
luminance level was observed to be too bright or unacceptably 
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glaring so, in the region of line specific luminance tested (up to 
1700 cd/m2/lx), no upper bound was observed. 

A similar linear regression is shown in Figure 7 for the 
lighted condition. Here the regression equation is 

Line rating = 1.65(log of line specific luminance) + 0.98 

with a standard deviation of 0.2552 and R2 = 93.3 percent. The 
95 percent confidence interval is ±0.81 for the predicted line 
ratings. 

Under the lighted condition, no unacceptable ratings were 
obtained. The acceptable level, corresponding to a level of 5 or 
above, is at least 300 mcd/m2/lx. The roadway illumination 
was sufficient to provide adequate line luminance without the 
retroreflective contribution. Line luminance is a function of 
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FIGURE 7 Line rating versus iog of specific 
luminance, lights-on condition. 

sufficient roadway illumination, the diffuse reflectance (white
ness) of the line, and line retroreflectance. Both retroreflectance 
and luminance from diffuse reflection make up total line lumi
nance. The minimum whiteness (Y) and retroreflectance that 
might be required under the lights-on condition could not be 
deduced from this experiment; all the lines tested had sufficient 
whiteness and contrast to obtain an acceptable or better rating. 
Lines of lesser whiteness or on roads that have lower contrast 
or differing illumination may not be judged acceptable under 
similar conditions when roadway illumination is employed. 
Roadway luminance and line contrast are a function of many 
variables including source of illumination, direction of 
illumination and viewing, surface texture, presence of water, 
and materials of construction. 

The following table gives a summary of minimum and 
acceptable line specific luminance for dark and lighted test 
conditions (specific luminance in mcd/m2/lx): 

Rating 

Minimum 
Acceptable 

Roadway Conditions 

Dark Lighted 

100 
>400 >300 

Minimum line specific luminances are related to their con
trast with the road surface itself. This implies that the values in 
the preceding table are valid in conjunction with the asphaltic 
surface of the test road (approximately 15 to 20 mcd/m2/lx). 
Higher values might be found to be desirable under some 
circumstances because other road surfaces may be lighter in 
diffuse reflectance. Therefore it is appropriate to examine the 
contrast obtained by the authors in comparison with the test 
results of others. 

Typical road specific luminances, measured with the Ecolux 
instrument, are 10 mcd/m2/lx for new asphalt, 15 to 20 med/fill 
Ix for weathered asphalt, and approximately 30 med/m2/lx for 
portland cement concrete; these and the resulting contrast ratios 
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TABLE 2 MINIMUM LINE LUMINANCES 
AND CONTRAST RATIOS FOR DARK 
CONDITIONS 

Present Allen Serres 
Authors (4) (5) 

Minimum line 
specific luminance 100 90 100 

Road luminance 20 30 
Contrast, C 4 2 2-5 

Note: Contrast, C =(Line luminance - Road luminance) 
.; Road luminance. 

from the authors' study and two other studies are given in Table 
2. 

Serres does not report road specific luminances at test loca
tions; she does, however, report the use of a variety of diverse 
road surfaces. Contrasts are thus implied from known road 
surfaces and the minimum line luminance reported 

CONCLUSIONS 

Comparatively good agreement among the three studies was 
obtained for minimum specific luminance of pavement mark
ing. These data support a minimum specific luminance level of 
100 mcd/m2/lx under ideal "dark" conditions. In addition, the 
minimum contrast of the line with the road surface should be 3 
times the road surface specific luminance, as indicated by Allen 
(4). 

For an acceptable level under dark conditions, a specific 
luminance of 4Q0 mcd/m2/lx or higher is indicated for dark 
roadways. For illuminated roads, line specific lwninance of al 
least 300 mcd/m2/lx was judged acceptable and was obtained 
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with stripes having good whiteness (Y). Under these condi
tions, the level of retroreflection did not appear to be as signifi
cant as line whiteness (Y). 

Given the availability of suitable instruments, progress can 
be made in implementing appropriate inspection policies for 
acceptance and replacement of these critical materials. 
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Pavement Texture and Its Wave-Scattering 
Properties: Application to Light 
Reflectance and Skid Resistance 

A. L. KAzAKOV 

The reflectivity characteristics of a road surface are crucial to 
the luminance design of highway lighting systems. At present, 
the reflectance matrices used for design calculations are 
obtained by experimental procedure and contain important 
information about the pavement surface texture. In this paper 
ls described model built on the theory of dispersion of elec
tromagnetic waves by random rough surfaces in a high-fre
quency approximation, as applied to pavements. The model 
explains the reflectance properties of pavements on the basis of 
the statistical characteristics of the surface texture and the 
physkiil pro~rti!'s of th!' p!!.v!'ment ml'!:. T!! test the model, 
measurements were done on the Ontario road reflectance 
matrix photometer at the University of Toronto. When tested 
and calibrated, the model showed good agreement between 
predicted and measured data. The backscattering of ultrasonic 
waves by pavement surfaces Is discussed in terms of low
frequency approxlmatlon of tbe theory of scattering from ran
dom rough surfaces. Simple e)(p rlments, u Ing · ale models, 
showed good correlation between the Intensity of backscatter
ing from the pavement surface and Its skid resistance. The 
model can be used to extract statistical surface texture charac
teristics from experimental data for the assessment of other 
properties of pavements, such as skid resistance or pavement 
wear. 

In Proposed American National Standard Practice for Roadway 
Lighting (1), the Illuminating Engineering Society (IES) rec
ommended the luminance method of highway lighting design. 
The light reflectance properties of the pavement surface are key 
factors in the suggested design procedure. Reflectivity mea
surements made from a highway core sample are used to 
classify the pavement into one of four reflectivity classes. In 
simulating the viewing angle of the driver, measurements must 
be made at an angle of 1 degree to the core's surface. The data 
obtained in such measurements contain only limited informa
tion on pavement surface texture characteristics. Measurements 
at this low angle of reflectance are tedious and require a 
laboratory setting to obtain the desired accuracy (1,2). 

The use of a higher angle of reflection for the measurements 
simplifies the measuring procedure and, in conjunction with the 
developed model, makes possible calculation of the I-degree 
reflectivity values with desirable accuracy. Moreover, the data 
from such measurements can be used to obtain other important 
pavement surface characteristics such as skid resistance and 
pavement wear. 

Research and Development Branch, Ontario Ministry of Transportation 
and Communications, Central Building, Room 331, 1210 Wilson Avenue, 
Downsview, Ontario M3M IJS, Canada. 

A mathematical model, based on the theory of reflection of 
electromagnetic waves from random rough surfaces, was 
developed and tested to transform the reflectivity values, mea
sured at a large angle of reflection, and to obtain the pavement 
surface characteristics. This model makes possible the predic
tion of reflectivity values for different reflection angles from 
given statistical characteristics of the pavement surface texture. 
Conversely, the model makes possible determination of pave
ment surface statistical characteristics from the reflection mea
surements at large angles of reflection. 

The derivation of the model is explained and the findings 
obtained with limited available experimental data are described 
in this paper. 

The developed model can be used to 

1. Estimate the statistical characteristics of pavement sur
face texture using the reflectance data, 

2. Predict the reflectivity values of a surface from given 
surface texture characteristics, and 

3. Convert the reflectivity values obtained for a high angle 
of reflectance to an angle of 1 degree, or other angles of 
reflection that might be more suitable for evaluation of a 
highway lighting installation from. for example, the point of 
view or angle of vision of a truck driver. 

In the next section information is provided on the luminance 
concept of highway lighting design and the measurement 
parameters and procedures for total assessment of the problem. 
This information is necessary for comparison of experimental 
data with results obtained from the model. 

CONCEPTS OF LUMINANCE 

The design of roadway lighting systems, based on the lumi
nance concept, takes into account the amount of light reflected 
from the road surface toward the driver. This standard design 
procedure supersedes the well-known illuminance, or incident 
light, design technique. 

The procedure for determining the amount of light reflected 
by the road surface involves summing the intensity of light 
from each luminaire reflected by the pavement surface toward 
the driver. The road geometry and pertinent notation are shown 
in Figure 1. A grid system is used for referencing points on the 
road. At each grid point the incident illumination for each 
lurninaire [E0 i(cd/m2

)] is determined, and the contribution to 
total luminance by a particular luminaire [Li(cd/m2

)] is calcu
lated using 
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L1 = E01 x q(a, J3, y, S) (1) 

where q is the directional reflectance coefficient. 
The value of q is a function of the angles of incidence (y and 

S) and the angles of reflection (a and 13). These angles are 
defined in Figure 1. 

The total luminance of Point P on the road then is 

(2) 

It is asswned that the driver views straight ahead; thus the angle 
S is zero degrees. 

If the value of E01 is considered in terms of intensity (Ii) of 
the lwninaire (light source), the following relationship obtains: 

(3) 

where Dt= h2/cos2 y and$, y, and h are as defined in Figure 1. 

FIGURE 1 Road geometry. 

Substitution of E01 and D1 into Equation 1 defines the lwni
nance as a product of factors that depend on the reflective 
properties of the pavement and lighting design parameters (for 
S = 0 degree): 

L1 = q(y, a, 13) x !;($, y) x cos3 y/h2 (4) 

The reduced reflectance coefficient is defined as 

r = q(y, a, 13) cos3 y (5) 

Substituting r simplifies Equation 4 to 

(6) 

and the total luminance of Point P is 

(7) 

The Comite International d'Eclairage (CIE) has recom
mended and published standard reflectance tables (1). These 
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tables represent four standard surfaces that are currently used in 
highway lighting design. The tables (J, Table 1) represent 
r-values for a. = 1 degree and S = 0 degree. The actual reflec
tance matrices obtained from the measurement are only used to 
classify the pavement surface into one of the standard classes. 

The value of the directional reflectance coefficient [q(a, 13, y, 
S)) for each value of the arguments depends on the statistical 
properties of the surface geometry, or texture, and the effective 
optical properties of the pavement mix. The theory of reflection 
of electromagnetic waves from random rough surfaces can be 
appJied to describe this dependence and to model the reflec
tance properties of the pavement for different angles of reflec
tance. 

The statistical characteristics of a pavement surface texture 
are not readily available. Different experimental techniques 
were recently developed to obtain the texture characteristics 
used in skid prediction models. The developed model can be 
used to derive these characteristics from the directional reflec
tance coefficient measured at a high angle of light reflectance 
(30 degrees in the present study). The texture characteristic 
thus obtained can be used to calculate the reflectance matrices 
for the pavement as well as other pavement properties that 
depend on texture. / 

MEASUREMENT PROCEDURE 

Measurement of the reflectance matrixes for a high angle of 
reflectance was done on the Ontario road reflectance matrix 
photometer at the University of Toronto. The standard pro
cedure of measurement for 1-degree angle of reflectance is 
described in detail by Jung et al. (2,3). The instrumentation was 
adjusted and calibrated for measurement at the 30-degree 
reflectance angle. 

The experimental setup for this measurement is shown in 
Figure 2. A photometer (M) measures the lwninance of a 
sample from a constant angle of view a = 30 degrees. The 
constant-intensity Cio> Hght source (S) moves along a rail (AB) 
at a constant height (h) above the core sample. The photometer 
and the sample are rotated together around the axis A-A, and 
automatic readings of the photometer output are taken at spec
ified angles (13) of rotation starting from 0 degree and continu
ing up to 165 degrees. The geometry of the instrument did not 

I ,~ 
, 

k ,' h 

M I I ,'' 1 C:--a _____ P ~ lL t ~----...:....-

\ l A 

FIGURE 2 Ontario road reftectance matrix 
photometer. 
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x 

FIGURE 3 Two-dimensional representation of mirror reflection by 
tangential plane. 

allow for measurements at ~ = 180 degrees with a 30-degree 
angle of reflection. so ~ = 165 degrees was the maximum 
rotation angle used in experiments (4). 

The reduced reflectance coefficient (r) for each geometry of 
measurement is determined by rearranging Equation 4: 

- - T '-2/T 
1 - .L.I 11 1io (8) 

where L is luminance measurkl in a particular direction and h 
and Io are experimental parameters defined previously. The 
directional reflectance coefficient (q) can then be determined as 
q = r/cos3 y. 

DEVELOPMENT OF THE MODEL 

The solution of the problem of scattering of waves by flat rough 
surfaces that have a texture smaller than the wavelength was 
given by Lord Rayleigh as early as 1896 in his classical mono
graph The Theory of Sound (5). Later, the practical problems of 
radar technology (scattering of electromagnetic waves by the 
surface of the earth) led to a broad attack on the problems of the 
scattering of electromagnetic waves by rough surfaces. The 
perturbation solution for a mildly sloping texture was sug
gested by Fei.nberg (6) and Rice (7); the problem of wave 
scattering by a random surface with irregularities larger than 
the wavelength was solved by Brekhovskikh (8). 

These first attacks on the problem were later extended to 
include cases of boundaries with finite conductivity (9) and 
boundaries with randomly varying impedance (10). Later 
workers extended understanding to more realistic surface tex
tures, such as a combination of large irregularities (in com
parison with wavelength) and the overlaying microtexture 
(11,12) . Different physical and mathematical methods were 
used in an effort to closely model reality and find better approx
imations. Monographs (13,14) present reviews of these inves
tigations. 

Similar results were obtained by investigators who 
approached the same problem from different physical perspec
tives. The present author mainly follows the works of Isa
kovich (9), Semenov (12), and Sancer (15), which are based on 
one of the main approaches to the problem of scattering of 
waves-the Kirchgoff approximation and the Kirchgoff vector 
integral equation (16). 

In modeling the scattering of light by a pavement surface, it 
is assumed that the surface is flat on the average and that 

surface irregularities are much larger than the wavelength of 
the light (i.e., high-frequency approximation can be used). The 
latter assumption is supported by scanning electron microscopy 
analysis of different road aggregate materials (17). 

Pavement is assumed to be homogeneous in its constitutive 
properties. This assumption is based on the work of Bass (10), 
who showed mac for mixes with randomly distributed materials 
the effective value of the pertinent properties of materials can 
be used. In this model, estimation of the light intensity scat
tered into the particular direction is done, effectively, by sum
mation of mirror reflections from each element of the surface 
(Figure 3). The value of this sum averaged over the ensemble 
represents the final result of the calculations. 

The model takes into account the effect of shadowing of one 
part of the surface by another, which is important for grazing 
angles of scattering. In Figure 4 the effect of shadowing of the 
incident and reflected light is shown. For surfaces with irreg
ularities much larger than the wavelength of the light, the effect 
of secondary reflections is proven to be negligible. 

0 

z 

a) shadowing ol lhe incident beam. The set { I i) 
ol sample surface is illuminated by the source, S 

z 

b) shadowing or the reflected ray. 
M is a deleclor. 

FIGURE 4 Representation of shadowing. 
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In mathematical terms the pavement surface is represented 
as a realization of the random function z = ~(x,y). The 
Kircbgoff approximation is used to calculate the field on the 
surface (E5) as the sum of the incident field cEJ and the field 
reflected (scattered) from the plane tangential to the surface at 
any given point cEJ: £, = 'E0 +1!1• The reflected component of 
the surface field (i!J can be presented as a function of the 
incident field using the Fresnel reflection coefficients (M and 
N), which are specified hereafter. Thus the field on the sample 
surface can be calculated given the incident electric cEJ and 
magnetic (HJ fields and the effective values of material prop
erties: dielectric constant (£) and magnetic susceptibility (µ) . 
IGrchgoff's integral is then applied to deterrnin.e the field cE) at 
the receiver from the field known on the enclosed surface. The 
electromagnetic field intensity, which is proportional to lhe 
square of the modulus of the electric field vector <I !Fl ), is then 
estimated and its ensemble average is the final result of the 
derivations. The following formulas are after Sancer (15): 

where 

J = the ensemble average of the intensity of scattered 
light, 

R0 = distance from source to the surface, 
S = scattering area of a sample, 

al = 1 - sin 'Y cos a cos ti> cos 'Y sin a, 

a4 = cos 'Y + sin a, 

N = [£ cos 0 - (µe - sin2 0)112]/[£ cos 0 

+ (µe sin2 0)112], 

M = [µcos 0 - (µe - sin2 0)112]1[µ cos 0 

+ (µ£ sin2 0)112], 

cos 9 = [(1 - cos a sin y cos ti> +sin a cos y)/2]112, 

and 

0 = the local angle of incidence. 

(10) 

(11) 

(12) 

(13) 

(14) 

W 1 is the joint probability density function of the partial deriv
atives of the random function z = s<x.y); w 1c~x· Sy) is evalu
ated at the values of Sx = (cos Ct - sin y cos tj>)/a4 and Sy= sin 'Y 
sin «l>/a4 or, in other words, for the mirror reflection of the 
incident light toward the receiver. The validity ofEquation 9 is 
not limited to normal, Gaussian, random surfaces. However, a 
Gaussian stationary isotropic random function is used to com
pare the results of the model with those of the experiments. 
Thus the joint probabilities distribution of x and y components 
of the gradient of the surface s(x,y), which is denoted as 
W 1(Sx• Sy), is normal and can be written as 

W 1 = (27t <a.2>) exp [-(~; + ~;)/(2 <cx2>)] 

RMSS = <a.2> 

RMSS is the root mean square slope of the surface. 

(15) 

(16) 
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W 2 is a conditional probabilities function that corrects the 
results for shadowing. It takes into account shadowing of the 
incident and reflected rays by an isotropic, normally distributed 
surface. W 2 is the product of the probability of an incident ray 
hitting a given point on the surface, given a certain inclination 
at that point, and the probability of a ray reflected from a given 
point reaching the observer. These probabilities account for the 
nonshadowing of the incident and scattered fields by the sur
face. 

W2 =(Co+1) 

W2 = (C2 + 1) 

for a > y and ~ = 0 or 180 

for a < y and ~ = 0 or 180 

W 2 = (C0 + ~ + 1) in any other case 

where 

2 C0 = (21 <a.2>l /7t) tan y exp [--cot2 y/(21 <<X
2

>1 )] 

(17) 

- erfc[cot y/(21 <a.2>1 )1/2] (18) 

2 ~ = (2 I <<X2 >1 /1C) tan a exp [--cot2 <X/(21 <<X
2

>1 )] 

- erfc[cot <X/(21 <<X2 >1 )1/2] (19) 

where erfc(x) = 1 - 217t1/2 J
0
x exp(-x2}dx is a well-known 

function of errors (18). 
The power scattered in any direction by a random rough 

surface can be calculated (in the high-frequency limit) if the 
statistical properties of the surface texture are given. To com
pare model results with measured pavement reflectance data, 
Equation 9 is rewritten as 

J = A [Io/(41C R~ p2
)] F exp (-Bx) W2 (20) 

where 

A = S 1t(l/<cx2> ), (21) 

(22) 

(23) 

(24) 

B = 1/(2 <cx2> ), and (25) 

p = distance from the surface to the receiver. 

Furthermore, considering the illuminance (E) with respect to 
the source intensity (Jo): 

E = (Io/47t R~) cos y (26) 

and the relationship between field intensity and luminance (L): 

(27) 

a model for the reflectance coefficient can be derived. Using 
Equations 1, 5, 26, and 27 gives 

J = (lo r)/(47t R~ p2 cos2 'Y) (28) 
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Equating 20 and 28 yields the following relationship: 

r =A cos2 y F exp (-Bx) W2 (29) 

This expression explicitly defines reduced reflectance coeffi
cients through the parameters of the physical model for every 
geometry. 

By introducing r' = r/(F cos2 y), Equation 29 can be rewritten 
in a form more suitable for further regression analysis: 

r =A exp (-Bx) W2 (30) 

Assuming that the effective values of the dielectric constant of 
the scattering surface material are known, the values F and x 
are defined for any geometry of measurements; A and B are 
regression parameters Lbat depend on lhe texture; and W., is a 
shadowing factor, described previously. As may be seen from 
Equations 17-19, W2 depends on the geometry of scattering 
and root mean square slope of the surface texture. Using the 
experimental values of reduced reflectance coefficients of 
pavement, measured at a 30-dcgrcc cu1gle of reflection, the rooi 
mean square slope of the texture and the constant A were found 
by an iterative least square procedure. 

In the first step of iteration, lhe shadowing factor (JI-}) was 
assumed to be negligible (W 2 = 1) for the purpose of obtaining 
the constants (A and B) of Expression 30. W2 was then esti
mated using the value of root mean square slope from the first 
iteration. Experimental data were adjusted to eliminate the 
shadowing effect by multiplication of the reflectance matrix by 
lhe inverse shadowing factor. When this technique was used, 
the process converged within three to four iterations. 

The values of effective constitutive properties of the pave
ment mix (E andµ) are localized within a narrow range. It was 
assumed that the pavement mix was not magnetic, so magnetic 
permeability (µ) was set equal to unity. Electric susceptibility 
of the mix was assumed to be in the range of 1.5 to 5. This 
estimate was considered correct because only dielectric high
way core samples were dealt with. To investigate the effect of 
change in these values on the model results, a sensitivity 
analysis was performed that showed that the model was not 
very sensitive to changes in the effective value of electric 
permeability within a given range. This was due, in part, to the 

rx 10 5 

2 1 I 2 

p ~ 1so +-•-+ ~ =O 
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high angle of reflection used-really, the value of I Ml 2 + I NI 2 

that, depending on the dielectric permeability (E) and the local 
angle of incidence (0), is almost a constant for angles of 
incidence below about 60 degrees. For the 30-degree reflection 
measurements, local angle of incidence, corresponding to mir
ror reflection toward the receiver, was for almost all r-values 
measured below 60 degrees. 

DISCUSSION OF RESULTS 

Figures 5 and 6 show the influence of the root mean square 
slope of the surface on its light reflectance property (r) as it is 
accounted for by the model. The graphs presented are based on 
the values of calculated reduced reflectance coefficients. These 
calculations were done for the case of direct and backward 
scattering angles cl> = 90 degrees and -90 degrees, respectively. 
In other words, the receiver is in the plane of the incident ray 
and the normal to the average surface plane (ii). In addition, the 
graphs present the case of 90-degree scattering w 1th ihe angle 6 
= 0. The different parameters used in the calculation are given 
in the legends to Figures 5 and 6. 

For almost fiat surfaces, with a small value of RMSS ("'0.10 
to 0.25), the reflection is almost mirrorlike. The reduced reflec
tance coefficient sharply decreases when the angles of scatter
ing deviate from the angle of mirror reflection, equal to 30 
degrees for Figure 5 and 1 degree for Figure 6. With increased 
surface roughness, the value of RMSS is increased and more 
diffuse, and a broader scattering of light is observed. At the 
same time, with an increase in RMSS value the maximum of 
reduced reflection coefficient is shifted from the angle of mirror 
reflection to a larger angle (y) and then for an angle cl> = -90 
degrees. Thus a maximum reduced reflection coefficient is 
observed for a backscattering of light. The same effects are 
observed for the scattering of light in all directions. The shad
owing of one part of the surface by another narrows the direc
tional distribution of light scattering and shifts the maximum 
r-values toward the angle of mirror reflection. 

The experimental reflectance matrix is given in Table 1 for 
measurements with a 30-degree viewing angle. These data 
were used to obtain the root mean square slope of the pavement 

1. RMSS = 1.0 ; $ = 90 

2. RMSS = 0 5 ; $ = 90 

3. RMSS = 0 25 : $ = 90 

4. RMSS = 0.5 ; $ = 0 

8 9 10 11 12 tan y 

FIGURES Angular characteristic of light scattering for reflectance 
angle of 30 degrees (y, p, and cl> angles as defined In Figure 1). 
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FIGURE 6 Angular characteristic of light scattering for reflectance 
angle of 1 degree (y, ~. and cp angles as defined In Figure 1). 

TABLE 1 MEASURED REFLECTANCE COEFFICIENTS (x 104
) FOR 30-DEGREE 

ANGLE OF REFLECTION 

0 2 5 10 15 20 25 30 45 60 75 90 105 120 135 150 165 

788 794 787 792 789 786 788 785 795 792 797 796 792 792 786 783 783 

848 845 851 855 851 846 843 833 819 797 761 748 721 710 688 683 674 

822 822 822 822 808 796 785 762 705 653 615 592 557 541 521 523 517 

742 747 764 734 714 693 666 634 561 498 458 420 403 393 387 386 386 

648 649 649 631 603 561 527 491 408 360 322 298 284 278 273 278 283 

564 566 557 531 500 452 414 372 305 261 230 213 200 200 202 203 208 

485 488 480 442 400 361 321 295 229 192 167 155 150 146 149 153 159 

417 416 398 357 320 283 249 224 173 143 126 116 110 110 111 116 125 

350 366 330 297 262 224 194 173 132 110 97 89 85 84 84 90 98 

253 249 240 205 173 143 126 113 BO 66 S9 S3 SO S1 S3 5S S7 

185 184 172 146 121 99 83 76 S3 42 38 36 3S 3S 3S 36 38 

137 135 126 107 86 70 58 S1 38 31 27 2S 23 24 22 2S 28 

109 104 97 80 64 S3 4S 38 27 23 20 20 18 18 18 20 20 

82 81 74 63 S1 41 32 27 21 17 16 1S 14 14 14 15 1S 

66 66 62 48 3 7 3 1 2 7 26 16 14 12 12 12 12 13 13 13 

SS 53 so 41 32 2S 21 17 

46 44 42 25 27 21 17 15 

38 38 36 30 24 19 14 12 

31 33 30 26 20 15 12 11 

28 28 27 22 18 13 11 

24 25 23 20 16 12 10 

21 21 20 1 B 14 11 9 

19 19 18 16 14 10 

17 18 17 15 13 11 

1S 15 15 14 11 9 

14 14 14 14 12 B 

13 14 13 13 11 8 

13 13 13 13 10 

12 12 12 12 10 
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surface using the iterative regression procedure described pre
viously. 

these three sample reflectance matrices were in a narrow range 
between 0. 79 and 0.82. 

Table 2 gives the calculated r-matrix for RMSS = 0.81 for 
comparison with the experimental data given in Table 1. The 
calculation of r-matrix is done for µ = 1 and E = 2.5. To estimate 
the explanatory power of the model, a correlation coefficient 
(R) between two sets of r-values was calculated according to 
Equation 31 and found equal to R = 0.99. This high value of 
correlation coefficient shows that the directional variability of 
reduced reflectance coefficient is, to a large extent, encom
passed by the developed model: 

Three core samples from the same pavement were used to 
observe the effect of local variations of roughness and model 
sensitivity. The RMSS-values estimated by the model from 

The theoretical reflectance matrix for a I-degree viewing 
angle was then calculated using RMSS-values of the surface 
estimated from 30-degree measurements. The experimental 
and calculated r-matrices for I-degree reflection angle (a) are 
given in Tables 3 and· 4, respectively. 

The value of the A coefficient of Equation 30 was calculated 
as a product of the value A obtained from 30-degree measure
ments and a correction factor. This correction factor (CF) is the 
result of change in the value of experimental parameters-the 
surface area seen by the photomultiplier was different for the 
two sets of measurements, and it was found to be equal to 
CF= 7. 

In comparing the predicted value with the actual data, it was 
noted that the rate of change of the coefficients, with changes in 
tan y and tl>, is greater in the predicted matrix. As currently 

TABLE 2 CALCULATED REFLECTANCE COEFFICIENTS (x 104) FOR 30-DEGREE 
ANGLE OF REFLECTION 

0 2 5 10 15 20 25 30 45 60 75 90 105 120 135 150 165 

741 741 741 741 741 741 741 741 741 741 741 741 741 741 741 741 741 

789 789 788 786 783 779 774 769 748 727 707 690 677 667 660 655 652 

800 799 797 790 778 764 747 730 676 632 599 575 560 548 541 537 535 

788 778 773 754 728 698 666 636 561 508 472 449 434 425 419 416 414 

761 732 719 683 640 597 557 523 443 393 360 340 327 318 312 309 307 

724 669 645 591 537 490 450 417 345 301 273 255 243 235 229 225 223 

682 596 557 493 440 396 360 331 270 232 208 192 181 174 168 164 162 

631 508 464 404 357 319 289 264 212 181 160 146 136 129 124 120 118 

492 413 380 330 290 259 233 212 170 143 125 113 104 97 93 90 88 

318 274 257 224 196 174 157 142 112 92 79 70 63 58 54 52 50 

217 190 179 157 138 122 109 99 77 63 52 45 40 36 33 31 30 

154 137 130 114 100 88 79 72 55 44 36 31 26 24 22 20 19 

114 102 97 85 74 66 59 53 41 32 2G 22 18 16 14 14 13 

86 78 74 65 57 51 45 41 31 24 19 16 13 11 10 

66 60 58 51 44 39 35 32 23 18 14 12 10 8 7 

53 48 46 40 35 31 28 25 

42 39 37 33 27 25 22 20 

35 32 30 27 23 21 18 17 

29 26 25 22 19 17 15 14 

24 22 21 19 16 14 13 

20 19 18 16 14 12 11 

17 16 15 14 12 10 9 

15 14 13 12 10 9 

13 12 11 10 9 8 

11 10 10 9 8 7 

10 9 9 8 7 6 

9 8 8 7 6 

8 7 7 6 5 

7 6 6 5 4 

9 9 

7 6 
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TABLE 3 MEASURED REFLECTANCE COEFFICIENTS (x 104
) FOR 1-DEGREE 

ANGLE OF REFLECTION 

0 2 5 10 15 20 25 30 45 60 75 90 105 120 135 150 165 

413 417 413 416 417 417 413 419 423 422 427 422 424 424 418 411 411 

456 461 461 459 456 456 445 449 438 413 403 386 374 363 355 353 349 

482 477 488 477 461 454 433 422 385 344 327 305 291 280 275 279 269 

481 477 475 456 440 413 386 358 301 264 245 229 220 213 211 214 212 

471 472 461 434 386 347 310 278 226 193 169 165 159 156 157 156 160 

455 445 427 371 315 264 233 207 159 140 122 118 118 113 113 117 120 

445 445 403 326 259 213 180 158 116 100 92 89 88 86 91 94 92 

413 403 355 269 208 158 135 110 91 76 69 67 67 71 70 71 76 

395 355 323 226 159 125 101 89 68 61 57 54 54 55 56 60 61 

353 323 246 146 100 78 64 56 43 40 37 36 36 36 40 40 41 

315 280 188 98 65 61 43 38 30 28 25 26 26 26 30 29 31 

280 238 139 69 46 36 31 29 24 22 22 20 20 21 23 23 24 

259 194 104 52 36 28 24 24 18 17 16 16 16 18 19 21 21 

230 162 82 39 26 22 20 17 16 13 13 12 14 14 15 17 17 

209 136 66 32 22 18 15 14 12 12 11 11 12 12 13 14 15 

198 116 52 27 19 15 13 12 

165 101 44 22 16 12 12 10 

17 4 86 3 7 18 13 11 10 9 

166 81 32 16 12 10 9 8 

153 65 27 14 10 9 8 

144 61 25 13 10 9 7 

133 54 23 12 8 7 7 

131 49 20 11 8 7 

124 44 18 10 8 6 

120 42 17 9 7 6 

120 38 16 9 7 6 

117 34 16 8 7 6 

107 31 13 

105 29 13 

8 

7 

6 

6 
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developed, the model considers the surface texture to be nor
mally distribured, with no correlation between the gradient of 
the microsurface and the height of the microsurface. Because 
road surfaces are worn down by traveling vehicles, it follows 
that there would be a greater number of horizontal planes at the 
top of the microsurface than at the bottom (conceptually, a 
range of mountains with lhe tops chopped off might be imag
ined). This implies that the distribution is skewed and a correla
tion may exist between the gradient and the height of the 
microtexture. This would increase the amount of reflection and 
cause less shadowing, thereby lowering the rate of change. 

length of high-frequency ultrasonic waves (about 100 000 Hz) 
in air is larger by an order of magnitude than the root mean 
square height of the pavement texture. The tangential plane 
approximation developed for light scattering is not applicable 
in Lh.is case, but the perturbation solution (5J4) can be used to 
obtain the directional scattering pattern of ultrasonic waves. 

One of the fundamental conclusions of the perturbation lhe
ory is that the scattering of monochromatic radiation by ran
dom surfaces, considered in the Fraunhofer zone, depends on 
only one harmonic of the sw'face continuum spectra. In other 
words, sound waves "see" a surface as having a periodic 
pallem of irregularities with one specific space frequency. By 
changing the direction of incident wave or viewing angle, 
different parts of the texture spectrum can be observed. The 
simple experiment described by Liebermann (19, p. 932) ver
Hies the results of this theory. The scauering of ultrasound can 

SCATTERING OF ULTRASONIC WAVES 

The theory of wave scattering by random surfaces was first 
developed and applied to the scattering of sound. The wave-
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TABLE 4 CALCULATED REFLECTANCE COEFFICIENTS (x 104
) FOR 1-DEGREE 

ANGLE OF REFLECTION 

0 2 5 10 15 20 25 30 45 60 75 90 105 120 135 150 165 

346 346 346 346 346 346 346 346 346 346 346 346 346 346 346 346 346 

391 391 391 390 388 385 382 379 366 351 336 323 312 303 296 291 288 

428 428 426 422 415 407 397 386 352 319 291 269 252 238 228 221 218 

454 453 450 441 426 408 389 369 314 269 234 206 186 171 160 152 148 

467 465 459 441 415 387 360 334 260 211 178 149 1ia 113 102 95 91 

467 462 452 423 387 352 321 293 223 170 130 102 83 70 61 55 52 

455 448 433 392 350 312 280 252 182 130 93 68 52 41 34 30 28 

435 426 405 356 310 273 243 216 i48 98 64 44 31 23 18 16 14 

412 400 373 318 273 238 21U 184 119 73 44 27 18 13 10 8 7 

362 344 307 249 210 181 157 133 76 38 19 10 

314 290 248 196 164 140 118 97 47 20 

272 244 200 156 130 110 90 70 28 10 

236 204 163 125 104 87 68 51 17 

206 172 134 103 86 69 52 36 10 

181 146 111 86 70 55 39 26 6 

5 

2 

8 4 

3 

2 

0 

0 

0 

160 124 93 73 59 44 30 19 3 0 

165 101 44 22 16 12 12 10 

142 196 79 62 49 35 22 13 

127 92 68 53 41 28 17 10 

114 80 59 46 35 22 13 7 

102 70 51 40 29 18 10 

93 61 45 35 25 14 7 

85 54 40 31 21 12 

78 48 36 28 18 9 

71 43 32 24 15 8 

66 39 29 22 13 6 

61 34 26 19 11 5 

56 31 24 17 9 

52 29 21 15 8 

48 26 20 14 7 

2 0 

6 4 

2 

0 

0 

0 

0 

0 

0 

0 

3 

0 

0 

0 

0 

2 

0 

0 

0 

0 

0 

2 

0 

0 

0 

0 

0 

be used to obtain information on the pavement surface texture 
spectra. Then, by inverse Fourier analysis, a statistical height 
distribution of surface texture can be calculated. 

roughness and not the fine features of the surface texture were 
observed. The increase in surface roughness affects all spacial 
frequencies of the texture and so increases the intensity of 
ultrasonic backscattering. Thus a positive correlation is 
expected between pavement skid resistance and the intensity of 
backscattering. 

Using the scale-modeling equipment available at MTC, sim
ple experiments were done to correlate the skid resistance of 
pavements with the intensity of ultrasound backscattering. An 
electric spark was used as a high-intensity source of ultrasonic 
radiation, which was scattered from the 15-cm (6-in.) core 
samples. On the receiving side, 1/4-in. microphones were used 
to pick up the ultrasound The signal was amplified, the particu
lar frequency filtered, and the intensity of the filtered ultrasonic 
radiation measured. A detailed description of the experiments 
and equipment can be found elsewhere (20, 21). 

In these trial experiments, only major changes in the surface 

The results of this experiment are shown in Figure 7 in 
which the ratio of the intensity of backscallering to the intensity 
of incident radiation is plotted against the skid number. The 
two plots on the graph are for two different frequencies of 
ultrasound. These frequencies are actually centers of the 1/3-
octave band of filtered radiation. As was expected, a definite 
positive correlation between backscattering and skid resistance 
of the pavement surfaces may be observed in the figure. 
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FIGURE 7 Reftectlon of ultrasound by pavements of different 
roughness. 

CONCLUSIONS AND RECOMMENDATIONS 

The developed model and the experimental data obtained accu
rately explain observed reflectance properties of pavement. 
Furthermore, the results suggest that reflectance data can also 
be used for texture analysis. More detailed experimental inves
tigations are needed to define the correlation between reflec
tance and pavement composition, as well as between reflec
tance and other pavement properties that depend on pavement 
texture. 

Use of even higher reflection angles would permit more 
meaningful data to be obtained in such experiments because the 
influence of shadowing at high angles has only insignificant 
effects on results. This would permit simplification of the 
model and allow the use of distribution functions other than the 
Gaussian without introduction of unknown errors. 

The use of ultrasonic waves for investigation of texture 
properties requires development of more suitable equipment 
than that used in the present study. However, even in the simple 
experiments conducted, a correlation of ultrasonic backscatter
ing with skid resistance data was observed. 

The results obtained in the experiments and model described 
suggest that a detailed analysis of the statistical properties of 
pavement texture is feasible by means of wave-scattering 
experiments. 
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Retroreflective Road Signs: 
Visibility at Night 

MICHELE COLOMB AND GERARD MICHAUT 

The legibility of retroreftective road markings, and in particu
lar of signs, depends on many parameters, notably the lumi
nance contrast between the message and the ground of the 
sign. For a given level of illumination, the luminance contrast 
Itself depends on the retroreftectlon coefficients (R') or the 
materials used. There are a number of retroreflective products, 
which have different values of R', on the market. The present 
study was aimed at determining how variations In R' alTecl 
visibility distance (d) at night for a driver at the wheel or his 
vehicle, the headlights or which Illuminate the sign. In the first 
stage, a small-scale experiment (approximately 1/lOth scale) 
was conducted In the laboratory to identify the variables. 
Leg!b!!lty thresholds were determ!ned by present!ng different 
combinations of the alphabets and colors used on road signs to 
observers at different luminance contrast levels. In the second 
stage, working from these results, simulations were carried out 
to quantify the influence of the various parameters, In particu
lar R' and d. It was found that R' ls only one of the parameters 
that affect d. Most often, multiplying R' by 3 increases d by 
only 30 percent. But the dimensions of the letters used for the 
messages play a preponderant and limiting role because of 
their direct relationship to visual acuity. According to earlier 
experiments, other parameters that are harder to quantify 
(Incident illumination of the signs by vehicle headlamps; dirt 
on the headlamps, on the signs, on the windscreens; and 
weather conditions) are Important and may require a correc
tion of d ranging from 0 to 100 percent. The results are com
pared with those of similar studies carried out in the Federal 
Republic of Germany, the United States, and Japan. 

In recent years there have been substantial developments in 
directional road signs, which must be visible and legible both 
by day and by night. Such road signs may be internally illumi
nated bollards, retroreflective signs with or without external 
lighting, and sometimes still the old enameled or painted sign. 
In France signs, including overhead ones, with retroreflective 
film are being increasingly used. Two different types of retro
reflective products, Class-I films and the Class-II films, are 
available on the market. To clarify the importance of the factor 
"film quality" for sign legibility, a study was undertaken in 
1984 in connection with the Organisme National de la Securite 
Routiere (1,2). 

The luminance of white film on signs lit by vehicule head
lights was calculated, and an experiment using observers was 
conducted to determine the maximum legibility distance, in 
terms of the calculated luminance levels, for a given height of' 
letter. Simulations using the experimental results were carried 
out to study the effect of the various parameters, in particular 
film quality, on legibility distance. 

M. Colomb, Section Visibilite, Photometrie, Marquage, Laboratoire 
Central des Pants et Chaussees, Ody Sud No. 155-94396, Orly Aero
gare, Ccdcx, France. G. Michaut, Laboraloire de l>sychologie de la 
Conduite, Organisme National de la Securite Routiere, Autodrome de 
Linas, Montlhery 91310, France. 

LUMINANCE OF RETROFLECTIVE 
FILMS ON SIGNS 

The luminance of retroreflective films depends on the retro
reflective characteristics of the film and on the degree of illumi
nance that strikes the sign; both of these parameters are func
tions of the geometric conditions of lighting am.l observalicm. 

Geometric Conditions 

Two angles determine geometric conditions (Figure 1): 

• The angle of observation (a), which is the angle between 
the lighting and observation directions, and 

• The angle of incidence (~). which is the angle between the 
lighting direction and a line perpendicular to the sign plane. 

These angles change with the distance between the vehicle 
and the sign and with the type of vehicle (truck or light vehicle) 

Ct' Angl e of observat i on 

{) Angle of inc idence 

FIGURE 1 Geometric conditions of lighting and 
observation. 

because the height of the observer's eyes varies with these two 
conditions. Calculations are developed assuming that 

• The headlamps are at a height of 0.70 m for a light vehicle 
and 0.90 m for a truck and 

• The observer's eyes are at a height of 1.2 m in a light 
vehicle and 2.5 m in a truck. 

Figure 2 shows this change for an overhead sign. These angles 
are never large; a varies from around 0.8 to 0.2 degree for a 
distance of 50 to 250 m in the case of a light vehicle and from 
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FIGURE 2 Changes in observation and incidence angles 
white distance between a vehicle (light or truck) and an 
overhead sign. 

1.9 to 0.4 degree for the same distance in the case of a truck. p 
is identical for a light vehicle and a truck and falls between 7 
and 2 degrees when the distance increases from 50 to 250 m for 
a sign placed perpendicular to the traffic axis. ff the sign is 
placed diagonally across this axis either in a bend or at a 
crossroads, 13 is increased by the same amount and may attain 
values on the order of 40 degrees. 

Retroreflective Coefficient 

The retroreflective coefficient (RC) defines the intensity of the 
light reflected per unit of film surface for a certain degree of 
illumination received. This coefficient varies in terms of 13 (2 
and 40 degrees). A comparison of the performance of a Class-II 
film and a Class-I film is shown in Figure 3. The Class-I film 
has the smallest characteristics measured on new film. For a 
small angle of incidence (p = 2 degrees) and for a small angle 
of observation (a= 20 min), corresponding to the observation 

300 Beta a'!QIB ( Clegree ) 
2 

-----..LASS 1J 

"' I 200 
.... E; 

---···--.CLASS J 
I AO i 150 

a: 100 2 

50 

0 
a Ill a Ill 

c:i c:i 
Alpha ~le ( degree ) 

FIGURE 3 Coefficient of retroretlection of Class-I or 
Class-II white films as a function of the observation 
angle, for two angles of incidence, p = 2° and p = 40°. 

a 
Iii 
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conditions for an overhead sign lit by a light vehicle at 100 m, 
the Class-II film has an RC approximately three times as large 
as the Class-I film. For a high angle of incidence (40 degrees), 
corresponding to a sign placed diagonally across the traffic 
direction of the vehicle and a small angle of observation (a = 
20 min), the ratio between the Class-II film and the Class-I film 
is approximately 7. Films exist that have intermediate perfor
mance characteristics under the conditions studied 

Degree of Illuminance 

The degree of illuminance that results from vehicle headlights 
varies considerably from one vehicle to another. Figure 4 
shows the distribution of illuminance measured with a "reglo
scope" type of device for the angles corresponding to an over
head sign (6.50 m high in the vehicle axis) and a sign, 1.42 m 
high and 1.40 m from the right side of the roadway, placed 100 
m from a vehicle with low-beam headlights (3 ). The light 
distribution is based on the study of 100 vehicles the headlights 
of which were measured before and after adjustment, giving a 
total of 374 measurements. 

For an overhead sign, the extreme values of light distribution 
are separated by a factor of approximately 10. For a shoulder 
sign (the position of which is closer to the cutoff line of the 
low-beam headlights), the dispersion is still greater, and the 
extreme values are separated by a factor of approximately 70. 

For a given vehicle (Citroen GS), the change in the illumi
nance on the sign in terms of the distance between the vehicle 
and the sign was determined in situ (Figure 5). Two sign 
positions were studied, overhead and on a shoulder mast (2.30 
m high and 1.40 m from the right side of the roadway). The 
illuminance on the shoulder sign (at a height of 2.30 m) is 
slightly less than that on a sign 1.42 m high: approximately 10 
percent less at 100 m (4). According to Figure 5, the overhead 
sign receives about half as much light as the shoulder sign; 
these values were used in the subsequent calculations. 

Luminance 

The luminance of the film can be calculated by multiplying the 
illuminance on the sign by the RC of the film, taking into 
account the geometric conditions of lighting and observation 
that change with distance. Figure 6 shows this calculation for 
an overhead sign lit by a light vehicle or a truck. The retro
reflective films are white Class I and Class II. 

Luminance is plotted on a logarithmic scale in order to better 
represent the visual sensation and consequently the legibility, 
which is proportional to the logarithm of the luminance for the 
range of luminance under study. The general shape of the 
curves is identical to that obtained during the in situ measure
ments (5). 

The luminance of the Class-II film is approximately three 
times that of the Class-I film for the light vehicle. The lumi
nance of the sign observed by a truck driver is smaller than that 
observed by the driver of a light vehicle because the angle of 
observation is less favorable for truck drivers. The straight line 
labled "85%" in Figure 6 will be explained later. 
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\{Class I and II) on an overhead sign Ht by a light vehicle 
or truck with headlights on low beam. 

DETERMINING THE LUMINANCE 
NECESSARY FOR LEGIBILITY 

The luminance necessary for legibility was determined in the 
laboratory in order to master the parameters involved in legi
bility. 

Experimental Procedure 

The signs used were on a scale of approximately I/10th of their 
actual dimensions given in the following table: 

Lei/er Height 
Sign Alphabet (cm) 

Shoulder Ll 12.5 
L2 16 

Ovemead L1 32 
L2 40 

The observation was made at 18 m, and the letter height was 4, 
3, and 2 cm, which corresponds to angles of 8, 6, and 4 min. 
The color and shape of the letters were in accordance with 
current regulations (6). The line width of the letter is about 
1/5th of the letter height. 

The three color combinations were 

• White retrorefiective letters on a nonretroreflective blue 
background (Alphabet L2}, 

• White retroreflective letters on a green retroreflective 
background (Alphabet L2}, and 

• Black nonretroreflective letters on a white retroreflective 
background (Alphabet Ll). 

The contrast between the letters and the background was 
calculated by 
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where L is the luminance of the letter and LF is the luminance 
of the background. The values obtained were 

C (white on blue) = 28, 
C (white on green)= 5, and 
C (black on white) = 0.96. 

Various symbols were studied: words, series of letters, and 
Landolt rings (Figure 7). 

The signs were lit in such a way that the luminance of the 
sjgn film was comparable to that in situ. The range of lumi
nance examined varied from 0.1 to 5 cd/m- 2 in 10 logarithmic 
stages. Two ambient-lighting situations were simulated, one 
rural and the other semiurban. The illumination levels received 
at eye level were 0.06 and 3 lux, respectively. The signs were 
randomly presented for enough time to allow the observer to 
read them and note the results. 

A letter chart was used to determine the visual acuity of the 
45 observers, who were between 23 and 60 years of age, for 
both photoptic and mesoptic vision. The distribution of their 
visual acuities is shown in F igure 8. Those participating in this 
study all had a daytime visual acuity greater than 8110; 87 
percent had acuity of 12110 or more. 

Visual acuity in mesoptic vision had lower values: 65 per
cent of participants had acuity of 8110 or more. In mesoptic 
vision an overall reduction of acuity of approximately 41 10 was 
found compared with daytime conditions. This reduction var
ied from person to person, depending on age and visual charac
teristics. 

Results of Measurements 

The results were expressed as a percentage of correct replies in 
terms of the luminance of the white film. Because the white 

FIGURE 7 Example of 
sign messages. 
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FIGURE 8 Distribution of visual acuity for day and night conditions. 

film appeared on all of the signs, either on the background or 
on the letters, it was chosen as a reference. The principal results 
follow. 

• There was no significant difference in legibility among the 
three types of message with large symbol dimensions (angle of 
8 min). For smaller symbol dimensions (angles of 6 and 4 min) 
reading became generally more difficult, and under these con
ditions the Landolt rings were better read than words and 
letters. These results corroborate those obtained by A. Arnulf 
(Mieux voir, Comite Nationai de la Division, 1962) who 
described the ring test as an orientation test, which is easier 
than an identification test invoiving letters. 

• As was found previously, there was little difference in 
legibility among the three colors used in the case of large 
symbols (angle of 8 min). 

• However, the following classification was observed for a 
smaller symbol dimension: the white-on-blue signs were better 
read than the white-on-green and the black-on-white signs. In 
other words, greater contrast facilitates reading for a given 
letter height. 
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The results are quite sensitive to changes in the dimension of 
the symbols because reading is linked to the visual acuity of the 
observer. 

Only one example of the curves obtained for the different 
messages and colors will be presented. The results shown in 
Figure 9 apply to black rings of 4, 3, and 2 cm on a white 
background observed at 18 m under rural ambient-light condi
tions. Observation under urban conditions led to identical 
results; the curves were displaced by 0.3 cd/m-2 toward higher 
luminance levels because of the additional illumination 
received by the sign through diffuse lighting. 

For each dimension, the percentage of correct replies 
increases with the luminance of the white film. For dimensions 
of 3 and 4 cm, the growth is rapid up to L = 1 cd/m-2, and then 
the percentage tends toward a maximum. 

If the luminance of the white film is 1 cd/m- 2, 

• Eighty-six percent of observers have acuity sufficient to 
read the 4-cm symbols, which correspond to an overhead sign 
at 144 m; 

• Sixty-two percent of observers have an acuity sufficient to 

. ... U'I 

.4 CM 
3 CM 

2 CM 

LUMINANCE <cd.•-2> 
FIGURE 9 Percentage of correct replies obtained during a 
presentation of black-on-white Landolt rings of 4, 3, and 2 cm as a 
function of the luminance of the white background. 
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read the 3-cm symbols, which correspond to an overhead sign 
at 192 m; and 

• Twelve percent of observers have an acuity sufficient to 
read the 2-cm symbols, which correspond to an overhead sign 
at 288 m. 

LEGIBILITY DISTANCE OF 
MESSAGES ON SIGNS 

When the luminance required for reading a given size of 
character at a given distance is known, the legibility distance 
limit, which increases with the luminance and is valid for a 
certain proportion of the population under study, can be estab
lished Comparison of this legibility distance limit with the 
luminance of the signs observed on the road makes it possible 
to establish a maximum legibility distance for the observation 
conditions. 

Establishing the legibility distance line involved deciding 
what proportion of correct replies should be taken into account. 
A value of 50 percent appeared to be too small, and a value of 
95 percent, although satisfactory for most people, is difficult to 
attain because of the technological limits governing the dimen
sions. Therefore an intermediary value of 85 percent, which 
according to Figure 9 corresponds to realistic luminance levels, 
is used. (This percentage is often used to define the perfor
mance of a population in psychophysical experiments.) The 
legibility distance indicated hereafter will therefore be repre
sentative of 85 percent correct readings. 

Figure 9 shows that, for symbols 4 and 3 cm high, corre
sponding to an overhead sign with letters 32 cm high observed 
ac 144 and 192 m, to give 85 percent correct replies, the 
luminance of the white film has to be 0.55 and 3.07 cm/m- 2, 

respectively. 
In Figure 10 these two luminance values are plotted in terms 

of the observation distance of an overhead sign with black-and
white rings. The two values are joined by a continuous line the 
extension of which is then extrapolated. This result was com
pared with those obtained in other studies with Landolt rings. 
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FIGURE 10 Comparison of the curves of extreme 
Ieglbil.ity distance obtained during various studies: S-C = 
Schmidt-Clausen (1), K =Kaneko (3), O&B =Olson and 
Bernstein (2), and 85 % = the present study (the limit 
was fixed at 85 % of correct replles). 
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A study by Schmidt-Clausen (7) establishes a relation of the 
same type between luminance and legibility distance. If the 
Schmidt-Clausen relation is applied to an overhead sign with 
characters 32 cm high, the straight line (S-C) plotted on Figure 
9 is obtained. A study by Olson and Bernstein (8) results in the 
straight line (O&B) on Figure 9. The curve labeled K is 
obtained by calculation from Kaneko's (9) formula, which 
gives visual acuity in terms of luminance and contrast, and 
from the relation between visual acuity and the observation 
distance of the characters. 

Comparison of the four curves shows that only line O&B 
gives observation distances greater than the others. This is 
probably because the seven observers used by Olson and 
Bernstein had good visual acuity at low luminance levels 
(11110) whereas in the present study the acuity of the 45 
observers at low luminance was about 8110. The shifted posi
tion of this curve is thus quite justified. The similarity between 
the three other curves is satisfactory and suggests that the 
results obtained in the three different studies are reasonably 
representative of the actual situation. 

In the rest of the study the 85 percent line, obtained under 
experimental conditions for determining legibility distances, 
will be used. (Because of experimental errors, accuracy is 
about 10 percent.) In Figure 6 the 85 percent line is plotted as 
well as the curves showing the change in the luminance of the 
white film as a function of the different distances between 
vehicle and sign. 

Comparison of these last curves with the 85 percent line 
shows that, in the case of an overhead sign lit by a light vehicle, 

• The luminance of the white film, calculated for a Class-I 
film, is greater than the limit values given by the 85 percent line 
up to a distance of 180 m and 

• For the Class-II film, the limit distance is 210 m. 

Therefore this example proves that two films, the retrorefiec
tive characteristics of which are separated by a factor of 3, lead 
to a difference of 30 m in legibility distances at about 200 m 
from the sign (i.e., a relative difference of about 15 percent). 
For the other examples not treated here (shoulder sign. light 
vehicle or truck) the relative differences are of the same order. 
This low value of relative difference is due to the logarithmic 
change in the legibility distance with luminance values. 

In addition, it is known that the legibility distance is directly 
proportional to the height of the characters. Thus, if it is desired 
to increase the legibility distance by 15 percent with a constant 
luminance level, it is only necessary to increase the character 
height by 15 percent (i.e., to change from 32 to 37 cm in the 
case of an overhead sign) . 

In Figure 11 a 37-cm-limit legibility line is plotted, on the 
assumption that character height is 37 cm, in addition to the 85 
percent line, marked here as "32 cm," because it was calculated 
under this hypothesis. It can be observed that for an almost 
constant luminance level (film Class I) the legibility distance 
increases from approximately 180 to 210 m when the character 
height is increased from 32 to 37 cm. 

Thus, to obtain an identical gain in legibility distance (for 
this example), multiplying the luminance level by a factor of 3 
or multiplying the height of the characters by a factor of 1.15 is 
equivalent. 
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FIGURE 11 Extreme legibility distances obtained with 
an overhead sign with letters 32 and 37 cm high; 
vertical lines give the extreme legibility distance 
obtained by day with observers who had a visual acuity 
of 101 10 or 12/ 10. 

Comparison with Daytime Legibility Distance 

Photoptic (daylight) vision relates to higher luminance levels 
(>10 cd/m- 2

), but legibility distance still depends on visual 
acuity. If the visual daylight performance of the population that 
took part in the experiment is considered, 85 percent of the 
persons concerned have a daylight acuity of approximately 
12/ 10. Under such conditions, the daytime legibility distance is 
264 m for a character height of 32 cm. For these persons, night 
legibility distance (210 m) is thus about 50 m shorter than 
daytime distance. 

The population used in this study has a higher-than-average 
da~time acuity. Average daytime acuity is usually taken as 
10110. For people of 10/ 10 acuity, the legibility distance is 220 
m. These two distances are marked on Figure 11 with their 
corresponding visual acuity. It would be interesting to know the 
nighttime visual performance of all drivers; the results here are 
only representative of the population under stuay. 

InHuence of Other Factors 

Under actual driving conditions, other factors may influence 
the legibility distance in a positive or negative sense: 

1. Retrofiective film 
• Age of the film 
• Dirt 
• Dew deposit 

2. Luminous intensity from headlights 
• Level of this intensity 
• Dirt on the headlights 

3. Additional illumination from the environment, other 
headlights, or from reflection on the damp roadway 

4. Geometry of the lighting and observation 
5. Absorption of light by the windshield, which may also be 

tinted or dirty 
6. Visual acuity of the drivers, which is a function of the 
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contrast between the letters and the background for a certain 
luminous ambient situation. 

Legibility Distances Under Good 
Conditions and Poor Conditions 

An attempt has been made to give an idea of the range of 
variation of legibility distance with the help of all of these 
parameters. A simulation, for calculation purposes, of two 
extreme realistic cases is shown in Figure 12. 

The case of good conditions was calculated using the follow
ing assumptions: 

• New, clean film (Class I and Class II); 
• Direct illuminance from headlights three times higher than 

the average illuminance value used in the study; 
• Additional illuminance identical to the direct illuminance; 
• No absorption by the windshield; and 
• Clean headlights. 

The case of poor conditions was calculated using the follow
ing assumptions: 

• Old, dirty film (Class I and Class II) with a 20 percent 
lower retrorefiective coefficient; 

• Poor direct illuminance equal to one-third of the average 
illuminance used in the study; 

• Twenty percent absorption by the windshield of the lumi
nous flux arriving at the driver's eye; and 

• Dirty headlights, which reduce by 50 percent the illumi
nance received by the sign. 

If the good and poor conditions are applied to an overhead 
sign 6.50 m above the roadway lit by a light vehicle and 
observed by a driver (visual characteristics of 85 percent of the 
population presented previously), the curves for luminance 
changes of the white film on the sign as a function of distance 
(Figure 12) are obtained. 

Compared with Figure 11, the favorable case corresponds to 
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multiplying the luminance by 6, and the unfavorable case 
corresponds to dividing it by 10. For the favorable case, the 
legibility distance is 225 m for Class-I film and 250 m for 
Class-II film; for the unfavorable case, the legibility distance is 
125 m for Class-I film and 155 m for Class-II film. 

In both cases the Class-II film gives gains of 25 and 30 m, 
respectively. These two extreme conditions lead to a difference 
of 100 m in the legibility distance for a luminance ratio of 60. 

CONCLUSIONS 

This study shows that the legibility of road signs depends on 
numerous parameters. Film quality, like a number of other 
factors, has a limited influence on legibility distance because of 
the logarithmic variation of this distance with film luminance. 
In the case of an overhead sign, the use of Class-I or Class-II 
film, the characteristics of which are separated by a factor of 3, 
only leads to a difference of approximately 15 percent in the 
legibility distance. 

On the other hand, the height of the characters used appears 
to have a preponderant and limiting effect on the legibility 
distance because of its direct dependence on visual acuity. An 
evaluation of the illuminance received on the signs shows that 
this parameter can lead to variations in the legibility distance 
that may be twice as large as those due to the film characteris
tics. The range of variation of this parameter is quite wide 
because of the present great differences in the values of lumi
nous flux provided by the headlights of vehicles in France. 

According to other experiments, other factors that are more 
difficult to quantify such as dirt (on the headlights or on the 
signs) and meteorological conditions are also of great impor
tance for sign legibility because they weight the other param
eters by a coefficient that may vary between 0 and 100 percent. 
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Applied Research on Tunnel Lighting: 
Current Development in Japan 
K. NARISADA 

Research on tunnel entrance lighting, which has been carried 
out in Japan during the past decade, is reviewed. Special 
emphasis is placed on research on a method to derive the so
called adaptation luminance of the observer's eyes for any 
complex luminance field. Such a method is essential for accu
rately determining the luminance to be provided in the thresh
old :zone of the tunnel. The present method Is based on funda
mental research on the relationship between the adaptation 
luminance and the luminance to be provided in the tunnel to 
make possible perception of possible obstacles. As a represen
tation of adaptation luminance, the equivalent luminance of 
the standard field is defined as a uniform luminance of the 
standard field for which the luminance difference threshold of 
the observer's eye." Is equivalent to that for the complex lumi
nance field. On the basis of research on the effect of the veiling 
luminance on the luminance difference thresholds (measuring 
the equivalent veiling luminance at the tunnel site by means of 
a glare lens and of the road surface to which the driver's fovea 
is assumed to be adapted) a method for deriving the equivalent 
luminance of the standard field for any complex luminance 
field has been developed. The method ls briefly described. 

In daytime and clear weather, open scenery is normally lit with 
intensive daylight at an average luminance of several thousand 
cd/m2, depending on geographic features, season, weather, 
time, and so forth. The insides of tunnels, however, are not lit 
with daylight and the luminance in tunnels can only be 
provided by artificial lighting installations. The maximum 
attainable luminance level over the full length of the tunnel, 
due to technical and economic limitations associated with 
artificial lighting, is on the order of about 10 cd/m2. 

Such a big difference in the luminances of the open scenery 
and in the tunnel makes the brightness in the twmel, seen by the 
driver approaching the tunnel, appear extremely dark and con
sequently the tunnel is seen as a black hole unless the exit of 
the tunnel can be seen (J). This means that, under such condi
tions, no one can perceive clearly anything about the inside of 
the tunnel because the luminance ahead is so low. 

As is well known, to enjoy safe and comfortable driving, 
drivers need to be able to perceive clearly relevant visual 
information. They must be able to drive without fear that they 
are lacking this necessary visual information and be able to see 
a sufficient distance ahead. This distance will vary with driving 
speed, braking performance of the vehicle, and so forth. When 
the tunnel is seen as a black hole, the distance at which the 
driver is able to perceive relevant visual information is 
decreased as he approaches the tunnel and he may fear that he 
is driving without being able to see clearly what is ahead of 
him. 

Lighting Research Laboratory, Matsushita Electric Industrial Co., Ltd., 
Moriguchi, Yakum<>-Nakamachi 3-15, Osaka 570, Japan. 

To enable the driver approaching the entrance of a tunnel in 
daytime to perceive visual information in the dark tunnel 
ahead, without fear that he is lacking necessary visual informa
tion, a reinforced lighting section has to be provided in the first 
stretch of the tunnel so that the inside of the tunnel ahead is 
seen by the driver still on the access road with sufficient 
brightness. This reinforced se.ction of nmnel lighting is called 
the threshold zone (2). 

The luminance that is required to yield such a brightness in 
the threshold zone varies as a function of general level of the 
luminance structures of the driver's field of view to which his 
eyes are adapted. The iurninance structures of the driver's field 
of view include a variety of componential luminances, such as 
the sky, the road surface, the dark tunnel, the tunnel portal and 
its adjacent structures, and the natural surroundings such as 
trees, grass, soil, and rocks. 

The componential luminances vary with the daylight condi
tions depending on, among other things, the season, weather, 
time, and orientation of the access road and the tunnel portal 
and the consequent shadow cast over them. Their mutual appar
ent size in the driver's field of view, hence the luminance 
structure of the field of view, changes as his car approaches the 
tunnel entrance. Under such conditions, the luminance struc
tures of the driver's field of view change in a complex way 
even though daylight conditions are stable and constant. 

To derive an appropriate luminance level for the threshold 
zone on a scientific basis, therefore, the following relationships 
had to be experimentally clarified: 

1. The relationship between the luminance to which the 
observer's eyes are adapted (the so-called adaptation lumi
nance) and the luminance needed in the tunnel to make possible 
perception of visual information in the tunnel without fear and 

2. The relationship between the adaptation luminance and 
the luminance structure of the field of view of the observer 
when the luminance structure is complex. 

In these cases the adaptation luminance of an observer look
ing at a portion of a field of view is defined as the luminance of 
a uniform field to which the luminance difference threshold is 
just equivalent. As will be discussed later in this paper, this 
luminance is not the same as the luminance to which the fovea 
of the same observer is adapted under the same luminance 
structure conditions. This is because the fovea is adapted to the 
luminance that is projected onto the fovea and the veiling 
luminance caused by the scattering of lights from the surround
ing field superimposed on it. For this reason, in this paper, to 
avoid possible confusion, the term "equivalent luminance of 
the standard field" (Ll) will be used instead of the adaptation 
luminance. 

In the initial stages of the investigations (around 1960), it 
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was difficult to determine the equivalent luminance of standard 
field when the field of view had a complex luminance structure 
and was not uniform. To solve the problem, various investiga
tors followed two different approaches in the laboratory. 

One approach was based on the simple assumption, concern
ing the adaptation of the driver's eyes during approach. that the 
driver's eyes are adapted to the average luminance in his field 
of view, and experiments were conducted on the relationships 
between the luminance of a uniform field (Ll) to which the 
observer's eyes are adapted and the luminance necessary to 
perceive objects (L2). 

The second approach took into account the influence of the 
dark tunnel, at the center of the driver's field of view, on his 
adaptation. This was done by using an experimental setup in 
which a gradual change in the apparent size of the dark tunnel 
entrance in the driver's field of view during his approach was 
roughly the same as in "real life." Experiments were con
ducted on the relationships between the luminance of a uniform 
field (Ll) (in the center of which the gradual change of the 
tunnel entrance is simulated) and the luminance necessary to 
perceive objects (L2). 

The first approach was carried out, for example, by 
Schreuder (2). In his experiments, by choosing the small angu
lar size for the simulated tunnel of only 1degreex1 degree (the 
actual tunnel with two lanes seen 100 m ahead has a size of 
about 2.5 x 5 degrees) and by employing the short duration of 
0.1 sec for the presentation of the tunnel as well as the object to 
be observed, he tried to minimize as much as possible the 
effects on adaptation of the dark tunnel in a bright uniform field 
that represented the luminance of the open scenery seen by the 
driver in the access zone. 

As a consequence, Schreuder determined the relationships 
between the luminance of the uniform field (Ll) (with an 
angular size of about 20 x 20 degrees) and the luminance to be 
provided in the tunnel (L2) to make possible perception of the 
object. 

Narisada and Yoshimura (3) have carried out experiments 
under similar experimental conditions. Their results were com
pared with those of Schreuder and it was found that the two 
groups of results agreed well with each other (4). When 
Schreuder applied his result, however, he simply assumed that 
the driver's eyes were adapted to the luminance of the road 
surface and that the adaptation was not altered until the driver 
got into the tunnel. Consequently, he required a very high 
luminance over the full length of the threshold zone irrespec
tive of the braking distance, hence the driving speed, of the car 
that was being driven (2). 

N akamichi et al. (5) and N arisada (J), on the other hand, to 
simulate the effect of the tunnel in the driver's field of view on 
his adaptation, used a dynamic simulator in their experiments. 
On their dynamic simulator, a simulated tunnel mouth was 
gradually extended in the observer's field of view represented 
by a uniform field during the observation. The speed of the 
change in the apparent size of the simulated tunnel was roughly 
the same as that in the driver's perspective view under actual 
conditions when driving at about 80 km/hr. 

Assuming that the driver started looking in the tunnel ahead 
at a distance of 150 m from the tunnel, N akamichi et al. got a 
curve that shows the relationship between the time elapsed 
from the moment at which the driver started looking in the 
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tunnel and the luminance to be provided in the tunnel to make 
possible perception of objects in the tunnel (L2) while keeping 
the luminance of the uniform screen constant. The assumption 
as to the distance at which the driver started looking in the 
tunnel was verified later by a series of experiments with an eye
mark recorder (6). By applying their results, Nakamichi et al. 
derived various luminance values to be provided in the thresh
old zone for different driving speeds (5). 

The experimental results obtained by Schreuder (2) and 
Nakamichi et al. (5) were compared and the differences in their 
results were explained almost fully by the differences in experi
mental conditions (6). In the course of time, however, it was 
deemed necessary to develop a method to derive, objectively, 
the equivalent luminance of the standard field for any complex 
field of view. This is because the adaptation of drivers 
approaching tunnels and the change in adaptation during the 
approach are quite different depending on the structural and 
geometric construction of the tunnel access zone as well as the 
geographic features around the tunnel (even though the 
daylight conditions are stable and constant). The dynamic sim
ulator Nakamichi et al. used could not simulate such a complex 
change in adaptation. If the adaptation cannot be dealt with in a 
scientific way, it is meaningless to discuss the precise dif
ferences in experimental results. Furthermore, changes in the 
daylight conditions, which alter extensively the luminance 
structures in the driver's field of view, have to be taken fully 
into consideration. 

To overcome these problems and to enable lighting designers 
to determine the luminance in the access zone to which the 
luminance in the threshold zone has to be calculated, the 
following steps were taken: 

1. Investigation to develop a method of deriving, objec
tively, the equivalent luminance of the standard field (to repre
sent the adaptation luminance of an observer's eyes) for any 
complex luminance field; 

2. Investigation to find the relationships between the equiv
alent luminance of the standard field and the luminance in the 
access zone [as defined in the International Commission on 
Illumination (CIE) Recommendations for Tunnel Lighting]; 
and 

3. Survey of changes of the equivalent luminance of the 
standard field during approach at the access zones of various 
actual tunnels. 

INVESTIGATION TO DEVELOP A METHOD FOR 
DERIVING THE EQUIVALENT LUMINANCE OF THE 
STANDARD FIELD 

As shown by Holladay (7) and others (8, 9), the surrounding 
luminance in the field of view, due to the scattering in the 
observer's eyes of the light from it, causes an effect like the one 
that would be caused if a physical veiling were located between 
the object and the observer's eyes. 

The luminance of the physical veiling that produces the same 
effect on the luminance difference threshold as that of the 
surrounding luminance is called the equivalent veiling lumi
nance. Narisada and Yoshimura (JO) conducted a series of 
investigations on the effects of surrounding luminance field 
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(instead of point sources) on the luminance difference thresh
olds that confirmed Holladay's results. Holladay's results were 
obtained for point sources so that the effects of the surrounding 
field could be replaced by a veiling luminance in the central 
part of the observer's field of view. 

The veiling luminance brings about two consequences: 

1. A raise in the foveal adaptation level as a luminance 
superimposed on the foveal luminance (El) and 

2. An increase in the apparent luminance of the object and 
its background (E2). 

As pointed out elsewhere (11, 12), the foveal adaptation does 
not quickly follow the decrease in the luminance projected onto 
the fovea. The first effect therefore is rather stable in nature. 
The second effect, on the other hand, rapidly follows the 
variations in the luminance with which the veiling luminance 
was produced. 

In the case of a driver approaching a tunnel entrance in 
daytime, the surrounding luminance field varies as he 
approaches the iunnd enirance. Consequemly, rhe effect of rhe 
veiling caused by the surrounding field, which increases the 
apparent luminance of the field of view, varies accordingly. On 
the other hand, the foveal adaptation, established by the lumi
nance projected directly from the foveal field and the equiv
alent veiling luminance superimposed on it, remains at a fairly 
constant level. This implies that the equivalent luminance of 
the standard field (Ll), as defined previously, varies as the 
driver approaches the tunnel entrance, while his foveal adapta
tion remains fairly constant (J, 6). 

To arrive at a method for deriving the equivalent luminance 
of the standard field under such complex conditions, it is 
necessary to investigate, separately, the two effects of the 
surrounding field on the luminance difference threshold (JO). 

Experiments 

Jn this subsection a portion of the investigation conducted by 
Narisada and Yoshimura (10) relevant to the present subject 
will be briefly outlined. Jn this part of the investigations, based 
on Holladay's finding that the effects of the surrounding field 
can be replaced by a veiling luminance in the central part of the 
field of view, the two effects of veiling luminance on the 
luminance difference threshold were investigated separately in 
two series of experiments. For further details of the experi
ments, reference is made to the original publication (JO). 

In the two series of experiments, in order to separate the two 
effects of veiling luminance, an observation scheme was con
structed in the following way. Jn both series, the observer's 
fovea was preadapted to the luminance of the veiling through 
which the object was to be seen. Jn Series 1, the object was 
perceived through the veiling luminance to which the 
observer's fovea was adapted. Under such conditions, the lumi
nance difference threshold of the observer--determined by the 
combined effects of the veiling luminance, which increased the 
foveal adaptation and the luminances of the object and its 
surrounding field-was investigated 

In Series 2, on the other hand, after sufficient preadaptation, 
at the instant when the object was presented the veiling lurni-
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nance was extinguished. Under such conditions, the luminance 
difference threshold-determined by the single effect of the 
veiling luminance, which increased the foveal adaptation 
(while keeping the foveal adaptation at the same level as in 
Series l}-was investigated. 

The experiments were based on the assumptions that 

1.. The foveal adaptation remains constant, even though the 
luminance projected onto the fovea, including that of the veil
ing as stimuli, be extinguished for a short duration, for exam
ple, for 0.5 se.c. A similar principle was applied by Schreuder 
(2, 13). 

2. The veiling luminance, with light scattering in the eyes as 
stimuli, disappears immediately after the luminance in the 
surrounding field, the cause of the veiling, is taken away. 

Basic Construction of the Experimental Setup 

Figure 1 shows the basic construction of the experimental 
setup, and Figure 2 is a schematic diagram of it. At the central 
axis of the experimental setup, a light box (LB-1) was placed as 
shown in Figures 1 and 2. 

A diffuse panel (Pl), shown in the lower part of Figure 2, 
was illuminated from behind by light box LB-1 in which a 30-
watt incandescent lamp with an inner reflector was mounted. 
The luminance of the diffuse panel (Pl) could be adjusted by 
means of a thyrister dimmer through which the incandescent 
lamp was fed 

In front of the diffuse panel (Pl), a neutral gray filter (fl) was 
attached so that the luminance of Pl could also be varied step 
by step. 

One of a series of transparent photographic films was located 
in front of the fl. On the films the object to be observed (Oj) 
was printed in a series of densities in a square shape with an 
angular size of 10 x 10 min. 

Between the photographic film and fl, a high-speed mechan
ical shutter (S) was placed. The object (Oj) was visible against 
the background only when the mechanical shutter was opened 
The luminance of the object (Lo), as well as that of the 
background (Lb), was practically zero when the mechanical 
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FIGURE 1 Basic construction of the experimental 
setup. 
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FIGURE 2 Schematic diagram of the experimental setup. 

shutter was closed. The ratio between Lo and Lb was kept 
constant at 0.2. The circular background (Lb) had an angular 
diameter of 1.3 degrees. 

To eliminate possible reflection from external light on the 
photographic film, another neutral gray filter (f2) was fixed at 
about 45 degrees to the optical axis X of the experimental 
setup. 

On the optical axis X of the experimental setup, between 
light box LB-1 and the observer's eyes, a half mirror (M) was 
placed. The optical image of the circular area on light box 
LB-2, which was reflected on the half mirror, was superim
posed on the luminance (Lo and Lb) produced by light box 
LB-1. The center of the two circles coincided with the optical 
axis X. 

Light box LB-2 housed ten 15-watt white tubular fluorescent 
lamps fed through another thyrister dimmer. The diffuse panel 
(P2) was covered with a mask with a circular opening with an 
angular diameter of 3 degrees and was illuminated by light box 
LB-2 from behind with a uniform luminance (Laf or Lv). 

The luminance of the diffuse panel of LB-2 was designated 
according to the role it played in the experiments. If the 
luminance played a role as the foveal luminance of the adapta
tion stimulus, the luminance was designated as Laf. If the 
luminance was used as the veiling luminance located between 

the object (Oj) and the eyes, the luminance was designated as 
Lv. 

In the center of the circular area ofLaf (or Lv), a small bright 
red spot was provided as a fixation point. Its luminance, gener
ated by a small incandescent lamp with a red filter transmitted 
through an optical fiber, was kept low-almost at the percept
ible level. 

All of the relevant luminance values quoted were those 
measured at the position of the observer's eyes through the half 
mirror and various filters. 

General Procedure 

The observation procedure of the two series of observations 
was essentially the same. One male observer aged 28 with 
nornial vision took part in the observations. The observer 
repeated the observations, experiencing one combination of the 
experimental condition 10 times at 10-sec intervals. Before 
each series of observations the observer stayed in a dark room 
for about 30 min to adapt his eyes to complete darkness. 

After the adaptation to darkness, the observer moved to the 
experimental setup and was seated on a chair. His head was 
fixed on a dental impression plate located at a predetermined 
place in front of the experimental setup. 
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and 

(LvtLo) 

FIGURE 3 Luminance patterns In the observer's field of 
view during the period of preadaptation (left) and of 
observation (right). 

In the experimental setup, two different patterns were 
provided, according to the experimental procedure, as shown in 
Figure 3. The number in the brackets attached on the left of 
Figure 3 indicates the series of experiments in which the 
patterns were observed 

In the experimental setup, the observer's eyes were pre
adapted to a given field luminance pattern, as shown in the left 
column of Figure 3, for about 5 min. The observer was asked to 
fix his visual attention on the fixation point, as previously 
mentioned, in the center of the foveal area so as to establish a 
stable visual adaptation to this luminance pattern. 

After sufficient preadaptation, the object and its background 
were presented momentarily by opening the shutter for 0.125 
sec. The luminance pattern at the moment when the object was 
presented is shown in the right column of Figure 3. To elimi
nate the effects of the background luminance (Lb) (against 
which the object was presented) on the foveal adaptation dur
ing the object presentation, the luminance of the background 
was chosen so that it was far lower than the adaptation lumi
nance (about 1 percent) (14). 

In Series 2 special care was taken to eliminate the backward 
masking effect (15, 16) and the forward masking effect (15) that 
possibly occur under such conditions. 

The object was presented at one of two points against the 
background, either on the right or on the left of the background, 
in a random order not known to the observer. He was asked to 
state the point, to the right or the left, at which he could 
perceive the object presented. The luminance of the back
ground as well as that of the object was varied by 0.1-log units. 

On the basis of the responses that the obse1 '"' made, the 
relationship between the background luminance (Lb) and the 
percentage of correct perceptions was constructed for each 
combination of experimental conditions. In the following dis
cussion, the data are relevant to a probability of 50 percent 
correct perceptions. 

Results and Discussion 

As mentioned earlier, in these observations, the observer's 
fovea was preadapted to the veiling luminance located between 
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the object and the observer's eyes as shown in Figure 3 on the 
left. In Series l the object was viewed through the veiling 
luminance. In Series 2 the object was seen directly after the 
veiling luminance was taken away, while the state of foveal 
adaptation remained the same as that of preadaptation. The 
results of Series 1 and 2 are shown in Figure 4 as curves 1 and 
2, respectively. 

It is obvious that the luminance difference threshold 
obtained in Series 1 was determined by combinations of the two 
effects (El + E2 where El = the first effect and E2 = the second 
effect) caused hy the veiling luminance. The reilults of Series 2, 
shown as curve 2 in Figure 4, were determined entirely by the 
first effect (El) of the veiling luminance, which increases 
foveal adaptation. 

The difference in the luminance difference thresholds for the 
two curves in Figure 4 (i.e., El+ E2 - El = E2) plotted as curve 
3, therefore, gives the increase in the luminance difference 
threshold determined only by the second effect (E2), which 
was caused by the veiling luminance, and it increased the 
apparent luminance of the object and its background. 

Two curves {Laf and Leq) in Figure 5 show an extrapolation 
of curves 2 and 3, respectively, in Figure 4 based on additional 
experiments (17) . The figure can be used for practical design 
purposes. 

The luminance difference threshold for a uniform field (a 
standard field) is obtained from these results by adding two 
luminance difference thresholds, one for the luminance that is 
projected onto the observer's fovea and the other for the equiv
alent veiling luminance caused by the surrounding part of the 
uniform field and superimposed on the field of view. 
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FIGURE 4 Luminance difference threshold as a function 
of the physical veiling luminance (Lv) located between the 
object and the observer's eye, or of the foveal luminance 
(Laf), where Lv = Laf. Curve 1 indicates the function when 
the object was seen through the physical veiling (Lv) 
located between the object and the observer's eye. Curve 2 
indicates the function when the object was seen without 
the physical veiling. During the observation, the fovea of 
the observer's eye was adapted fully to the foveal 
luminance (Laf). 
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FIGURE 5 Extrapolation of curves 2 and 3 in 
Figure 4, based on the additional experiments, to a 
range of horizontal axis (Laf or Leq) of 10,000 cd/m2 

for design purposes. 

The luminance to which the obseJVer's fovea is adapted is 
the sum of the luminance of the uniform field and the equiv
alent veiling luminance [calculated by Moon and Spencer's 
formula (18)] caused by the surrounding part of the uniform 
field. The equivalent veiling luminance for the uniform field 
therefore differs with the angular size of the uniform field. 

Figure 6 shows the luminance difference threshold for a 
uniform field with an angular size of 20 degrees x 20 degrees 
thus obtained. [The experimental conditions were different 
from those of the experiments by Schreuder (2) on which the 
CIE Recommendations for Tunnel Lighting (19) were based. 
The aim of the experiments, however, was to mediate the 
complex luminance field conditions and the uniform conditions 
and consequently the differences were cancelled.] 

METHOD FOR DERIVING THE EQUIVALENT 
LUMINANCE OF THE STANDARD FIELD 

Based on the experimental results, the equivalent luminance of 
the standard field (Ll) for any complex luminance field can be 
derived in the following manner (20): 

1. Measure the equivalent veiling luminance (Leq) for the 
complex luminance field by means of a luminance meter equip
ped with a Fry-Pritchard-Blackwell type of glare lens (21); 

2. Read off, from curve 3 in Figure 4, the value of the 
luminance difference threshold that corresponds with the value 
of Leq [A. Lmin(Leq)]; 

3. Measure the luminance in the central field (Lat), which is 
projected onto the obseJVer's fovea (in what follows, the lumi
nance of the road surface in the access zone was taken as Lat); 

4. Find. froni curve 2 in Figure 4, a value for the luminance 
difference threshold that corresponds with the value of Laf [A 
Lmin(Laf)]; 
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FIGURE 6 Relationship between the equivalent 
luminance of the standard field (Ll) and the luminance 
difference thresholds A Lmin. 

5. Calculate the sum of the two luminance difference thresh
olds A. Lmin = [A. Lmin(Leq) + A. Lmin(Laf)]; 

6. Find. from Figure 6, the value of the equivalent lumi
nance of the standard field (LI) that corresponds with the sum 
of the luminance difference thresholds A Lmin = [A Lmin(Leq) 
+ A. Lmin(Laf)]. 

An example of how to derive the equivalent luminance of the 
standard field at the access zone of a tunnel is presented next. 

1. With a luminance meter equipped with the glare lens, a 
luminance value for Leq of 250 cd/m2 is obtained at the access 
zone of a tunnel. 

2. From the curve (Leq) in Figure 5, a value for A Lmin 
(Leq) of 7.2 cd/m2 that corresponds with the value for Leq of 
250 cd/m2 is read off. 

3. With a normal luminance meter with a small aperture, say 
3 degrees, a value (Lat) of 3850 cd/m2 for the luminance of the 
road surface to which the driver's eyes approaching the tunnel 
entrance are assumed to be adapted is measured. 

4. From the curve (Lat) in Figure 5, a value for A Lmin(Laf) 
of 1.4 cd/m2, which corresponds with the value for Laf of 3850 
cd/m2, is read off. 

5. By calculation, a value of 8.6 cd/m2 for the A. Lmin as the 
sum of A. Lmin (Leq) for Leq of 7.2 cd/m2 and A Lmin (Lat) 
for Laf of 1.4 cd/m2 can be obtained. 

6. Finally, from Figure 6, a value for the equivalent lumi
nance of the standard field (Ll) of 4300 cd/m2 that corresponds 
with the A. Lmin can be derived for this particular entrance to 
the tunnel. 

From the two curves in Figure 5 and the cUJVe in Figure 6, 
Figure 7 was constructed (20). From Figure 7 it became 
obvious ~at Laf had only a minor effect on the equivalent 
luminance of the standard field (Ll) at higher values for Leq. 
The dots in the figure were obtained by measurements at actual 
motorway tunnels, to be described later, and give a general 
picture of the range of Leq and Laf under practical conditions. 
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FIGURE 7 Relationship between the equivalent 
veiling luminance (Leq) and the equivalent 
luminance of the standard field (Ll) (angular size of 
20 degrees x 20 degrees) with the foveal adaptation 
luminance (Laf) as parameter. The dots In the figure 
are taken from measurements at the entrances to 22 
actual tunnels. 

MEASUREMENTS AT THE ACCESS ZONE OF 22 
MOTORWAY TUNNELS 

To investigate the relationship between the values of the equiv
alent luminance of the standard field (Ll) and the luminance in 
the access zone (Lo) as described in the CIB Recommendations 
for Tunnel Lighting (19), the values that are needed to derive 
the relevant luminances of the equivalent luminance of the 
standard field (Ll) and the luminance (Lo) were measured 
simultaneously at the access zone of 22 entrances of actual 
motorway tunnels and were compared (20). 

On a car, which was equipped with various measuring 
devices, variations in the following three lUIJ)inance values 
were continuously and simultaneously measured and recorded 
during the approach to the tunnels. The following measure
ments were taken between 10:00 a.m. and 2:00 p.m. under 
actual traffic conditions and various weather conditions (hori
zontal luminance in the open field was higher than 5 x 104 Ix) 
in September and October 1978: 

• The luminance of the road surface about 100 m ahead, as 
the representation of Laf, with a circular measuring field of 2 x 
1.5 degrees; 

• Leq, measured by means of the glare lens; and 
• Lo with a circular measuring field of 2 x 10 degrees. 

Depending on the method used to obtain Ll, mentioned 
already, a great number of combinations for L1 and Lo were 
recorded from the results of the measurements. To correct for 
the influence of the front window of the vehicle (a van) that had 
a transmission factor of 70 percent on the measuring results, all 
the luminance values were increased by a factor of 1.43. In 
Figure 8 a portion of the data thus obtained for various dis
tances from the tunnel entrance between 200 and 20 m is 
plotted. 
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FIGURE 8 Comparison of the average 
luminance in the measuring fieid oi l x iO 
degrees measured at the access zone of actual 
tunnels (Lo) and the equivalent luminance of the 
standard field (Ll). 

From the figure it is evident that Lo increased by a factor of 
1.5 accurately represents L1 (for a standard field with an angu
lar size of 20 x 20 degrees as employed by Schreuder) with a 
safety margin of about 10 percent in the higher range of LL 
[Van Bommel obtained similar results in his experiments con
cerning subaqueous road tunnels (22).] It has already been 
pointed out that the measurement of Lo during construction 
ensures sufficient accuracy for lighting design (23). 

In Figure 9 the variations of L1 during the approaches to 22 
entrances of motorway tunnels thus obtained are shown. Even 
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L,; Equivalent luminance of the standard field 

D ; Distance from the tunnel entrance 

FIGURE 9 Variation of the equivalent 
luminance of the standard field (Ll) with the 
distance (D) from the tunnel entrance at which 
Ll was measured. 
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Daytime Conspicuity of Road Traffic 
Control Devices 

s. E. JENKINS AND B. L. COLE 

In this paper ls presented a summary of the results of work 
carried out In Australia by the Australian Road Research 
Board (ARRB) and Melbourne University under ARRB spon
sorship. The concept of consplcuity and how It forms part of 
the process of transferring Information to the road user ls 
addressed. The means by which consplculty has been mea
sured are described together with their strengths and limita
tions. An experimental program that has advanced the under
standing of consplcuity and its usefulness is summarized. The 
major findings of the experiments are discussed In terms of 
their practical implications for enhancing the daytime conspi
culty of road traffic control devices. The review concludes that 
the important variables that determine the daytime conspi
cuity of traffic control devices are the complexity of the back
ground, the size of the object, and its contrast with the immedi
ate surroundings. It was also suggested that there are two 
distinct components of background complexity, clutter and 
distraction. 

The concept of conspicuity, how it can be measured, and the 
means by which the conspicuity of traffic control devices can 
be enhanced are addressed. The purpose of this paper is to 
present a summary of the results of work carried out in Aus
tralia by the Australian Road Research Board (ARRB) and at 
Melbourne University under ARRB sponsorship during the last 
10 years and to draw some practical implications from the 
experimental studies. 

Australian Road Research Board, P.O. Box 156 (Bag 4), Nunawading 3131, 
Australia. 

CONCEPT OF CONSPICUITY 

The purpose of a traffic sign is to transfer information from the 
traffic engineer to the driver. In the road environment there is 
an enormous influx of visual information with which the driver 
has to contend It is essential that priorities be allocated to this 
information so that the driver directs his attention to only those 
facets that are necessary for his purpose and safety. 

The perceptual system must therefore perform a filtering 
action by which the majority of the visual information is shed 
and the important and necessary information is attended to and 
used What information the driver considers important, and so 
pays attention to, depends on the message of the sign and its 
.relevance to him at the time. Thus some degree of preattentive 
processing of all information must occur so that the important 
information is not discarded but progresses to the stage of 
consciously being used. 

If the information that the traffic engineer wishes to convey 
to the driver is not visually prominent, legible, and comprehen
sible at this preattentive level of processing, its importance 
cannot be evaluated and it will not warrant attention. Conspi
cuity, then, is the attribute of an object within a visual context 
that ensures that its presence is noticed at the preattentive level 
of processing. 

Engel (1) distinguishes between "sensory conspicuity" and 
"cognitive conspicuity." Sensory conspicuity is taken as the 
degree of visual prominence afforded a sign by its crude sen
sory features (brightness, color, size, legibility), which will 
ensure that its message content is available at the preattentive 
level of processing. The cognitive conspicuity of a sign arises 
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FIGURE 10 Relative variations of equivalent 
luminance of the standard field (Ll) as a function 
of the distance from the tunnel (D) shown In Figure 
9. The values measured at 100 m were plotted as a 
standard 1.0. 

though lwninance structures near the entrances of the tunnels 
differed from one tunnel to another, the general tendency of the 
variations in the equivalent lwninance of the standard field (Ll) 
during approach was found to be simiiar. In Figure iO the 
relative variations of Ll are normalized at a distance from the 
tunnel entrance of 100 m and shown as a hatched area. 

The thick curve in the hatched area in Figure 10 shows a 
replotting of the data by N akamichi et al. (5). It can be seen that 
the curve they obtained represents a typical decrease in the 
equivalent lwninance of the standard field (LI) during approach 
to the entrance of the tunnel (the surroundings of which consist 
of relatively light structures) and that this curve can be applied 
to most practical cases with a sufficient safety margin. 

CONCLUSIONS 

The following conclusions can be drawn from the investiga
tions described: 

1. By separating the effects of the surrounding field and of 
the central field to which the observer's fovea is adapted on the 
luminance difference thresholds, a method for deriving the 
equivalent luminance of the standard field(= previous adapta
tion luminance) for any complex luminance field has been 
developed. 

2. Comparisons of the results of measuring the equivalent 
luminance of the standard field (for a size of 20 x 20 degrees) 
and the luminance in the access zone (as defined in the CIE 
Recommendations for Tunnel Lighting) were made and it was 
found that the luminance in the access zone, with an increase of 
a factor of 1.5, represents the equivalent lwninance of the 
standard field (with an angular size of 20 x 20 degrees) on the 
access zone with sufficient accuracy for practical applications. 

3. Variations in the equivalent luminance of the standard 
field during approach to a tunnel can possibly be classified in 
the future according to the luminance structures near the 
entrance of the tunnel. The replotted data obtained by 
Nakamichi et al. (5), however, as seen in Figure 10, can be used 
for most practical purposes as a first approximation of the 
general lendency of variations in the equivalent luminance of 
the standard field (Ll) during approach. 

4. Extensive study still needs to be done on the variations in 
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the equivalent luminance of the standard field at actual tunnels 
caused by changes in daylight conditions due to season, 
weather, and time. 
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from its meaning, novelty, or relevance and will be dependent 
on the psychological state of the driver, his purpose, and his 
expectations at the time. 

A road traffic control device must meet four criteria: it must 
be conspicuous, its message must be legible and understood, 
and it must be credible to the driver who must believe what it 
says and that it applies to his immediate situation. If any of 
these criteria are not met, the message will not be registered or 
it will be discarded. The information will not progress past the 
preattentive level of processing, the driver will have no 
recollection of it, and any hoped for action will not happen. 

METHODS OF MEASUREMENT 

Inevitably the methods by which conspicuity is measured 
largely determine.the kind of results that are obtained, so it is 
important that the limits and assumptions of each method be 
given. Jn the work done at ARRB and at Melbourne University 
two methods have been used. 

The first derives from an operational definition of sensory 
conspicuity, proposed by Cole and Jenkins, that states that a 
conspicuous object is one that will, for any given background, 
be seen with certainty (P > 90 percent) within a short observa
tion time (t = 250 ms) regardless of the location of the object in 
relation to the line of sight. 

Because the observation time, if it is 250 ms or less, is too 
short to permit an eye movement, a conspicuous object by this 
definition requires no searching to be seen with certainty. The 
definition implies that the primary measure of sensory conspi
cuity is the eccentricity, the angle from the line of sight, at 
which the object is seen. This measure is similar to the "cons
picuity area" of Engel (2-4). 

This method was developed in the laboratory and its validity 
in the real traffic situation is not certain. Indeed, it is difficult to 
know how such a paradigm could be transferred to the on-road 
situation. By this method a conspicuous object is one that is 
detected immediately, and it is this requirement that prevents 
the method from being transferred to the driving situation, 
where traffic control devices continually increase their angular 
subtense and eccentricity with time and their backgrounds 
continually change. 

The second method was devised by Hughes and Cole (5), 
Cole and Hughes (6), and Hughes (7) who carried out a field 
trial to investigate the conspicuity of traffic control devices and 
disc targets in a suburban environment. They used a verbal 
report method that included both sensory and cognitive aspects 
of conspicuity and that, most important, included observer 
variables such as state of arousal, expectations, and level of 
attention. 

Cole and Hughes reasoned that these observer variables must 
play a major role in determining whether the message of a 
traffic control device is acted on in the traffic situation, so they 
decided to manipulate the level of attention of drivers by 
issuing two different sets of instructions. Jn this way they could 
investigate two aspects of conspicuity: attention conspicuity 
and search conspicuity. 

Attention conspicuity is the capacity of the traffic control 
device to attract attention when the driver is unaware of its 
likely occurrence (instruction: report all things that attract your 
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attention). Search conspicuity is the ability of the traffic control 
device to be quickly and readily located by search; for exam
ple, when a driver needs a direction sign or street name 
(instruction: report all traffic control devices that attract your 
attention). 

The verbal report is the end result of all levels of processing. 
A traffic control device may be reported because 

• It is conspicuous, 
• It is important to the driver at that moment, or 
• Its message requires some action on the part of the driver. 

A traffic control device may not be reported because 

• It is inconspicuous, 
• It is not credible, or 
• It is so normal and accepted that it is literally unremark

able. 

DETERMINANTS OF DAYTIME CONSPICUITY 

The daytime conspicuity of traffic control devices is deter
mined by their size, their contrast with the immediate surround
ing background, and the complexity of the road environment. 

Conspicuity can only be discussed in the context of complex 
backgrounds. Visibility is all that can be spoken of if the target 
is in a uniform background. For the term "conspicuity" to be 
applicable, the target must have to compete with other objects 
for the attention of the driver. The major problem is quantifying 
the complexity and defining what background objects form the 
population of items that can be confused with the target. 

To tackle this problem directly, a series of experiments was 
carried out using schematic backgrounds that could be quan
tified yet were complex and versatile enough that they could be 
varied systematically along several dimensions (8,9). The 
backgrounds consisted of a random array of discs, each simply 
specified by diameter and luminance. The complexity was 
manipulated in three ways: 

• The number of identical background discs was varied 
from one up (density); 

• The number remained constant but the size distribution 
was varied; and 

• The number remained constant but the luminance distribu
tion was varied. 

There were three background densities such that the discs 
occupied 5, 10, or 15 percent of the maximum area that could be 
occupied by the discs, each disc subtending 72 min of arc at the 
subject's eye. There were three degrees of luminance vari
ability with the number of discs kept constant throughout at 15 
percent density. Thus, for the size variability experiment, there 
were three types of background configuration that differed in 
the range of sizes of the background discs but centered around 
72 min of arc and a control configuration with background 
discs· all of the same size as were used for the 15 percent 
background density configuration. Similarly, the luminance 
variability experiment had three ranges of luminances for the 
background discs and the same 15 percent density control 
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configuration. Examples of the different types of background 
complexity are shown in Figures 1 and 2. 

For each background set the target disc differed in either size 
or luminance. The subject's task was to locate the largest or 
brightest disc in the stimulus slide, which was presented for 
250 ms, with the target positioned at various eccentricities. 

The results are, perhaps, best summarized in two parts: 
whether the target was discriminated on the basis of size or of 
luminance. 

Luminance Dlscrlmlnatlon 

The contrast in luminance between the target disc and the 
background discs necessary for it to be discriminated 92 per-
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FIGURE 1 Examples of stimuli used lo the experiment on 
varying background density (8). 
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FIGURE 2 Examples of stimuli used in experiments that 
manipulated the varlablllty of size (top) and of luminance 
(bottom) of the background elements (9). 

cent of the time is shown in Figure 3 as a function of eccen
tricity (e0

) for all types of background complexity . 
The two-disc experiment has the shallowest slope, showing 

that luminance discrimination on this task is the best. As the 
number of discs increases to 5 and 10 percent density, perfor
mance decreases, so that the target disc must have a greater 
luminance difference from the background discs for it to be 

d 4 .0 
.... 
~ 3.5 

~ 3.0 
z 8 2..5 

~ 2.0 
z 
~ 
~ 
:i 
..J 

1 .5 

1.0 

0.5 

0 

-- CL= 0.19t' 0 + 0.35 

2 4 8 8 10 12 14 18 18 

ECCENTRICITY e 0 

10% 
Vari able 
15% 

5% 

Two Discs 

FIGURE 3 Contrast in luminance between target 
disc <Lr> and background disc (L8 ) necessary for 
target disc to be discriminated 92 percent of the 
time as a function of eccentricity for all types of 
background complexity [CL = <Lr - L8 )/L8 ]. 
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detected. Increasing the number to 15 percent density does not 
change performance by any significant amount. 

The equations for luminance discrimination at the 92 percent 
probability level are 

CL = 0.06£0 + 0.37 

CL = 0.10e0 + 0.47 

CL = 0.19e0 + 0.35 

for two discs 

for 5 percent 
background density 

for 10 and 15 percent 
background density 
and variable luminance (1) 

where CL = <Lr - LB)/LB• Li- is the luminance of the target 
disc, and LB is the average luminance of the background discs. 

If the background discs themselves differed in luminance but 
were the same size, it was found that the degree of variability 
had no effect on the conspicuity of a target that differed in 
luminance only. In this experiment the number of discs corre
sponded to a 15 percent density; the background density experi
ment showed that at this density luminance discrimination is 
sufficiently poor that the variability in the luminance of the 
background elements would not be appreciated by the subjects 
unless the differences Were very large. The degrees of vari
ability of the three background distributions were not great 
enough to show any differential effeet on target discrimination 
although the background reflectances ranged from 10 to 50 
percent. 

The reftectances of the background disc used to generate the 
stimulus slides represent an attempt to match those found in 
daytime environments. This would indicate that variation in 
object luminances of daytime environments will not have a 
large effect on target conspicuity. 

Size Discrimination 

The results for the size discrimination tasks were quite unex
pected and are shown in Figure 4. Increasing the density of the 
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background elements has no effect on the conspicuity of the 
target that differs only in size. This discrimination of the target 
matches that for just two discs no matter whether the back
ground density is 5, 10, or 15 percent. The results can be 
adequately summarized by the equation: 

Cs = 0.033e0 + 0.10 (2) 

where C8 = (Dy. - DB)/DB. 
However, if the background elements themselves differ in 

size, the degree of variability does have an adverse effect on 
the conspicuity of the target that differs in size. The results 
from the variable size experiment can be explained using a 
simple model based on Equation 2. 

This says that at a given eccentricity the largest background 
disc cannot be discriminated from other background discs if the 
contrasts in size are less than the threshold contrast given by 
Equation 2. Thus a weighted average large background disc can 
be described for the population at any eccentricity. Then, to be 
discriminated, the target disc must be of sufficient diameter that 
when contrasted against this average background disc it will 
exceed the threshold given by Equation 2. Therefore, 

Cs = 0.033e0 + 0.10 (3) 

is applicable to a wide range of backgrounds provided DB is 
defined as the diameter of the weighted average of all of the 
largest background discs that cannot be discriminated on the 
basis of size at a given eccentricity. 

Equations 1 and 3 give the means by which some physical 
attributes of a target that will ensure its conspicuity can be 
specified. However, to do this it must be possible to determine 
the population of background elements in road environments 
that could be confused with the target, their size distribution, 
and their average luminance. 

CONSPICUITY OF DISCS IN THE 
ROAD ENVIRONMENT 

The next stage was to use road traffic scenes as stimulus 
backgrounds and discs of various sizes and luminances as 
targets. A laboratory experiment embedded a range of discs at 
eccentricities of 6 and 14 degrees in suburban road scenes (10). 
A field trial also was carried out with subjects driving a fixed 
suburban route and using the verbal report method described 
previously. Along the route was placed a variety of discs that 
served as targets as did the traffic control devices already in 
place. 

Because the luminances of the discs in the laboratory experi
ment did not match those in daytime, and the luminances in the 
field trial vary from hour to hour, only their reflectances where 
the maximum diffuse reflectance is taken as about 80 percent 
are referred to. Some of the results are summarized in Table 1. 

The laboratory experiment showed that for a white disc with 
a reflectance of 80 percent to be conspicuous, it must have a 
diameter of 34 min at 6 degrees eccentricity and 75 min at 14 
degrees eccentricity. A 75-min-diameter disc need only have a 
reflectance of 42 percent at 6 degrees eccentricity, but a 34-min 
disc must have a reflectance of 150 percent to be conspicuous at 
14 degrees eccentricity (i.e., it must be self-luminous). 
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TABLE 1 REFLECTANCE OF DISC IN A 
ROAD SCENE NECESSARY FOR THE DISC TO 
BE SEEN WITH A PROBABILITY OF 92 
PERCENT FOR TWO SIZES OF DISC AT TWO 
ECCENTRICITIES 

Disc 
Diameter £0= 60 £0 = 140 
(min) (%) (%) 

34 80 150 
75 42 80 

There were strong indications from the laboratory experi
ment that reflectance (or luminance) was not the primary vari
able but that the contrast of the disc with its immediate sur
roundings was. A separate experiment, again using discs and 
road environments, was carried out to investigate this specifi
cally. It was found quite conclusively that contrast was the 
determining variable (11). The background area immediately 
surrounding the target is, then, crucial to its detection. The 
traffic engineer should be made aware of the importance of sign 
contrast so that he may favorably locate the sign wherever 
possible against tree backgrounds, plain walls, or on medians. 
When building roads, the traffic engineer can landscape advan
tageously. If these options are not available, the traffic engineer 
may be able to supply the sign with its own background by way 
of a high-contrast surround. This is already done with traffic 
signals, and a similar treatment for signs may well be advan
tageous. 

In the field trial, Cole and Hughes (6) used two sets of 
drivers, and each set was given different reporting instructions. 
This enabled two aspects of conspicuity, attention and search 
conspicuity, to be studied. The dependent measure was the hit 
rate. The discs were 300, 500, and 700 mm in diameter and had 
reflectance values of approximately 85, 32, and 2 percent. 

The relationship between search and attention conspicuity is 
curvilinear and is shown in Figure 5 for each location of the 
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FIGURE 5 Relationship between search conspicuity 
and attention consplculty for discs; each point 
represents the bit rate for a disc at each location (7). 
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disc. Obviously, search conspicuity is always greater than 
attention conspicuity. Directed search yielded greatest gains for 
targets of low attention conspicuity. 

Cole and Hughes found that reflectance had only a small 
effect on conspicuity, even though the full range of diffuse 
reflectance was used. Size had a more dominant effect on 
conspicuity, but because the angular size of discs was con
tinually increasing as the subjects drove toward them, it is more 
appropriate to consider their angular size when they were 
reported. Cole and Hughes found that the great majority of 
observations of the disc targets occurred at eccentricities less 
than 10 degrees (i.e., when the discs were more than 50 m 
ahead and subtended less than 1 degree). 

The location of the target disc emerged as the dominant 
determinant of conspicuity: shopping center sections markedly 
reduced the conspicuity of targets compared with residential 
streets. Cole and Hughes argue that it is the visual clutter and 
not the increased task demand that reduces conspicuity in 
shopping centers. 

CONSPICUITY OF TRAFFIC CONTROL 
DEVICES IN ROAD ENVIRONMENTS 

The final aspect of the experimental program was to investigate 
the conspicuity of traffic control devices on the road in the light 
of what had been found in the more controlled experiments. 
Again, the topic was studied with the laboratory paradigm (12) 
and by the field trial (5). 

The laboratory study used color slides that always had at 
least one traffic control device situated 100 m from subject. 
Often, other traffic control devices were present both closer and 
farther away than the target traffic control device. The subjects' 
task was to note the types of traffic control devices that they 
could see and their location. 

None of the traffic control devices met the operational defini
tion of conspicuity. The detection properties of the types of 
traffic control devices are given in Table 2. 

Size, agairi, was an Lrnportant dete!1!1inant of conspicuity, as 

TABLE 2 PROBABILITY OF DETECTION OF 
VARIOUS CLASSES OF TRAFFIC CONTROL 
DEVICK FOR THE LABORATORY 
EXPERIMENT USING COLOR SLIDES WITH 
THE TARGET DEVICE AT A SIMULATED 
DISTANCE OF 100 m (12) 

Traffic Control Device 

Railway level crossing 
Traffic signals 
Guide signs 
Stop signs 
Warning signs (symbolic) 
Warning signs (alphabetic) 
Children's school crossing 
Speed restriction 
Other regulatory signs 
Give way 

Probability 
of 
Detection 
(%) 

81 
76 
76 
62 
55 
45 
37 
31 
19 

1 
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was edge definition. The large traffic control devices, such as 
railway level crossings, traffic signals, and guide signs, scored 
high levels of detection. It was particularly noticed that white 
signs did poorly. This is disturbing because most regulatory 
signs, which must be noticed, are white. The Give Way sign 
performed quite the worst of all signs; the reasons for this are 
not clear because it differs from other signs in several ways. It 
is also of some concern that children's crossings are not com
pellingly noticeable, although when an attendant was in view 
conspicuity improved. 

In the field trial, Hughes and Cole noted a disturbing result: 
even when subjects were directed to search for traffic control 
devices, on average only 50 percent were located. This may be 
partly due to the verbal report method used, however. For 
example, traffic signals were reported on 14 percent of occa
sions, yet there was no failure to respond to them correctly. The 
results are shown in Figure 6 and hit rates (the proportions of 
discs reported) for particular classes of traffic control devices 
are given in Table 3. 

Trends found in the laboratory studies were validated in this 
field trial. The more visually clustered road environments again 
clearly showed an adverse effect on conspicuity, the size of 
road signs was a significant determinant of conspicuity, and 
signs with color were noticed more than black-and-white signs. 

Jenkins and Cole (13) suggested that color is not an impor
tant determinant of conspicuity and that, at best, the contribu
tion of color is sufficient to offset the loss of conspicuity that 
results from the concomitant decrease of luminance. However, 
Jenkins (11) showed that contrast is a critical determinant of 
conspicuity and the presence of color contrast may serve to 
reveal an object when the luminance contrast is low. The role 
of color in determining conspicuity is equivocal and needs to 
be the focus of a directed study. 

The distinction that Hughes and Cole have drawn between 
attention and search conspicuity provides a framework for 
planning a hierarchical system of road signing. It is not neces
sary that all traffic control devices attract the driver's attention; 
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FIGURE 6 Relationship between search and 
attention consplcuity of traffic control devices in the 
field trial (5). 

TABLE 3 HIT RATES OF DIFFERENT 
CLASSES OF TRAFFIC CONTROL DEVICE 
FOR ATTENTION AND SEARCH 
CONSPICUITY OBTAINED FROM THE FIELD 
TRIAL (5) 

Hit Rate(%) 

Traffic Control Device Attention Search 

Regulatory signs 14 68 
Warning signs 23 82 
Traffic signals 18 81 
Direction signs 

Freeway 26 75 
Other 4 8 

Parking signs 0.3 6 -
Total 11 50 
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some devices need only be noticed when the driver wants them, 
and he will then be searching for such information. 

PRACTICAL IMPLICATIONS 

The practical implications that have emerged from the research 
so far can be summarized by six main points: 

1. The important variables that determined daytime conspi
cuity are the size of the object, its contrast with the immediate 
surroundings, and the complexity of the background. 

2. If a sign is to be noticed by a driver, it will be within 10 
degrees of his line of sight. When the eccentricity of the sign 
becomes greater than this, the sign is most Unlikely to be 
noticed at all. 

3. The present size of road signs (400 to 900 mm) is suffi
cient to ensure that they should be conspicuous. That they are 
not is because their contrast is insufficient or there is a high 
degree of visual clutter, or both. 

4. Traffic engineers should be aware of the importance of 
controlling sign contrast. This can be done by careful place
ment or by allowing a high-contrast surround to be placed 
around the sign, as is done with traffic signals. The dimensions 
of such a surround are under investigation. 

5. The degree of complexity of the background is a major 
variable that affects conspicuity, and a means by which it can 
be measured must become available. Experiments have shown 
that subjects can rate complexity with some degree of preci
sion, but an objective measure is preferable. It is suggested that 
there are two aspects of complexity: 

• Clutter, where the target has to compete with other, similar 
objects. The effects of these similar, or confusion, elements can 
be countered by sign design if the confusion elements can be 
identified and their size distribution and average reflectance are 
known . 

• Distraction elements, which are elements of the visual 
environment that are not necessarily similar to the target but 
will attract the driver's attention. The act of noticing irrelevant 
information will take time and thus increase the demand load 
on the driver because less time is then available for the driving 
task. 
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6. Not all traffic control devices need to attract the attention 
of the driver. Some devices are needed by only some of the 
drivers (e.g., direction signs, parking signs and the like need 
only be acquired when searched for). Appropriate sign design 
should make it possible to develop an orderly hierarchy of road 
signing. 
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