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Page 16, column 2, I ine 15 from bottom and I ines 10-11 
from bottom 

Change " 19.93 kN" to " 2032 kg" 
page 16, column 2. lines 5-6 from bottom 

Change "1 9.88 kN" to " 2028 kg" 
page 18, column 1, lines 6 and 12 

Change "1 0.0&kN" to "1025-kg" and " l .913-kN" to 
"1 95-kg" 

Page 18, column 1, line 20. and column 2. lines 20 and 23 
Change " 62.27-k N" to " 6350-kg" 

page 26. column 1, lines t 3-1 5 
Change each "nt·s" to " N·s" and each "tb·s" to " lbf·s" 

page 26. column 2, lines 4-6 
Change each " nt" to " N" and each "lb" to "lbf" 

page 27, column 1, lines 1-2 and following table 
Change to ' 'production lot (1 kN .. 225 lbf): 
Test Piece Axial Load (kN) 

CT7-ll-l 136.3 
CT7·11-2 115.6 
CT 7-11-3 11 6. 1 
CT7-12-3 119.7 
CT 7-12-4 1221 
Average 121.9" 

page 27, column 1, lines 9-11 from bottom and following 
table 

Change to "table (1kN=225 lbf): 
Test Piece Shear Load (kN/coupling) 

CT 7-11-4 28.0 
CT 7 -11-5 17. 3 
CT 7-11-6 23.6 
CT 7-12-1 17.3 
CT7-12·2 19.6 
Average 21.2" 

page 27, column 2, line 13 
Change "227 kg (500 lb) and 4536 kg ( 1 O 000 lb)" to 
"2.2 kN (500 lbf) and 44.5 kN (10 000 lbf)" 

page 28, column 1, lines 3, 14-15, 18, and 22 
Change each "nt·s" to N·s" and each "lb·s" to "lbf·s" 

page 29, Abstract, line 15 
Change "362 kg·s" to "3.6 kN·s" 

page 30, column 2, line 21 
Change "1145. 1105, and 1060 kg·s" to "11.2, 10.8. and 
10.4 kN•s" 

page 30, column 2. line 17 from bottom 
Change "492, 487, 500. ~d 464 kg·s" to "4.93, 4.89, 
5.02, and 4.65 kN·s" 

page 31, column 1, line 11 
Change " 350, 360, 350, and 357 kg·s" to "3.43, 3.53, 
3.43, and 3.50 kN·s" 

page 31, column l, line 39 
Change "338, 349, and 388 kg·s" to "3.31, 3.43, and 
3.80 kN·s" 

page 31, column 2, line 35 
Change "91 kg·s" to "0.89 kN·s" 

page 31, column 2, line 44 
Change "Tunnel momentum change, kg·s 504 351 
338 452" to "Tunnel momentum change, kN·s 4.93 
3.43 3.31 4.43" 

page 31 , Table 3 
Change the momentum change values from kg·s to 
kN·s for each category: "Speed Trap Measurement: 
NM, 4.75, 3.51,-,4.96"; "Integration of Tunnel Ac- . 
celeration: 11.17, 4.93, 3.42, 3.31 , 4.50"; "Integration 

of Rear-Deck Acceleration: 10.8, 4.89, 3.53, 3.43, 
4.10"; "High-Speed Film Analysis: 10.4, 4.89, 3.43, 
3.80. 4.48" 

page 32, column 1, I ines 7 and 1 O 
Change "91 kg-s" to "0.89 kN·s" and "457, 418, 457, 
and 506 kg·s" to "4.43, 4.11, 4.25, and 4.97 kN·s" 

page 33, column 1, lines 7-8 
Change "500 kg·s" to "4.89 kN·s" and "350 kg·s" to 
"3.34 kN·s" 

page 33, column 1, text table 
Change the momentum change values from kg·s to kN·s 
for each test: "Test 1:-, 11.22, 10.83, 10.39"; "Test 
2: 4. 75, 4.94, 4.89, 5.02"; "Test 3: 3.51 , 3.44. 3.53, 
3.43"; Test 4:-, 3.31, 3.42, 3.80"; "Test 5: 4.96, 
4.48, 4.10, 4.48" 

page 33, column 1, line 31 
Change "350 kg·s" to "3.34 kN·s" 

page 33, column 2. lines 5 and 7 
Change "500 kg·s" to "4.89 kN·s" and "91 kg·s" to 

;o.89 kN·s" 

t/'nmportation R...-rch Record 681 
page 19, column 2. line 22 

Change "frequently" to "infrequently" 

Transportation R ... arch Record 720 
page ii, Library of Congress data 

Change "[666'.89)" to "(66';893)" 

Transportation RttUrch R-=ord 721 
page ii, Library of Congress data 

Add "National Research Council. Transportation Re­
search Board. 

Rail and motor carrier reports. 

(Transportation research record; 721) 
1. Railroads-Addresses, essays, lectures. 2. Rail­

roads-United States-Addresses, essays, lectures. 
3. Trans po rt a ti on. Automotive-Freight-Addresses, 
essays, lectures. 4. Transportation-Law and legisla­
tion-Uni ted States-Addresses. essays, lectures. I. 
Title. 11. Series. 
TE7.H5 no. 721 [HE1031] 380.5s [385) 
ISBN 0-309-02971-6 79-607922 

Tnmportation ReUiarch Record 734 
page ii, column 1 

Change publication data to 
Tnuportadon R-rch Record 734 
Ptice S3.40 
E'.dited for TRB by Mary Mcuughlin 

mode 
1 hilhway transportation 

subject a.reu 
24 pavement design and performance 
31 bituminous materials and mixH 
34 general materials 
35 mineral agreptes 
62 soil foundations 

Change Library of Congress data to 
Ubrlly ol Conpaa C..caJopn1 in Publication Data 
National Research Council. T1an1portation Reseuch Boud. 

Copper mill tailings, incinerator reliduo, low-quality 
aggregate characteristics and energy u rings in comtruction. 
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Evaluation of Delineation Systems 
for the New Jersey Barrier 
William L. Mullowney, New Jersey Department of Transportation 

A prototype delineation synem developed for installation on concrete 
media.n barriers is described. The visibility of the reflective devices uled 
was evaluated with rltJPect to the following facton: the effect of 
weathering on the reflectivity of the reflectors: the effect of weathering 
and other demuctive forces on the durability of the reflectors; and the ef· 
·feclll of vertical placement, opposing headlight glare, and wet nighttime 
conditions on the visibility of an Installation. Mounting materials and 
techniques were evaluated to determine those that were most durable 
with respect to weathering and other destructive forces. To document 
permanently the effects of headlight glare and wet nighttime conditions 
on the visibility of the syn.em, 8-mm color motion pictures were taken 
of an experimental installation. 

The New Jersey type of concrete median barrier, known 
as a center barrier, has proved to be an effective 
countermeasure in head-on collisions . Although the 
barrier offers reduced accident severity to motorists, 
it may create a visibility problem at night for some 
drivers. ln 1975, 258 single-automobile accidents that 
involved striking the center barrier occurred on 112 
km (70 miles) of US-1 in New Jersey-135 at night and 
52 under wet nighttime conditions. It is likely that other 
single-automobile strikings of the barrier go unre­
ported, especially at night, since no other vehicle is 
involved a.nd since the purpose of the median barrier 
is to redirect a colliding vehicle back into its own lane 
of travel. 

Single-automobile center-barrier accidents result 
from what Alexander and Lunenfeld (1) describe as a 
"catastrophic system fa.Uure" of the iiguidance level of 
driver performance." This performance level refers 
to the ''drivers' task of selecting a safe speed and path 
on the highway." This selection involves evaluating 
the immediate situation, making appropriate speed and 
path decisions, and translating these decisions into 
vehicle-control actions. To perform these functions 
the motorist needs to be provided with a sufficient num­
ber of unambiguous messages that are functional under 
a variety of weather conditions. 

Delineation of median barriers will provide motorists 
with two guidance Inputs to aid safe passage along the 
road. Immediately in front of the vehicle, such de­
lineat)on will show where not to drive ; that is the 
median barrier will be perceived as a fixed, continu­
ous, physical object to be aware of and avoided. Far­
ther ahead of the vehicle, the reflectors will provide 
positive delineation by outlining the path of the barrier . 

The necessity for delineation of median barriers ls 
evident during nighttime driving cond'itions and espe­
cially during wet nighttime conditions. The visual 
contrast between the barrier and the roadway that sup­
p.lies near and advance guidance information during day­
lt.g~t conditions is reduced during dry nighttime con­
d~tion~ and vanishes al most altogether in wet nighttime 
situations . The addition of a white pigment to the 
molded concrete has increased the contrast between 
the ?arrier and the road surface at night but is inef­
fective on wet nights. Delineators are needed to give 
the barrier a line of discrete visual cues that would 
:eplace or supplement the greatly diminished guidance 
information that exists· under wet nighttime conditions . 

STUDY DESIGN 

The purpose of this study was to develop and test a 
deUneator system that performs adequately on the 
median barrier after years of weathering. The char­
acteristics that would affect the adequacy of the sys­
tem were the visibility of the total system and the 
durability of its various parts. 

Experimental variables were chosen for study if 
they were thought to affect the visibility or durability 
of the system. To study these variables, environ­
mental factors that affected delineator performance 
were identified. The relation between these factors 
and the experimental variables was observed by means 
of performance measures developed and used during 
the study. 

EXPERIMENTAL VARIABLES 

Types of Reflective Devices 

Various types of reflective devices were obtained from 
an extensive survey. The list of materials was nar­
rowed down to six amber devices used in the major 
evaluations by using the relative reflectivity of new 
devices and adaptability to barrier application as ac­
ceptance criteria. The following devices were selected 
for the major tests (Figure 1): 

Ref(J!ctor Type 

1 Vinyl microscopic cube corner 
2 Acrylic encapsulated lens sheeting 
3 Acrylic cube corner 
4 Silvered convex glass lens 
5 Wide·angle silvered acrylic cube corner 
6 Low-profile acrylic cube corner 

Vertical Position on the Barrier 

Trade Name 

Reflexite 
3M BD-21 
Stimsonite 975 
Swareflex 3290 
Stimsonite 2400 
Stimsonite 960 

Three vertical positions were investigated during the 
project : on top of the barrier, on the s ide of the bar -
rier 12. 7 cm (5 in) from the top, and on the side of the 
barrier 35.6 cm (14 in) from the top. Originally, it 
was thought that headlight glare would render only the 
top-mounted devices ineffective, and therefore more 
emphasis was initially placed on the aide-mounted 
locations. 

Mounting Materials and Techniques 

Mounting brackets consisted of steel, ethylene vinyl 
acetate (EVA ), and scrap rubber. The EVA mount 
shown in Figure 2 ls 10.2 by 10.2 by 5 cm (4 by 4 by 2 
in ), with 0.38-cm (0.15-in) thickness and holes 0.96 
cm (0.375 in ) in diameter. The EVA and scrap rubber 
were expected to be superior because of their flex­
ibility and reduced potential danger on impact. At­
tachment materials studied included concrete studs 
(Figure 3) and butyl adhesives. 

The mounting techniques used consisted of com­
binations of the various brackets and attachment ma­
terials. Only concrete studs were used on metal 
brackets, either studs or butyl adhesive were used 
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Figure 1. Median-barrier reflective devices. 

1 - REFLEXITE 2 - JM BD-21 

3 - STIHSONITE 975 4 - SWAREFLEX 3290 

5 - STIMSON !TE 2400 6 - STIHSON!TE 960 

Figure 2. Ethylene vinyl acetate mount. 

Figure 3. Concrete stud . 

on EVA brackets, and only butyl adhesive was used 
on scrap-rubber brackets. 

ENVIRONMENTAL FACTORS 

Five environmental factors that could affect the visi­
bility and durability of the experimental variables were 
chosen for study : 

1. Weather conditions-The effect of rain on the 
reflectivity of the retroreflectors was considered im­
portant since the prime function of the system is to pro­
vide adequate visibility in inclement weather . 

2. Dirt accumulation-It was expected that a layer 
of dirt on the surface of the reflectors would seriously 
degrade their reflectivity. How the individual devices 
were affected by this and whether any gross differences 
were discernible at the various vertical positions were 
considered to be important. 

3. Wear from windblown particles-The scratching 
and pitting effect of windblown debris was monitored 
for the same reasons for which dirt accumulation was 
monitored. 

4. Glare from opposing traffic-The effect of head­
light glare on the visibility of the devices at the various 
vertical positions was studied. 

5. Destructive forces-Whether any of the various 
reflector types or mounting materials or techniques 
were destroyed, lost, or rendered unusable was studied . 
Possible damaging forces were wet, plowed snow; im­
pacts from vehicles or flying objects ; and vandalism. 

MEASURES OF PERFORMANCE 

Dynamic Visibility Studies 

The six test reflectors were mounted in groups on the 
barrier on US-1 in Trenton, New Jersey, so that the 
relative brightness of the individual devices at the 
vertical positions could be determined. A team of ob­
servers were to choose the brighter reflectors from a 
vehicle traveling in the left lane of traffic. The speed 
was about 64 km 1h (40 mph) , and low headlight beams 
were used . The team of observers consisted of engi­
neers in the areas of traffic engineering, maintenance, 
quality control, and research. (The participating engi­
neers' normal job responsibilities were related to 
delineation, but they were not familiar with this par­
ticular setup.) Groups of three or four raters were 
driven through the area and asked to fill out a ques­
tionnaire developed for the study. 

Ratings were made (a ) when the reflectors were new, 
(b ) after one winter of weathering, and (c) after two 
winters of weathering (16 months of exposure on the 
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barrier). The mounting configuration and the question­
naire were structured so that the following information 
was obtained : 

1. The brightness rating of each device was com­
pared against that of each of the others. The choices 
from all comparisons were totaled, and a final rating 
and a relative ranking were determined for each device. 

2. The rater's direct preference for the various 
vertical positions was obtained by driving past a long 
stretch of the various reflectors at the different heights 
and considering them as a whole. 

3 . The rater's opinions on the adequacy of the de­
vices as median-barrier delineators were obtained from 
consideration of each type of reflector over short 
stretches of highway. 

Photometric Measurements 

Specific intensity values of the six test reflectors were 
determined for three conditions : (a) when the reflectors 
were new , (b) after two winte r s of weathering when the 
refl ectors were covered by dirt, and (c) after two winters 
of weathering when t he renectors had been cle aned . In 
addition , s amples from eac h existing vertical position 
were removed and tested for t he latte r two conditions . 
All photometric tests were performed on an ESNA 
reflex photometer at incidence angles of 0° and 30° and 
divergence angles of 0.1°, 0.2°, and 0.5°. 

Motion Pictures and Visual Observations 

Eight-millimeter color motion pictures were taken of 
an installation over a long stretch of highway in both 
dry and wet nighttime conditions. A Kodak XL360 
camera with Ektachrome ASA 160, type G film was used . 
The driver and the camera operator also made visual 
observations of the effect of glare and the number of 
reflectors that could be seen in advance of the vehicle . 
These observations were later compared with similar 
observations taken from the developed film so that the 
reality of the motion pictures could be gauged. The 
film was used to allow all the staff engineers to review 
the installation under both wet and dry conditions. 

Durabilit y Survey for Mounts and 
Mounting Tec hniques 

All analyses for durability were performed by visual 
observations. The various test locations were surveyed, 
and the devices were inspected for the following types 
of damage: permanent deformation of the bracket, 
looseness of the concrete bolts, rusting of bolts or 
rivets, missing reflectors or brackets, rusting of 
metal mounts, cracking of plastic mounts, and lifting 
and buckling of the butyl adhesive pads. 

RESULTS 

Effect on Reflectivity of Wet Nighttime 
t:"onditions 

The reflectivity of devices used in an installation at 
New Brunswick, New Jersey, appeared to be enhanced 
during rain. This result was evident in both motion­
picture analysis and visual observations made after 1 
year of exposure. Project engineers reported that ap­
proximately five devices could be seen in advance of 
the automobile during dry nighttime conditions whereas 
15 or more reflectors could be seen in the rain. Both 
observations were made while low headlight beams 
were being used. The visibility of the devices in the 

rain was limited by glare and geometry but not by re­
duced reflectivity. 

3 

The increase in the number of devices visible in the 
rain is thought to be caused by the following phenomena: 

1. The rain may wash some of the dirt from the sur­
face of the reflector and thus increase its reflectivity. 

2. Decreased visibility of barriers and pavement 
markings may cause the barrier delineators to con­
trast more with the background. 

Effect on Reflectivity of Dirt and 
Windblown Debris 

As weathering or exposure time increased, the relative 
brightness of reflector 4 (convex glass lens) increased 
to the point that it was rated as the brightest after two 
winters of exposure (Table 1). (Ratings were calculated 
as follows: number of times selected as most reflec­
tive +total number of comparisons with other reflec­
tors. ) This result was attributable to the dirt covering 
and the scratching and pitting from windblown particles 
observed on the surface of the reflectors. Documenta­
tion of this effect was also found in the photometric 
measurements. The glass reflector had a considerably 
smaller percentage reduction in specific intensity in 
all vertical positions when it was covered by dirt and 
when it was cleaned. The reduction in the photometric 
measurements after cleaning was caused by the 
scratching and pitting of the reflector surface by wind­
blown particles . 

The following percentages of original specific in­
tensity for the six reflector devices resulted after two 
winters (16 months) of exposure at 0° incidence angle 
and 0. 5° divergence angle: 

Top Top Side Bottom Bottom Side 
Reflector Side Cleaned Side Cleaned ---
1 1 3 0 2 
2 8 16 3 3 
3 5 11 1 2 
4 33 68 15 29 
5 6 13 3 7 
6 11 25 4 4 

Some indication does exist that reflector 3 (the acrylic 
cube corner device) may retain superior reflectivity 
during rain. The results after one winter of weather­
ing, given in Table 1, show that an acrylic cube corner 
received the highest rating when viewed in the rain and 
that reflector 4 (the convex glass lens device ) was 
rated highest under dry conditions. 

Adequacy of Retroreflectors as 
Median-Barrier Delineators 

The raters viewed gr oups of refl ectors at three ver­
tical positions and determined whether they performed 
adequately as median-barrier delineator s. A 50 per­
cent threshold was c hosen as a division between ade­
quacy and inadequacy . The r esults indicated that afte r 
two winters of exposure all devices with the ex:ception 
of the vinyl cube corner wer e considered adequate at 
the top and top-s ide positions. At the bottom -s ide 
position, one acrylic cube cor ner (r eflector 3) and the 
convex glass lens (r eflector 4) wer e judged adequate. 

Effect of Dirt Accumulation and Windblown 
Particles at Various Vertical Pos itions 

The first dynamic study, which rated unweathered 
reflectors, resulted in the bottom-side position being 
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Table 1. Comparison of retroreflectors in dynamic visibility studies. 

After Two After One Winter of 
Winters of Weathering 
Weathering New Refiec-
(dry Condi- Dry tors (dry 
tionsl' Rain" Conditions' conditionsr 

Rating Rating Rating Rating 
Reflector !'l Rank !'l Rank (4) Rank (() Rank 

1 16 6 0 6 0 6 42 2 
2 28 5 6 5 23 5 17 6 
3 57 2 95 1 75 2 78 1 
4 77 l 31 3 86 40 3 
5 33 3 28 4 32 34 4 
6 32 4 41 2 43 22 5 

1 13 raters 0 4 raters . te raters, 

Table 2. Comparison of vertical positions of reflectors. 

Percentage o! Comparisons in 
Which Position Was Chosen Number of Times Position 
Most Reflective' Was Chosen More Reflective' 

After One After Two After One After Two 
Position New Winter Winters New Winter Winters 

Top 0 10 13 
Top Side 30 48 41 2 0 0 
Bottom 44 32 24 8 0 0 

side 

Note "Equal" Judgments were not counted 
1 Compos1te of results from seven locations comparing the six test devices. 
r>Aesults of single que1tlon concerning one location where a device was mounted at all three 
vertical positions. 

selected as the most reflective. This was true not only 
for the reflectors judged collectively but also for each 
device individually. After exposure to the environment, 
the top-side and top positions were selected as the most 
reflective in all situations where they were used. In 
addition, as the exposure time increased, the trend 
toward higher ratings with increased height of mounting 
became more pronounced (Table 2). 

These results can be attributed to the decreased 
amount of dirt covering and scratching and pitting ex­
perienced by the higher mounted devices. This effect 
is substantiated by the photometric data given previ­
ously, where the top-side position had a consistently 
smaller percentage reduction in specific intensity both 
when covered with dirt and when cleaned. 

The following results, obtained from photometric 
evaluation of a location where the same device was 
mounted at all three vertical positions, proved inf or -
mative : 

Position 

Reflectivity (percen· 
tage of original 
specific intensity 
after 30 months of 
exposure) 

Dirty Cleaned 

Top 31 47 
Top side 3 6 
Bottom side 2 3 

The top-side position showed slightly less reduction in 
reflectivity than the bottom-side position ; the top posi­
tion was much less affected than the other two. It has 
been. hypothesized that dirt and debris channeled down 
the side of the barrier by natural wind or the slipstream 
wind of vehicles account for the much greater wear and 
dirt covering of the side-mounted reflectors. 

Effect of Opposing Headlight Glare on 
Reflect ors at Various Vertical 
Positions 

In the study performed at the Trenton site, the raters 
were asked what effect headlight glare had on their 
ability to view the reflectors. In the first study, 10 
raters said thE! top- or top-side-mounted devices were 
affected more by glare than the bottom-side ones . One 
rater noted an equal effect, and 2 did not respond. In 
the second study, 10 raters said the top and top-side 
positions were affected more than the bottom-side 
position, and 2 reported an equal effect. At this site, 
the traffic volume was very low and the glare effects 
were intermittent . 

At the New Brunswick site, three researchers viewed 
the reflectors at the peak evening hour in both dry and 
wet conditions. The effect of glare here was more 
dramatic. Platoons of cars traveling in the opposing 
direction "washed out" long stretches of the reflectors. 
Although all reflectors were mounted at the top-side 
position and no evaluation could be made of the effect 
of glare on the other positions, the extreme ''blacking 
out" of barrier visibility appears to preclude the effec­
tiveness of barrier-mounted reflectors under such con­
ditions. 

Effect of Destructive Forces on Mounting 
Materials and Techniques 

The most durable mounting technique found in 'the study 
was a butyl adhesive pad attached to a low-profile 
marker. In 16 months of exposure at the northbound 
Trenton site and 12 months of exposure at the New 
Brunswick site, none of the reflectors were found to be 
missing (Table 3) . At the New Brunswick site, however, 
part of the butyl pad was lifting off the barrier under 
nine of the reflector mounts. 

After 16 months of exposure, 2 percent of the mounts 
that used a flexible bracket (EV A) attached to the bar­
rier with a concrete stud were missing at the northbound 
Trenton site. Several of the mounts, however, did not 
remain taut against the barrier, and the mounting 
bracket rotated around the stud, causing a loss of view 
of the reflective device. 

Flexible mounts (EVA or scrap rubber) attached with 
a butyl adhesive had a higher rate of loss than flexible 
mounts with concrete studs . At the northbound Trenton 
site, 7 percent were missing, and 7 showed a lifting of 
the butyl pad. At New Brunswick, 21 percent of the 
mounts were missing, and the butyl pad was lifting on 43 . 
At the southbound Trenton site, 11 percent were lost in 
the 30 months of exposure, and lifting was not-investi­
gated. 

The metal mount attached with a concrete stud ex­
perienced the highest loss rate. At the northbound 
Trenton site, 53 percent were missing, and seven of the 
remaining mounts were bent after 16 months of ex­
posure . 

T he 1·eas on for the high los s of metal mounts was 
thought to be their inflexibili ty when t hey are impacted 
by some object or fo r ce, such as a vehic le a flying 
object, or wet s now from plowing operations. When 
hit, the metal mounts apparently suffered defor mation 
of the L-s haped br acket or fa ilure of the concrete stud 
in the concrete or both, which diminished their con­
tinued effectiveness. A possibility also exists that 
metal mounts that have fallen off their barriers may 
pose a danger to motorists if kicked up into the air by 
vehicle tires. 

The flexible mounts do not pose the same danger to 
motorists as metal mounts since they are plastic or 

.. 

-' 



• 

5 

Table 3. Durability of mounts and reflectors. 

Mounts Missing 
Mounts 

Site Type of Mount Installed Number 

Northbound Trenton after Metal with concrete stud 45 24 
16 months exposure EVA with concrete stud 47 1 

EVA with butyl adhesive 2 1 
Butyl adhesive 20 0 
Scrap rubber mount with 12 0 

butyl adhesive 
Southbound Trenton after Scrap rubber mount with 148 17 

30 months exposure butvl adhesive 
New Brunswick after 12 EVA with butyl adhesive 75 16 

months exposure Butyl adhesive 57 

scrap rubber and apparently remain longer on the 
barrier. The flexible mounts that use concrete studs 
appear to be more durable than those that use a butyl 
adhesive pad, but rotation of the bracket around the 

0 

stud could be a problem. This may result from loosen­
ing of the stud or nut when a flexible bracket bends 
under impact and puts a stress on the attachment 
mechanism. 

lmproper installation technique, the stress put on 
a butyl adhesive pad during impact, and vandalism 
are thought to be responsible for fa ilures of the butyl 
adhesive pad method. During installation, the primer 
must be dry before the mount is attached to the bar­
rier . If the primer is not dry or if insufficient force 
is applied to the base of the bracket during mounting, 
premature failure may result. Mounting the L-shaped 
bracket toward or away from oncoming traffic may 
make a diffe rence in the amount of buckling or lifting 
caused by impacts . It is not known whether contraction­
expansion effects during freeze-thaw cycles cause any 
lifting of the butyl pad. 

Vandalism was apparent in one area of the south­
bound Trenton test site . The scrap-rubber mounts 
suffered a higher attrition rate in an illuminated inter -
change area tha.n anywhere else . It has been reported 
to project personnel that there is pedestrian traffic at 
this section of US- 1 even though a safer path is avail­
able. One reflector was foWld dangling from the bar­
rier as if a vandal stopped before completing the act. 
Vandalism is suspected s ince mounts that use a butyl 
pad can be removed from t he barrier by a slow, steady 
force whereas the large, instantaneous force of ave ­
hicle impact apparently temporarily nattens the flex­
ible bracket but does not rip the pad off the barrier. 
This occurrence was noted in New Brunswick whe r e an 
EVA-butyl adhesive mount remained on the barrier 
even though a force from an impacting vehicle ripped 
the reflector off and forced the rivet and washer through 
the mount. The hole through which the reflector was 
riveted to the bracket was enlarged and elongated, but 
the butyl pad and mount were otherwise unaffected. 

DISCUSSION AND SUGGESTED RESEARCH 

The visibility of the retroreflective devices was en­
hanced during wet nighttime situations. Whether this 
was due to increased reflectivity or increased con­
trast with the road is not known. In either case, the 
motorist is supplied with the guidance information 
neede~ to perceive the barrier hazard. However, the 
effectiveness of the delineators is diminished when 
there is opposing headlight glare. The erection of 
glare s~reens may be a solution to this problem. Re­
search mto the use of delineators on barriers topped 
by glare screens would be necessary since the screen 
may, like the barrier, channel dirt into the face of the 
reflector . Moving the reflector to the top of the screen 

Mounts Mounts With Buty 1 Damaged 
Percentage Bent Pad Lifting Off Reflectors 

53 .3 7 6 
2, l 0 0 

50.0 0 0 0 
0 .0 0 0 0 
0 .0 0 7 0 

11. 5 

21 3 0 43 0 
0 .0 0 9 0 

may cause a reduction in the vis.ibility of the delineators 
since headlight intensity may drop off rapidly with 
increased height. Cook (2) found that 1.2-m (4-ft) high 
mountings resulted in shorter detection distances than 
did heights of 0. 75 m (2 . 5 ft}-the approximate height 
of both car headlights and the center barrier. The cost 
of maintaining a center-barrier installation over a more 
extended period of time also needs investigation. In­
cluded in such a study could be possible cleaning 
methods, determination of the effective l.ife of delinea­
tors and mounts, and whether a delineator similar to 
the glass convex lens reflector could be less costly if 
manufactured in the United States (thus saving on the 
original installation costs). 

After two winters (16 months ) of exposure on the 
barrier 1 all retroreflectors would be adequate at the 
top position (with the exception of the vinyl cube corner).· 
Future studies might determine whether this trend 
would continue, that is, whether many types of r etro­
r eflectors would r emain straight at the top position and 
for how long. A continuance of this result might allow 
considerations other t han initial brightness to be pri­
mary in choosing a retroreflector. Such other factors 
could be cost, vulnerability and resistance to van­
dalism . 

A study of the varying rates at which harder surface 
materials of reflectors are affected by the elements 
may be useful. The dynamic visibility study performed 
in this project indicates that vinyl surfaces ar e most 
qu ickly affected and glass surfaces lea.st quickly. 
Acrylic surfaces fall in between. Whether this trend 
would continue as exposure time increased is not known. 

Further research ls also needed in developing a 
more durable and in.expensive mounting technique. As 
a result oI this wor k, It has been r ecommended that a 
concrete stud and a butyl adhesive pad be used for 
mountlng. Although this combination of attachment 
methods was not studied, it is recommended over 
methods that use two concrete studs, one concrete stud, 
or the butyl adhesive pad alone for the following reasons : 

1. The butyl pad would protect the barrier surface 
from spalling where the mount was attached. Two studs 
alone would not do this. 

2. The butyl pad would protect the concrete stud 
from rusting. 

3. The butyl pad would prevent rotation of the 
bracket around the stud . 

4. The use of the concrete stud would prevent 
failure of the system as a result of the butyl pad lifting 
off the barrier. 

5. The use of the concrete stud would offer more 
resistance to vandalism. 

Documentation of these possible advantages is necessary. 
In addition, whether or not a steel or aluminum rec­
tangular plate covering the entire face of the bracket 
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base would be necessary to prevent lifting around the 
edges should be studied. 

The longitudinal spacing of reflectors in this study 
was 24.4 m (80 ft) on tangents and 12.2 m (40 ft) on 
curves. Increased spacing would certainly lower in­
stallation and maintenance costs, but what effect this 
would have on the overall effectiveness of an installation 
is not known. Shorter spacing would result in increased 
costs but might help combat the effect of glare. Shorter 
spacing may also be necessary in areas of extremely 
high dirt accumulation such as intersections. Research 
into these areas may prove helpful. It could be hy­
pothesized that extremely bright reflective devices could 
in themselves cause a glare problem if they were spaced 
too closely. However, none of the products evaluated 
in this study were found to cause such a problem. 

Whether a highly visible, durable center-barrier 
installation has any beneficial effects on road safety 
could be studied to further justify general use of such 
devices. Before-and-after accident analysis and other 
traffic performance measurements, such as lateral 
placements and lane volumes under wet nighttime con­
ditions, might be used in this endeavor. The installa­
tion of center-barrier delineators along with reflective 
pavement markers meant to perform in inclement 
weather might have a beneficial effect. 
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Evaluation of Yellow-on-Brown Road 
Signs for the Adirondack Park 
Gary F. Gurney, Earl D. McNaught, and James E. Bryden, New York State 

Department of Transportation 

In 1892, a state park was established in northern New 
York. This 23 413-km2 (9000-mile2

) area, known as the 
Adirondack Park, is guaranteed by the state constitution 
to remain "forever wild." The Adirondack Highway Coun­
cil, which is composed of several representatives of 
state agencies and the public, was convened in 1974 to 
formulate and implement a state policy of enhancing the 
appearance of park highways in the Adirondacks. In 
1976 and 1977, the work of the council focused on the 
aesthetic appearance of road signs . They recommended 
that certain types of highway signs be colored yellow on 
brown rather than a standard white on green, blue, or 
brown. This combination was recommended because, 
over a 40-year period, these have come to be recognized 
as Adirondack Park colors. Thousands of brown wooden 
signs with yellow letters have been used throughout the 
park by the New York Environmental Conservation De­
partment to identify camping areas, hiking trails, ski 
slopes, and other places of interest. In addition, be­
cause of a 1924 state law governing commercial signing, 
many private organizations and businesses in the park 

area have chosen to adopt these colors in their adver­
tising. 

Before a color change could be implemented, it was 
necessary to obtain a variance from nationally mandated 
signing standards. To obtain such a variance, it had to 
be shown that the new combination would perform as well 
as standard colors. 

A review of existing literature showed several studies 
that related directly to the proposed research. Unfor­
tunately, although each was complete within its own ob­
jectives, not enough information had been collected to 
answer our question: Would yellow on brown perform 
as well as standard color combinations for the general 
driving population? We also wished to survey the opin­
ions of the motoring public on the proposed colors. 

The study was divided into two phases: (a) aesthetic 
appraisal (both by photographic documentation and an 
opinion survey) and (b) measurements of visibility and 
legibility. This research is described in greater detail 
elsewhere (1). 
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AESTHETIC APPRAJSAL 

Investigation 

A section of NY-28 and NY-30 between Indian Lake and 
Blue Mountain Lake in Hamilton County was recon­
structed in 1976. In keeping with its designation as an 
environmental highway project, yellow-on-brown signs 
were installed along this highway on an e~erimental 
basis. These include minor destination signs (D 15 
series), which are normally white on green; parking and 
rest area signs (D 30 series), which are normally white 
on blue; and miscellaneous information signs (D 61 se­
ries), which are also normally white on green. D 15 
and D 30 signs were constructed of brown engineering­
grade reflective sheeting with yellow engineering-grade 
cutout letters and aPPlied to metal substrates. The D 61 
signs were wooden with routed letters and painted yellow 
on brown. 

This 18-km (11-mile) highway section contains a total 
of 33 yellow-on-brown signs in the three series listed. 
They range from 0.61 to 3.05 m (2 to 10 ft) wide and 
from 45.7 to 142.2 cm (18 to 56 in) high. Length of mes­
sage varies from two to nine words. In addition, several 
small symbol signs identify hiking trails, snowmobile 
trails, and bicycle routes. 

Because of the availability of these yellow-on-brown 
signs, the site's location in the heart of the park, and 
heavy tourist traffic during the summer, this section 
was ideal for the aesthetic appraisal, which consisted 
of photographic documentation and a driver opinion 
survey. 

Photographic Documentation 

For the photographic documentation, four yellow-on­
brown signs were selected on the basis of sight distance 
and background: one D 15, two D 30s, and one D 61. 
Overlays constructed or engineering-grade reflective 
sheeting and letters in the standard colors of white on 
green or blue duplicated each yellow-on-brown sign. 
The actual signs and standard-color overlays were pho­
tographed under five background conditions: winter 
(snow), spring (primarily brown background), summer 
(green background), fall (multicolored foliage), and 
night. 

The color photographs and movies provide a com­
parative record of the yellow-on-brown signs and the 
standard white on green and blue. As might be expected, 
the photographic colors do not precisely match those ex­
perienced by the human eye, but representation was ade­
quate in most cases to provide a sense of how a particu­
lar sign color fits into the highway environment. This 
documentation was particularly useful in examining 
camouflaging by roadside vegetation or background colors 
similar to the sign. 

No distinct advantages are detectable for any of the 
colors from these photographs. Generally, the green 
and blue signs stand out better u.nder spring and fall 
conditions, which present a primarily brown background. 
In s.ummer, the brown signs appear to stand out better 
aga~nst the primarily green background. During winter 
(white background) and at night (black background) all 
three colors stand out well . ' 

()pinion Survey 

The opinion survey was conducted during the week of 
Jul! 11 to 15, 1977; interview stations were set up at 
Indian Lake and Blue Mountain Lake. One interviewer 
was positioned at each station to solicit verbal opinions 
from drivers. Surveys were conducted both during day-
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light hours and after dark. Half the drivers were 
"alerted"-i.e., stopped at the station before entering 
the test section and requested to observe the highway 
signs ahead and be prepared to answer questions at the 
second interview station. The other drivers were "un­
alerted''-i.e .1 given no information until they were 
questioned at the second station as they left the test 
section. 

To guard against biasing the answers by the methods 
used by the two interviewers, the wording of each ques­
tion was rehearsed beforehand to ensure uniformity be­
tween the interviewers. The following principal ques­
tions were asked about the signs: 

1. Did you have any trouble spotting the yellow-and­
brown highway signs ? 

2. Did you have any trouble reading them? 
3. Compared with normal road signs, how well do 

you think the yellow-and-brown signs complement the 
Adirondack environment ? 

4. Would you like to see more widespread use of 
yellow-and-brown signs in the Adirondacks? 

The unalerted drivers were asked several prelimi­
nary questions to determine if they had noticed the 
yellow-on-brown signs. Because some noticed a num­
ber of different items along the roadway, it was occa­
sionally necessary to direct their recollection to these 
signs in particular. This did not appear to bias results 
because most drivers tended to give specific answers 
one way or the other. However, all indefinite responses 
were counted as negative responses. Several additional 
questions were asked to obtain a driver profile. Drivers 
were classified by sex, age (as estimated by the inter­
viewer), home address, and frequency of use of this 
highway section. 

The geographic distribution of sample drivers and 
the overall results of the opinion survey are shown in 
Figures 1 and 2 respectively. All differences in tabu­
lated data and potential recorder bias were examined 
statistically. The results shown in Figure 2 are very 
favorable toward yellow-on-brown signs. Three-fourths 
of the drivers thought these signs complemented the en­
vironment better than white on green or blue, and four­
fifths favored more widespread use of this color scheme 
in the Adirondack Park. About five out of six expressed 
no difficulty in spotting or reading these signs. In ad­
dition, 

1. No difference of opinion was found between tour­
ists and local drivers, 

2. Night drivers were much more observant and 
slightly more critical of the signs than daytime drivers, 
and 

3. No difference of opinion was found among groups 
stratified by age or sex. 

LEGIBILITY AND VISIBILITY 

A 15-km (9-mile) section of NY-9H in Columbia County 
was selected as a test site because of its rural nature, 
low traffic, and absence of roadside lighting. Its abun­
dance of long tangent sections allowed long sight dis­
tance-s, and its closeness to Albany simplified the logis­
tics or conducting a large-scale test. 

Within this section, 18 test signs were erected at 
random locations along various tangent sections. They 
included six from each of the three sign series installed 
on NY-28 and NY-30. Nine signs were yellow on brown, 
six were white on green, and three were white on blue . 
The materials, duplicating actual signs in the Adirondack 
Park, consisted of engineering-grade reflective sheeting 
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and letters on metal substrates. Again, the yellow-on­
brown D 61 series signs were routed letters on wooden 
panels painted (not reflectorized) yellow and brown. Se­
ries D letters 15.24 cm (6 in) high were used throughout. 

Each sign contained a nonsense message composed 
of words easily read but conveying no meaningful mes­
sage to the reader. This type of message was used to 
ensure that the sign was read entirely and that the test 
subjects did not rely on glance recognition. 

The subjects, employees of the main office of the New 
York State Department of Transportation (NYSDOT) in 
Albany, were screened in an effort to ensure that the 
sample would be representative of the normal driving 
population. Engineers and technicians involved in any 
phase of highway engineering were excluded. The visual 
acuity of each volunteer was tested by the NYSDOT 
Health Services {,[nit, which also checked for color 
blindness. 

Sign legibility and visibility were measured under 
three sets of conditions-spring, summer, and night. 
(Winter measurements could not be obtained before the 
end of suitable snow cover in March.) Fifty subjects 
were tested in each group, and profiles for each group 
were balanced to the extent possible. 

The test vehicle, a 1974 Matador station wagon, was 

Figure 1. Geographic distribution of 313 sample drivers . 
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Figure 2. Summary of driver responses to opinion survey . 
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equipped with a distance-measuring system capable of 
recording reactions of two test subjects simultaneously. 
To ensure valid results, specific detailed instructions 
were given to the subject before testing, and a series of 
practice measurements were made before reaching the 
test site. 

Test Subject Profile 

Profiles of test subjects were compiled in terms of driv­
ing experience, age, sex, and education. To the great­
est extent possible, profiles were matched for each test 
group to guard against biasing results by the selection 
of sample characteristics. Subject profiles were also 
compared with the general driving population to ensure 
that results were valid on a general basis. Overall, the 
profiles appeared balanced and representative of the 
statewide driver population. Two significant exceptions 
were noted and considered during data analysis: 

1. Because test subjects were solicited from within 
NYSDOT, the sample contained a large proportion of 
persons of working age. 

2. Judging from the three parameters of annual dis­
tance driven, type of driving, and years of experience, 
it became apparent that relatively few inexperienced 
drivers were included in the sample. 

Legibility and Visibility Distance 

Visibility and legibility distances for the test signs are 
given in Table 1. In most cases, the yellow-on-brown 
signs could not be read from as far away as could white 
on green or blue. Although most differences were sta­
tistically significant, the absolute differences were 
small-11 percent in the extreme case. The average 
daytime legibility distance for the standard-color signs 
is 103 m (337 ft) compared with 99 m (325 ft) for yellow 
on brown. Traffic signs are commonly designed on the 
basis of 6 m of legibility distance for each centimeter 
of letter height (50 ft / in); this results in a legibility dis­
tance of 91 in (300 It) for the test signs, which had 15.24-
cm (6-in) letters. Both the standard and the special 
colors exceeded that value. 

Visibility distances of yellow-on-brown signs were 
also slightly less, averaging 462 m (1515 ft) for all day­
time readings compared with 493 m (1617 ft) for the 
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Table 1. Legibility and visibility distances 
for test signs. 

Item 

Legibility 
distance 

Visibilitv 
distance 

Type of Sign 

Three-line blue 
Three-line brown 
Two-line green 
Two-line brown 
One-line green 
One-line brown 

Three-line blue 
Three-line brown 
Two-line green 
Two-line brown 
One-line green 
One-line brown 

No le 1 m "' 3 3 It_ 
•Not ref lectorrzed 

standard colors. Again, although most differences in 
visibility distance in Table 1 are statistically significant, 
these small differences appear to have little practical 
meaning. 

Specific Effects 

Visibility and legibility distances were compiled with 
regard to the parameters of static visual acuity, color 
blindness, seating position, and background environment: 

1. Generally, acuity correlated closely with both 
sign visibility and legibility. Unfortunately, we were not 
able to in'll'estigate the relation between agiRg and certain 
visual difficulties because of the relatively small sample 
of volunteers over age 60. 

2. Differences appeared between color-blind subjects 
and the overall sample, but no particular problem is ap­
parent for any one color. 

3. Differences in readings could not be attributed to 
seating position for the daytime survey, but at night 
drivers were able to spot a sign more quickly than their 
passengers. 

4. Spring readings were lower than summer readings, 
and night measurements were the lowest of the three 
surveys. Within each survey, however, the yellow-on­
brown signs generally measured slightly lower than the 
standard-color signs. 

CONCLUSIONS 

1. All three sign-color combinations tested were 
legible beyond the accepted standard of 6 m/cm (50 ft / in) 
of letter height during daylight. This standard was pub­
lished in 1939 (2) as a result of full-scale tests with 
black-on-white signs, and others (3, 4) have expanded 
on this initial research. Our study varied from its 
predecessors in that it combined (a) full-scale testing 
with (b) a relatively large number of subjects of various 
backgrounds by using (c) three different color combina­
tions. 

2. Differences in legibility and visibility among sign 
colors were small but statistically significant in some 
cases. Recent studies that have us ed colors other than 
black on white have reached this same conclusion ( 5, 6) . 
But those studies were conducted primarily in the lab-: 
oratory, and our study must be considered primarily a 
full-scale field test. 

3. Driver parameters of age, sex, driving experi­
ence, and visual acuity could not be related to differences 

Spri~ Summer Night 

x s x s x s 
(ml (ml n (ml (ml n (m) (ml 

101 38 147 112 30 143 88 25 127 
94 34 149 100 27 140 79 23 133 
98 36 148 106 27 147 80 23 133 
92 33 147 103 28 142 77 24 131 
93 32 148 107 27 142 81 23 128 
99 33 148 107 25 147 -. - -

593 186 135 511 136 141 413 132 134 
472 167 142 422 170 142 399 99 135 
564 142 145 457 149 143 498 119 131 
532 206 146 555 188 143 418 156 133 
491 152 141 414 100 142 410 130 134 
477 150 130 445 133 130 - -

in performance among sign colors. It must be noted, 
however, that our sample included few inexperienced 
drivers and few over the age of 60. 
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4. Four-fifths of the drivers interviewed in an opin­
ion survey in the Adirondack Park favored use of yellow­
on-brown signs on park highways . 

5. Color photographs confirm the importance of 
background color in sign visibility . Each color combina­
tion tested was more visible against some backgrounds 
than others. 

6. More widespread use of yellow-on-brown informa­
tion signs can enhance the parklike appearance of Adi­
rondack Park highways with no loss in highway safety or 
motorist convenience. 
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Comprehensive Evaluation of 
Nonsignalized Control at 
Low-Volume Intersections 
Dana L. Hall,* Mitre Corporation, Mc Lean, Virginia 
Kumares C. Sinha and Harold L. Michael, Purdue University 

A common practice by traffic authorities is to install 
stop signs at low-volume rural and urban intersections. 
This action generally is taken to ensure safety and in 
response to the lack of any clearly defined signing man­
date. However, overuse of stop signs needlessly in­
creases driver disobedience, travel time, and gasoline 
consumption . A recent research project conducted at 
Purdue University determined the most efficient signing 
policy for traffic flow through low-volume, unsignalized 
intersections. 

DEVELOPMENT OF ANALYSIS TOOLS 

The research examined the influence intersection condi­
tions have on safety, travel time, fuel economy, and 
exhaust emissions. Low-volume flows necessarily 
precluded full reliance on field measurement of the 
many variable combinations. Computer algorithms 
were therefore used to aid in the study of emissions, 
fuel use, and travel time. Probability-of-conflict tech­
niques, used in conjunction with accident records, sup­
ported the safety portion of the analysis. 

Two properly validated simulation aids were re­
quired. One was a traffic model sufficiently detailed to 
reproduce accurately the flow characteristics of low­
volume, unsignalized intersections. The second tool 
needed was a program that could process the traffic 
simulation output on an individual vehicle basis and 
estimate the gasoline consumption and resulting exhaust 
products. The traffic model selected was the Urban 
Traffic Control Simulation (UTCS-lS) model of the 
Federal Highway Administration (FHWA) (1). An ap­
propriate aid to fulfill the second function was the 
Automotive Exhaust Emission Modal Analysis Model of 
the U.S. Environmental Protection Agency (EPA) (2). 

The EPA model (which is calibrated in U.S. customary 
units of measurement) estimates grams per mile of four 
exhaust emission products: nitrogen oxides (NO,), hy­
drocarbons (HC), carbon monoxide (CO), and carbon 
dioxide (C02). The EPA model, operating in close con­
formity with the microscopic level of the UTCS model, 
calculates these quantities by analyzing the unique 
velocity-acceleration pattern characteristic of an in­
dividual vehicle trajectory. Knowledge of the carbon­
based products emitted also permits the gasoline quan­
tity consumed to be calculated by use of a carbon balance 
relation. Appropriate modifications were made to the 
UTCS package to provide the EPA program with the 
model year of each vehicle under consideration as well 
as the corresponding time-velocity pattern. 

Only those vehicles that traverse the minor (lower 
volume or controlled) street at an intersection are af­
fected by the type of control implemented. The be­
havior of drivers on the major road was assumed not to 
be influenced by the sign type on the minor road. Auto­
mobiles on the minor road, on the other hand, were 
forced to slow or stop, which resulted in a substantial 
deviation from their preferred trajectory and a sub-

sequent increase in fuel consumption, emissions, and 
travel time. 

STUDY ANALYSES AND COMPARISONS 

Fuel Consumption 

Each hour of intersection traffic flow, simulated by the 
modified and validated UTCS- lS program, produced a 
set of time-velocity profiles equivalent in number to the 
total traffic volume on the minor road. An estimate of 
the gasoline consumption of each vehicle on that road 
was then calculated by using the carbon balance equation. 
Finally, averaging fuel use data within each hour pro­
duced one value representative of the combination of 
major-road volume, minor-road volume, and type of 
control peculiar to that cell. This derived mean ap­
proximated the amount of gasoline required by the 
average minor-road automobile to traverse a distance 
measured from 61 m (200 ft) upstream of an intersection 
to an exit point 61 m downstream, including any slowing, 
turning, or stopping. 

Statistical tests indicated a highly significant dif­
ference between the average amounts of gasoline con­
sumed by automobiles on the minor street as a function 
of the type of control implemented. A single automobile re­
quires 0.026 liter (0.0068 gal) to traverse a stop con­
trol, 0.023 liter (0.0062 gal) to yield, and 0.021 liter 
(0.0055 gal) at an unsigned intersection. Considered 
on an individual vehicle basis, the difference in gasoline 
use between a restrictive control such as a stop sign 
and a less positive, rules-of-the-road approach ap­
pears inconsequential. Adopting a daily or annual 
perspective for that same single intersection changes 
this conclusion markedly, however. It can be shown, 
for example, that one minor street that carries a total 
volume of only 200 vehicles Id but is controlled by a 
stop sign requires 170.4 liters (45 gal) more gasoline 
per year than it would if controlled by a yield -sign. 

The energy implications inherent in various regional 
signing policies were extended to the state of Indiana. 
A procedure based on urban population and rural area 
was developed to derive an estimate of 120 000 un­
signalized intersections across Indiana. The analyses 
indicated an annual potential savings of several million 
liters of gasoline given a signing policy that emphasizes 
yield signs and no sign control rather than stop signs at 
low-volume intersections that have adequate sight dis­
tance. 

Exhaust Emissions 

Velocity and model year data developed by UTCS-
lS and input to the EPA model permitted statistical 
comparisons to be conducted on CO, HC, and NO. pol­
lutants. Primary attention was given the impact of the 
type of r:ign on the quantity of CO emitted by automo­
biles h aversing the lower volume road. The important 
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conclusion reached was that each successive step to­
ward more positive, restrictive control causes a 
significant increase in the CO emitted by the average 
minor-road automobile. CO emissions created by an 
automobile traversing 122 m (400 ft) of observation 
area were 66 gl km (107 gl mile ) at a stop, 59.6 g l km 
(96 g/ mile ) at a yield, and only 52 g/ km (84 g/ mile ) 
given no s1gn control. Similar, although less pro­
n.ounced, trends were .found in the comparison of un­
burned HC : very little impact on NO, was exhibited. 

Travel-Time Delay 

Travel times throu h intersections under various non­
signalized controls were computed from the velocity 
profiles output by the modUied UTCS model. For the 
purposes of this analysis, de lay was defined as the dif­
ference between the actual time required to traverse 
the 122-m (400-rt ) observation area and the time that 
would have been needed if the automobile had main­
tained the velocity recorded when i t first appeared in 
the observation area. 

A highly significant difference in minor-street travel 
time or delay was proved for different types of con­
trols . Approximately 4 s more travel time was re­
quired for the average vehicle that faced a stop rather 
than a yield sign and over 5 s more by a vehicle that 

Figure l. Effect of type of intersection control on 
annual delay to minor-road traffic. 
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Table 1. Expected annual number of accidents by traffic 
volume and type of intersection control. 

Number of Accidents per Year 

Average Daily 
Average Daily Traffic for 
Major Road 

Traffic for 
Control Minor Road 100 200 300 400 

No sign 100 0 .087 0.174 0_259 0.345 
200 0 .345 0 .516 o.6ae 
300 0 ,772 1.026 

Yield sign 
400 1.363 
100 0.052 0 .104 0.155 0.207 
200 0.207 0.310 0.412 
300 0.463 0,616 

Stop Sign 
400 0.818 
100 0.044 0 .087 0.130 0.173 
200 0.173 0.258 0.343 
300 0.386 0. 513 
400 0.682 
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faced a stop instead of no sign at all. 
An idea of the average annual delay that can be ex­

pected at one intersection is shown in Figure 1 as a 
function of minor-road traffic volume and the type of 
control implemented. The graph shows, for example, 
that a minor road that carries 200 vehicles/ d and has 
a stop sign will cause an average annual delay of 160 h. 
Uthe road has a yield sign, however, only about half 
that amount of time will be required, and ii it is not 
signed at all-assuming sight distances warrantnosign­
an average annual delay of about 60 h can be expected . 

Safety and Accidents 

In support of the hypothesis that more efficient traffic 
flow can be attained by proper application of STOP and 
CROSS ROAD signs, Stockton, Mounce, and Walton (3 ) 
performed a comparison of two-way-stop and unsigned 
intersections based on probability-of-conflict concepts 
as well as accident and operating costs . That effort did 
not consider the effects of yield signs, but knowledge of 
accident reduction attributable to yield signs compared 
with no sign made it possible to incorporate all three 
control techniques. 

Perkins (4 ) has shown the ratio of accidents to con­
flicts to be Ci:'OOO 33. Using that estimate and the con­
flict values computed by probability analysis yields the 
expected number of accidents per year at an unsigned 
road crossing. The literature search indicated that 
yield signs rather than no signs may reduce accidents 
anywhere from 20 to 60 percent. Therefore, an aver­
age accident reduction of 40 percent was assumed for 
yield signs in comparison with no control. 

Contrary to common opinion-, available literature 
based on accident records indicated that using a stop 
sign rather than a yield control had little effect on acci­
dents. But the intent in this analysis to examine the 
stop sign in the best possible Ught permitted the as­
sumption of a 10 percent accident reduction for stop 
signs in comparison with yield signs. Applying the 40 per­
cent reduction descriptive of yield control or the approxi­
mate 50 percent reduction for stop signs allowed the 
appropriate accident figures to be derived from the no­
control values. Table 1 gives a summary of the result­
ing annual a.ccident CoWlt as a function of volume a.nd 
intersection control. It is clear that a very small num­
ber of accidents can be expected at the typical low­
volume intersection regardless of the type of control 
installed. 

SELECTION OF PROPER INTERSECTION 
CONTROL 

It was apparent at this stage of the research that, given 
adequate sight distance, yield signs are the most desir­
able form of control at low-volume intersections. Yield 
signs provide the optimal trade-off between the safety 
factor and the variables of travel time, gasoline con­
sumption, and exhaust emissions. That conclusion was 
further substantiated by performing a cost-benefit 
analysis. 

The cost components can. be illustrated by the fol­
lowing equation : Total annual cost = gasoline + other 
automobiles + delay+ accidents. Dollar values based 
on an Indiana study conducted by Hejal and Michael (~) 
were assigned to accidents by type of severity . These 
costs appropriately updated to 1975 values, were com­
bined with intersection accident experience to provide 
an average accident cost per intersection of !!:2242. 
Applying this average unit cost to the expected accident 
counts given in Table 1 provided possible savings re­
sulting from the increased safety attributable to more 
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Figure 2. Expected annual cost per intersection for approximately 
equal split in traffic volume between crossing streets. 
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positive control at low-volume intersections. 
Gasoline costs in 1975 were estimated at $0.16/ liter 

($0.60/ gal) of which only $0.13 ($0.48) was actual cash 
outlay and $0.03 ($0.12 ) was refunded to the user 
through road-tax benefits. Other operating expenses 
include tires, oil, maintenance, and depreciation. 
These costs were estimated by updating the information 
given by Winfrey (6). 

Delay costs were computed on the basis of a travel­
time value study conducted by Thomas and Thompson 
(7). Using the census-estimated median income of 
Indiana families, given as $9970/year, permitted the 
adoption of a set of the Thomas and Thompson travel­
time values. The time values were prorated down to 
the average delay periods associated with stop, yield, 
and no control. 

Figure 2 shows a graphical dollar trade-off between 
types of signs. It can be seen that, at total volumes 
from the upper limit [average daily traffic (ADT) of 800] 
of the low-volume crossings to roughly 200 ADT, the 
yield sign offers the lowest overall annual cost. 

Yield signs provide a suitable compromise between 
the minimum operating cost of no signs and the mini­
mum accident costs of stop control (this excludes con­
sideration of the expense of sign installation and main­
tenance). Including installation and maintenance costs 
would show no sign at all to be the least expensive con­
trol at very low traffic volumes-perhaps intersection 
volumes in the range of less than 200 total vehicles / d. 
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Signing Warr an ts for N onservice 
Facilities 
William L. Mullowney, New Jersey Department of Transportation 

The need for proper and sufficient right-of-way signing 
is apparent to all motorists. However, what constitµtes 
proper and sufficient s igning is not fully stated in the 
laws and regulations that cover this field . 

Title 23 of the U.S. Code s tates that signing must 
give infor mation ' 'in the interest of the traveling public ,. 
and further that signing must "promote the highway's 
safe and efficient utilization ." Title 27 of New Jersey 
state law requires the development of programs that 
' 1foster efficient and economical transportation ser­
vices in the state," and Title 39 prohibits any com­
mercial advertising on highways. 

The Manual on Uniform Traffic Control Devices 
(MUTCD) (1 ) provides guidelines for regulatory, warn­
ing, and guide signs. The guide signs covered ge n­
erally fall in two areas: (a) route Information and (b) 
service facilities such as gasoline, lodging, telephone, 
camping, food, and hospitals . Tbe entire area of non­
service facilities-that is, facilities that do not pro­
vide services necessary to the motorist's continued 
travel on the roadway-is not covered in the manual. 
One exception to this exclusion is the criteria for 
recreational areas found in the MUTCD. 

The number of nonservice facilities in a given area 
is often larger than a highway can reasonably accom­
modate without overburdening the motorist with infor­
mation. To provide a system for determining which 
facilities warrant signing, a specific set of written 
criter ia is necessary. 

The pw-pose of this survey was to review and cri­
tique the state of the art of nonservice facility signing. 
It is hoped that this information wlll be of assistance 
t o traffic engineers in developing the written warrants 
needed. 

The survey was geared for obtaining information 
on the warrants used by the 50 states for nonservice 

Number of 
States Using 

facility signing on expressways and freeways. The 
tables presented represent returns from 49 of the 
states. The survey was sent out to the states in 
November 1975. The responses were received between 
January and April 1976 and reflect the state of the art 
at that time . 

SURVEY QUESTIONNAffiE 

Information on 14 types of nonservice facilities was 
requested on the questionnaire . They are 

l. Amusement parks; 
2 . Zoological or botanical parks ; 
3. Stadium sports facilities ; 
4 . Colleges and universities; 
5. Historical, recreational, or cultural facilities; 
6. Airports; 
7. Industrial areas; 
8. Central business districts (CBDs); 
9. Bus terminals or stations; 

10 . Bus park-and-ride lots and car-pool lots; 
11. Rail terminals or stations; 
12 . Toll-collecting highways, bridges, and ferries ; 
13 . Health care facilities (other than hospitals) ; and 
14 . Government facilities . 

The states were asked whether they signed for each 
facility on expressways and freeways and whether t hey 
had anv written warrants or criteria for this function. 
It was ·requested that copies of warrants and a drawing 
or picture of the actual signs be returned with the 
questionnaire. The states were also asked whether any 
distin.ction was made between using actual or categorical 
names in the sign legend. 

Table 1. Criteria groups 
used in written warrants for 
signing of nonservice 
facilities. Criteria Group Criteria Group Facilities for Which Group Is Used 

Location of facility 24 
relative to highway 

Level of activity (attendance, 22 
enrollment, number of mass 
transit movements) 

Size or capacity (seating, 9.. 
parking, total Investment) 

Traffic generation IO 
characteristics 

Availability 13 

Type of ownership (public 
or private) 

Official recognition 7 

Public services provided 

Attraction value 

Population of surrounding 8 
area 

All except industrial areas and park-and-ride or car-pool lots 

All e"cept industrial areas; CBDs; park-and-ride or car-pool 
lots; toll-collecting highways, ferries, and bridges; and 
nonhospttaJ hea!th-caro racilitses 

Amusement parks : zoolog <:al or botanical parks; stadium 
sports racllltles; colle$es and unlver sl lles ; his tor ical, 
recreational , or cultural faclllt es: and temporary eve·nts 

Amusement parks: zoological or botanl<!:ll parks: siadlum 
spor ts rncllltles: historical, recrutional, or cultural 
racllllies : park-and-ride or car-pool lots: n I terminals or 
stations; and temporary events 

Amusement parks: historical, recreational, or cultural 
ra.cil!t es; and temporar)" events 

Zoological and boianlca.l parks; stad um ports facilities : 
h storlc.a!, recreational, or cultu ral !acl!ltles: and airports 

Amusement parks : colleges and universities : 111.storicaJ, 
recreatlon:U , or cU:lluraJ lacllitles: and •irports 

Colleges and universities : histor cal, rec reational, or 
cultural laclllties : airports ; and temporary events 

Amusement parks and histor ical, recreatlonaJ, or cullural 
facilities 

Zoological or botanical parks: s tadium sports lacllitles; 
colleges and universities: historical, recreational, or 
culturo.l lacl.l t es: a[rports : CBDs: nonhospital health-care 
facilities: government facilities: and temporary events 
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Table 2. AASHO guideline 
criteri1 for signing of traffic 
genera ton. 

Specific 
Type of Generator Criterion 

Major 
Metrapolltan 
Areas 
(>250 000 
population! 

Urban 
Areaa Rural 
(50 000- Areaa 
250 000 «so ooo 
population) population! 

Airports Number of regularly scheduled 40 30 20 
(one-way) movements per day 

Kilometers 3.2 6.4 8 

Colleges and universities Number of students in full- 10 000 8000 eooo 
time enrollment' (prime 
criterion) 

Number of off-street parking 500 200 200 
stalls 

Kilometers 4.8 6.4 8 

Military bases Number of employees or 5000 5000 5000 
permanently assigned 
personnel (prime criterion) 

Kilometers 4.8 6.4 8 

Arenas, auditoriums, beaches, 
convention halls , dams, 
fairgrounds, lakes, national 
historical sites, national 
parks, recreation areas, 
st.adiums, state parks 

Seating capacity 5000 5000 5000 
Number of parking stalls 500 300 200 
Annual attendance' (prime 

criterion) 

State police stations Kilometers 1.6 1.6 3.2 

Toll highways and bridges Direct access from exit and 
part of state highway system 

Business districts Direct access and not more 
than 8 km from interchange 

Note : 1 km= 0.62 mile 

•As many as 4000 pan t1mE! students on a 2 for 1 basts may be used 1n meeting this criterion. i.e., the max1mum credit for part·time students shall 
be 2000 

bTwo·hundred-thousand people plus 20 000/1 ,6 km of distance from freeways up to 8 km plus 300 000/1 .6 km for each additional 1.6 km over 
8 km for all population groups , only those days with 1000 or more attendance will be considered. 

SUMMARY OF EXISTING WARRANTS 

Table 1 gives the ten criteria groups into which the 
specific criteria were categorized and the number of 
states that supplied warrants in these groups . Although 
it was not specifically requested, many states included 
warrants for temporary signing. This information is 
included in the availability category in Table 1. 

Table 2 was developed in July 1971 by the Operating 
Subcommittee on Traffic Engineering of the American 
Association of state Highway Officials (AASHO) as a 
guideline.for traffic-generator signing. Four of the 
types of facilities included in the questionnaire are not 
considered in this table. They are industrial areas, 
rail terminals, bus terminals, and park-and-ride or 
car-pool lots. 

Forty-six of the 49 states that sent replies to the 
questionnaire responded to the question concerning the 
distinction between the use of actual or categorical 
names. Twenty of those that answered said they did 
make such a distinction. 

DISCUSSION OF RESULTS 

Quantitative warrants should be established by each 
state for its own purposes and according to its own 
needs. Many of the states have apparently modified the 
AASHO chart to their own needs, altering the criteria 
as their own conditions dictate. Sixty-two percent of 
the warrants are in a modified form of the criteria 
presented in the AASHO chart. These modifications 
did not use all the criteria presented in the AASHO 
chart for a given facility but always included what the 
chart refers to as the prime criterion. 

The large majority-85 percent-of the warrants sum­
marized are of a specific or quantitative nature. The 
remaining 15 percent of the warrants are divided into 
two groups. Ten percent use vague terminology such 
as close proximity, reasonable distance, significant, 
freciuent, and major . Such use of vague phrases in 

written warrants does not lend itself to decision mak­
ing. Facilities denied signing under vague warrants 
might consider the decision arbitrary and contestable. 
Use of more specific and measurable criteria can help 
avoid this situation. The other 5 percent are in the 
official re.cognition group. This group is not composed 
of written warrants but lists the results of the applica­
tion of unstated warrants leading to sue h recognition . 
If official recognition is to be used to allow signing for 
a facility, then the specific criterion that leads to the 
recognition should be included in the warrants. 

Critique of Criteria Groups 

Location Relative to the Highway 

The distance of the facility from the highway where the 
sign is to be placed was the most widely used criterion 
found in the survey. Distances up to 40 km (25 miles) 
existed in some warrants , but generally a range from 1.6 
to 16 km (1 to 10 miles ) was used. Many war-rants in­
creased minimum attendance requirements as the dis­
tance from the highway increased. This group is im­
portant since without it the number of facilities eligible 
for signing might exceed the ability of the road and the 
motorist to make use of them. 

Level of Activity 

All the criteria in this group were specific and to the 
point whether they used numbers of people or numbers 
of mass transit movements. Attendance figures usually 
ran between 100 000 and 1 000 000 ! year, but some 
lower figures were used. Required enrollment in 
schools ranged between 600 and 10 000 full- and part­
time students. Number of employees ranged from 2000 
to 5000. The number of mass transit movements ranged 
from 10 to 60 / d. All activity criteria varied with dis­
tance from the highway and population range of the sur­
rounding area. 

,. 
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Size or Capacity 

All seating capacity warrants found in this survey were 
for 5000 seats. Warrants for parking stalls ranged 
between 200 and 500 stalls. One state submitted a 
warrant that used total investment as the criterion for 
signing. A more pertinent criterion might be yearly 
operating costs or gate receipts. However, since 
activity and location criteria can adequately gauge the 
need for signing, monetary considerations seem un­
necessary. 

Traffic Generation 

With the exception of vehicles per day or event, the 
criteria in this group are vague. The vehicle warrants 
ranged !ram 1000 to 3000 vehlcles/ d or event but were 
not used in many of the warrants. One problem witb 
this type of criterion is that counting vehicles may not 
be as easy as counting attendance. 

Availability 

The ava ilability category is generally used with tem­
porary signing warrants where it ha.s considerable ap­
pUcability. The minimum amount of time a facility 
must be open ranges from 1 d to 6 months, and during 
this time the facility must satisfy other criteria. One 
state imposes the annual minimum warrants. More 
common is the need to satisfy decreased criteria in 
the areas of attendance and vehicles for the time the 
facility is open. 

Ownership 

Since the primary purpose of signing is to aid the motor­
ing public and to promote safe travel, the use of owner­
ship criteria in warrants seems irrelevant. If the 
avoidance of advertising for a privately owned facility 
is inter·preted to include use of the name, then generic 
or categorical names can be used on the sign. Twenty 
states indicated that they make such a distinction or 
restrictive interpretation. 

Public Services and Attraction Value 

~ven when use of criteria in these two groups is specific, 
it must be secondary to use of criteria for activity, 
location, and size. Public services and attraction value 
do not measure the need to sign a given facility because 
of generation of traffic or activity nor do these criteria 
have any bearing on the number of facilities in a given 
area. Moreover, the exclusion of a large generator 
because of its failure to provide such items as restrooms 
or an attractive environment may cause inefficient and 
unsafe use of highways because insufficient information 
about the generator is supplied to the tr ave ling public. 

Population Range of Surrounding Area 

P~pul~tion range was the second most widely used 
<:nterion found in the survey; the states defined rural, 
urban, and major metropolitan areas according to their 
needs · As the population of the area increases a 
fa Tt ' Ct l Y generally must be closer and larger and must 
~ttract more people and vehicles to be eligible for sign­
~ng. It is apparently thought that more populated areas 
ave a greater density of nonservice facilities which 

necessitates more stringent warrants to avoid
1 

placing 
excessive numbers of signs. 
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Placement and Number of Signs 

When a large number of different types or nonservice 
facilities in a given area meet the criteria for signing, 
further warrants should exist to limit the number of 
signs placed. Three warrants for such limitations were 
presented by some of the states: 

1. If there are more than a given number of qualify­
ing generators, those that create the greatest traffic 
demand will be signed for. 

2 . The facilities that exceed the annual criteria by 
the largest percentage will be eligible for signing. 

3. At a single exit where several generators qualify 
for signing, the following priorities shall prevail: road 
names, military reservations, cities national parks, 
state parks, 4-year colleges, 2-yea.r colleges, voca­
tional and technical schools, and tourist attractions. 

These limitations included warranting the number of 
signs allowed to be placed at a given intersection or 
exit. Generally, signs for two generators are allowed; 
one state indicated that signs for as many as four could 
be placed. 

The first warrant stated above is not specific. 
Whether greatest traffic demand means vehicles per 
day or per event is unclear. The second warrant is 
specific but could lead to conflicting interpretations if 
two or more criteria are used to indicate eligibility. 
If this were the case , one facility might exceed another 
according to one criterion but not accordi.rig to others. 
Distinguishing one of the criteria as the prime criterion, 
as suggested by AASHO, might eliminate potential 
problems . The third warrant should be expanded to in­
clude more types of generators such as transit facillties, 
shopping centers, business districts, airports, and 
government buildings. Tourist attraction could cover 
too many types of facilities and should be more specifically 
defined. 

RECOMMENDATIONS 

As far as possible, warrants should be composed of 
specific criteria. Most of the warrants summarized in 
this survey are of a quantitative or specific construction, 
yet vague, undefinable phrases are also used. Vague 
warrants offer little assistance in distinguishing border­
line cases and leave the application of the warrant open 
to criticism. 

In developing warrants , the major items of concern 
should be location relative to the highway, level of 
activity, size and capacity, and population of the sur­
rounding area. The AASHO chaii concisely combines 
these four groups into clear, quantitative warrants. 
Warrants of a similar form but tailored to the needs 
of the states might be considered for use. The other 
groups, with the possible exception of availability, ap­
pear to be extraneous and do not pinpoint generators 
whose signing would promote efficient highway travel. 

It may also be important for any written warrant to 
contain an escape clause-Le., a statement that can be 
used to deny signing for an otherwise eligible facility. 
However, the reasons for invoking this clause would 
have to be clear and reasonable and show that place­
ment of a particular siip1 would have a negative effect 
on the promotion of safe and efficient highway travel. 
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Performance of Signs Under Dew 
and Frost Conditions 
John W. Hutchinson, University of Kentucky 
Ted A. Pullen, Kentucky Department of Transportation 

The nighttime legibility and tar get value of retroreflec -
tive traffic-sign legend and background materials are 
frequently decreased and occasionally lost because of 
dew or frost formation on the face of the sign. Dew 
forms when the temperature of the sign face approaches 
the dew point of the surrounding air; frost forms when 
this temperature is below the freezing point of water. 
Certain atmospheric conditions are known to be favor­
able for dew formation: (a) a clear sky, (b) a still 
atmosphere, and (c) a supply of moisture in the air 
around the sign, i.e., high humidity. The frequency 
and duration of occurrence of dew formation therefore 
vary with such factors as climate, locale, season of the 
year, and atmospheric conditions. 

Several different types of materials are commonly 
used as retroreflective surfaces on traffic signs to 
convey information to motorists under low-visibility 
conditions. Field experience has shown that formation 
of dew and frost on such materials occasionally reduces 
the effectiveness of signs to varying degrees for different 
types of materials and sometimes even totally obliterates 
the message under headlight illumination. The distinc­
tive shapes of some of the more important regulatory and 
warnings signs (STOP, YIELD, CAUTION, RAILROAD 
CROSSING, SCHOOL) (1) help to overcome such tempo­
rary losses of sign-legend effectiveness and have even 
led to the suggestion of clearly distinctive shapes for 
other signs, such as a pennant shape for DO NOT PASS 
and an arrow shape for ONE WAY. However, even these 
distinctively shaped signs lose varying amounts of target 
value for the different types of materials when headlight 
illumination is scattered and diffused by droplets of dew 
or crystals of frost on the face of the sign. In the case 
of freeway guide signs, the decrease in the visibility of 
the legend sometimes represents total loss of the sign 
message. 

Efforts to overcome the effects of this phenomenon 
have perhaps justifiably been given lower priority than 
many other more urgent problems that need research. 
In the experience of many traffic engineers, the fogging 
over (dew) or frosting over of sign messages occurs 
only rarely, only after the evening rush hour, and with 
fairly predictable regularity only during certain sea­
sons of the year. However, recent research suggests 
that a lessening of the conspicuity (target value) and 
specificity (clearness of message) of traffic signs has 
adverse effects on driver behavior (2, 3, 4). Further­
more, commonly accepted engineering-and psychological 

principles for transmitting information to drivers 
clearly demand as much uniform signing redundancy 
(distinctive shape, color, and message) and target 
value as can be maintained under any given weather 
conditions (5, 6). 

In the absence of suitably energy-conservative means 
of otherwise overcoming the adverse effects of dew and 
frost on existing signs, the signing materials industry 
should be encouraged to develop materials that are less 
subject to these effects. In the meantime, it is ex­
pedient to evaluate existing materials and consider the 
use of the least affected combinations of signing ma­
terials currently available. 

The legibility of signs under dew and frost condi­
tions has been observed to vary with different combina­
tions of legend, background, and mounting materials. 
The relative performances of different combinations of 
these materials have also been noted to vary some­
what with age (exposure) of the materials. The pur­
pose of this study was to evaluate the effects of dew 
and frost on the nighttime legibility of several possible 
combinations of retroreflective legend and background 
materials under headlight illumination. Observations 
were made over an 8-month period, from April through 
November, in central Kentucky. A total of 31 nights 
with observed natural dew or frost formation between 
9:00 p.m. and midnight were selected for purposes of 
sign evaluation. 

TEST CONDITIONS AND MATERIALS 

The observation site was at Blue Grass Field, the 
Lexington-Fayette County, Kentucky, airport, in a 
small valley surrounded on three sides by runways, 
taxiways, and airport service facilities. A National 
Oceanic and Atmospheric Administration weather ser­
vice station at the airport provided ready access to 
needed atmospheric data. 

Consideration of reported effects of light source and 
viewing conditions ('.?_,~.~ .. 10) led to use of a standard 
automobile headlight system that was mounted on skids 
for mobility and maintained at constant brightness by a 
portable gasoline-powered generator and battery charger . 
Various combinations of encapsulated-lens, enclosed­
lens, and button-copy materials were included in the 
test signs (Figure 1) (11, 12). All direct-applied legend 
and border materials were mounted in the shop. All 
demountable, embossed, and button-copy materials 
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Figure 1. Sign materials. 8 
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Note: 1 mm• 0.039 in; 1 m = 3.3 ft; and 1 cm= 0.39 in. 

LEFT !B 
SIGN LARGE 3 175 mm ALUMINUM 

SMALL J 175 mm ALUMINUM 

BACKGROUND TOP HALF ENCLOSED LENS 

COPY 

BORDER 

BOTTOM HALF ENCAPSULATED LENS 
SMALL PANEL ENCLOSED LENS 

TH ENCAPSULATED LENS DIRECT APPLIED 
RU ENCLOSED LENS DIRECT APPLIED 
RO BUTTON COPY 
AD ENCAPSULATED LENS DEMOUNTABLE 
LE ENCLOSED LENS EMBOSSED 
FT ENCAPSULATED LENS EMBOSSED 

<D ENCAPSULATED LENS DIRECT APPLIED 
<V ENCLOSED LENS OIRECT APPLIED 
QJ BUTTON COPY 
©ENCAPSULATED LENS DEMOUNTABLE 
© ENCLOSED LENS EMBOSSED 
~ ENCAPSULATED LENS EMBOSSED 

LEFT 

SIGN LARGE 19,05 mm PLYWOOD. 1 5B mm ALUMINUM OVERLAY 
SMALL J 175 mm ALUMINUM 

BACKGROUND TOP HALF ENCLOSED LENS 

COPY 

BORDER 

BOTTOM HALF ENCAPSULATED LENS 
SMALL PANEL ENCAPSULATED LENS 

TH ENCAPSULATED LENS DIRECT APPLIED 
RU ENCLOSED LENS DIRECT APPLIED 
RO BUTTON COPY 
AD ENCAPSULATED LENS DEMOUNTABLE 
LE ENCAPSULATED LENS EMBOSSED 
FT ENCAPSULATED LENS DIRECT APPLIED 

(J) ENCAPSULATED LENS DIRECT APPLIED 
<il ENCLOSED LENS DIRECT APPLIED 
® BUTTON COPY 
@ ENCAPSULATED LENS DEMOUNTABLE 
@ ENCAPSULATED LENS DEMOUNTABLE 
@ ENCAPSULATED LENS DIRECT APPLIED 

LARGE PANELS 1 22 x 2 44 m, COPY JB 1 cm I BUTTON COPY 40.6 cm!, BORDER 2 54 cm 

SMALL PANELS 1 .BJ x 0 JOS m, COPY 15 2 cm, BORDER 2 54 cm 

SIGN HEIGHT TO TOP J.96 m WITH 45.7 cm SPACE BETWEEN LARGE AND SMALL PANEL 

Figure 2. On-site mounting. 

were mounted in the field, and the signs were installed 
at standard mounting height (Figure 2). The headlight­
ing system was installed on a line perpendicular to and 
centered between the signs so they could be aimed either 
to a point midway between the signs or to a marker 
offset 9.144 m (30 ft ) from the left-hand sign (Figure 3). 

l'EST PROCEDURES 

Test procedures were varied according to prevalent 
a~mospheric conditions. Normally, observations and f. otog(raphs were made at 1-h intervals . Some condi-
ions e.g., a drastic change In the amount of dew) 

Figure 3. Layout of test system. 

called for the shortening of intervals between observa­
tions. The normal period of observations, from 1 h 
after dark until midnight, was varied to meet conditions 
and schedules. During early experimental observations 
in April and May, it was often necessary to wait until 
after midnight to observe dew or frost conditions. Sub­
sequently, observations were continued only until mid­
night or until atmospheric and sign conditions stabilized . 

Sign positions were interchanged (left to right) in 
September, approximately at the midpoint of the study, 
to examine the possibility that the positions of the signs 
relative to each other were affecting the results. 

Sign conditions at the time of each recorded manual 
observation on each of the 31 nights selected for evalua­
tion were photographed and logged for later corrobora­
tive comparison with on-site subjective evaluation of 
the relative performance of each of the combinations of 
signing materials. Early experimentation resulted in 
the selection of photographic techniques that produced 
color slides of sufficient fidelity to allow experienced 
viewers to arrive at comparative evaluations nearly 
identical to those of the on-site observer except in 
those cases of combinations of signing materials with 
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Table 1. Total hours of observed 
dew or frost on test materials. 

Item 

Legend 

Hours of 
Dew or 
Frost on 
Material 

Percentage 
of Total 
Hours of 
Dew or 
Frost 

D rect->pplied enc losed lens on enc losed lens, large plywood-backl'd panel 
Dlrec1·-applled enclosed Jens on enc losed lens, largt' aluminum panel 
Direct-applied encapsulalod ll'ns on enclosed lens , large pl)'WOOd - backed panel 
Direct-applied encapsu lated lens on enclosed lens , large aluminum panel 
Embos ed enclosed lens on enclosed lens, smal.1 alum inum panel 

41 
32 
24 
18 
35 

74 
58 
44 
33 
64 

£mbos.sed encapsulated le ns on enclosed lens, small :i:lum1num panel 
EmbOs sed encapsulated lens on encap_suloted lens, s mllll aluminum panel 
Direct-applied encapsu lated lens on encapsula ted lens, small alun11num panel 
Button copy on encapsulated lens, large plywood-backed panel 

26 
20 

8 
26 

47 
36 
14 
47 

Bµtton <'OP" on encapsula ted lens, large alu.mlnum panel 20 36 
Demountable cncnpsula ted lens on •ncapsulated lens, large plywood-b•cked panel 
Demountable encnpsufated lens on cn<-apsula ted lens, large aluminum panel 

18 
12 

33 
22 

Border 
Direct -appli ed encapsulated lens on enclosed I.ens, large plywood-backed panel 
Direct-applied enclosed lens on enclosed lens, large plywood -backed panel 
Button copy on encapsulated lens, large plywood-backed panel 

16 
24 
49 

29 
44 
BO 

Demountable encapsulnted len 011 encapsulated lens, large plywood-backed panel 
Embossed enclosed lens on enclosed lens, smnll aluminum panel 

18 
23 

33 
42 

Embossed encapsulnted lens on enclo ed lens, nrnll • lum1num panel 
Dlrec1-appll•d encapsula ted l,ens on enc losed lens, large aluminum panel 

16 
15 

29 
27 

Direc t -applied enclosed Jens on enclosed lens , Iar~e aluminum panel 25 45 
Button cop · on encapsulated lens, large aluminum panel 49 89 
Oemount:ible encapsulnted lens on encapsulated lens, large aluminum panel 
De mountable encapsuloted lel"I on encapsul ted lens , small :l.lummum panel 
D rect-applled encapsulated tens on encapsulated lens, small alumrnum panel 

17 
16 
14 

31 
29 
25 

similar performance. Use of a 2-s exposure of K<:>dak 
Ektachrome EH 135 {ASA 160) film and a Bushnell 
300-mm lens with blue filter resulted in sign photo­
graphic brightness approximating bright headlight 
iUumination at f5.5 and dim headlight illumination at f8. 

RESULTS 

Total hours of observed dew or frost on each of the 
combinations of sign materials are given in Table 1. 
Although 85.5 h of dew or frost occurred at ground 
level at the test site during the selected periods oi 
observation, only 55 h of dew or frost was observed 
on one or more of the combinations of sign materials, 
and a maximum of only 49 h of dew or frost was ob­
served on any single combination. The percentage of 
total hours of dew or frost on each of the combinations 
of materials (Table 1) is based on the 55 h of dew or 
frost formation on the signs. (Temperature, dew point, 
and humidity data for each of the nights of observation 
are available on request from the authors.) 

One of the most obvious phenomena that recurred 
throughout the study was the early accumulation of dew 
on sign materials that had a plywood-backed aluminum 
panel (see Figure 1, upper right). Dew always formed 
there first, with greater subsequent total accumulation, 
and seemed to affect legend performance more seriously. 
Furthermore, there was a marked difference in sub­
jectively apparent legend performance on the two types 
of background sheeting material on this sign panel. 
Legends mounted on the encapsulated-lens reflective 
materials performed better than legends mounted on 
the enclosed-lens material. 

All combinations of materials appeared to be less 
affected by frost than by dew. Button copy performed 
much better under frost conditions than under heavy 
dew conditions. However, t he performance of button 
copy relative to the performance of the other legend 
materials degraded with time. It may be that dirt 
(accretion of atmospheric dust ) played a large part not 
only in the decrease in relative performance of the 
button-copy materials but also in the noted general 
degradation in performance of all test materials over 
time. 

A marked difference in th.e angularity of button and 
reflective-sheeting materials was noted. The reftective­
sheeting legend could be seen easily up to about 30-
from center at 91.44 m (300 ft ). The button legend 
showed very little angularity, especially under dew 
conditions. 

At various times, dew- and frost-free areas would 
appear on t he test signs but, unlike the similar bright 
areas noted on roadside signs, these were almost never 
in the same places on successive nights . No convincing 
explanation of this phenomenon or any clear identification 
of the variables believed to be involved was ever found. 
Combinations of effects peculiar to the test site and the 
test installation are believed to have been involved. 

Under road conditions, a dew-free area is usually 
observed on the sign face where the posts are attached 
to the back of the sign. The posts act as heat sinks. 
It is possible that air currents and turbulence created 
by traffic near roadside signs also help to cause the 
sign face to cool before the posts cool. The experimental 
signs were generally not exposed to such air turbulence. 
Furthermore, the size of mounting posts was a factor. 
For signs of this size, the posts used in practice are 
usually larger than the ones used in the test installation. 
The extra heat stored in the larger posts would prob­
ably cause this phenomenon to be more s table and pro­
nounced in the case of roadside signs. The noted 
ephemerally bright {dew- and frost-free ) spots were 
not usually associated with the mounting posts at the 
test installation. 

Forty-five days after the beginning of observations, 
the relative performances of the various combinations 
of retroreflective materials were judged to be in the 
following order (beginning with the last legend to lose 
reflectability): 

1. Button copy (RO) on encapsulated lens, aluminum 
panel; 

2. Button copy (RO) on encapsulated lens, plywood­
backed panel; 

3. Direct-applied encapsulated lens (FT) on en­
capsulated lens, aluminum panel; 

4. Embossed encapsulated lens (LE) on encapsulated 
lens, aluminum panel; 

... 
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5. Demountable encapsulated lens (AD) on encap­
sulated lens, aluminum panel; 

6. Direct-applied encapsulated lens (TH) on enclosed 
lens, aluminum panel ; 

7. Demountable encapsulated lens (AD) on encap­
sulated lens, plywood-backed panel: 

B. Embossed encapsulated lens (FT) on enclosed 
lens, aluminum panel; 

9. Embossed enclosed lens (LE) on enclosed lens, 
aluminum panel; 

10. Direct-applied encapsulated lens (TH) on en­
closed lens, plywood-backed panel; 

11. Direct-applied enclosed lens (RU) on enclosed 
lens, aluminum panel; and 

12. Direct-applied enclosed lens (RU) on enclosed 
lens, plywood-backed panel. 

Final subjective ratings of the legends under light 
dew conditions after 6. 5 months of observation, again 
in order from best to poorest performance, were as 
follows: 

1. RO on encapsulated lens, aluminum panel · 
2. AD on encapsulated lens, aluminum panel: 
3. RO on encapsulated lens, plywood-backed panel ; 
4. FT on encapsulated lens, aluminum panel ; 
5. LE on encapsulated lens, aluminum panel : 
6. TH on encapsulated lens, aluminum panel : 
7. AD on enclosed lens, plywood-backed panel ; 
B. FT on enclosed lens, aluminum panel; 
9. LE on enclosed lens, aluminum pan~l; 

10. TH on enclosed lens, plywood-backed panel; 
11. RU on enclosed lens, aluminum panel: and 
12. RU on enclosed lens, plywood-backed panel. 

Two exceptions to these findings were noted during 
heavier dew formation. The- button legend, RO, was 
about fifth or sixth in order of performance Wlder 
moderately heavy dew conditions. Under conditions of 
rapidly forming heavy dew, the button-copy letters 
exhibited. the worst performance (eleventh and twelfth). 

Border materials performed very similarly to like 
legend materials with the notable exception that the 
button border generally exhibited the worst performance 
of all the border materials. During the later observa -
tions, button-copy borders frequently all but disap­
peared even under light dew conditions. 

Most of the observations under frost conditions oc­
curred during the second half of the study after the sign 
panels were interchanged (left to right ). The superiority 
of button-copy and encapsulated-lens material was often 
rathe.r striking. Subjective ratings of legend materials 
r~lahve to each other under frost conditions, beginni ng 
with the last to lose reflectivity, were as follows: 

1. RO on encapsulated lens, aluminum panel: 
2. RO on encapsulated lens, plywood-backed panel ; 
3. AD on encapsulated lens, aluminum panel : 
4. AD on encapsulated lens, plywood-backed panel : 
5. TH on enclosed lens, aluminum panel ; 
6. FT on enclosed lens, aluminum panel: 
7. FT on encapsulated lens, aluminum panel; 
B · LE on encapsulated lens, aluminum panel; 
9. LE on enclosed lens, aluminum panel; 

10. TH on enclosed lens, plywood-backed panel; 
11. RU on enclosed lens, aluminum panel: and 
12. RU on enclosed lens, plywood-backed panel. 

Subjectively rated relative effects of dew and frost 
~n target values of background materials were as fol­
ows (the best performance is ranked first): 
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1. Encapsulated lens on aluminum panel, 
2. Encapsulated lens on plywood-backed panel, 
3. Enclosed lens on aluminum panel, and 
4. Enclosed lens on plywood-backed panel. 

CONCLUSIONS 

The frequency of some amount of dew or frost formation 
observed on test sign materials was much greater than 
expected, i.e ., more than 65 nights (9:00 p.m. to mid­
night ) out of the 214 nights (April 18 to November 17) 
involved. On many selected observation nights when 
there was noticeable dew on the signs, the formation 
of ground fog prevented photography essential to the 
established evaluation procedure. Furthermore, ob­
servers frequently could not be present at the test site 
when atmospheric conditions were suggestive of dew or 
frost formation. It is conservatively estimated that 
noticeable dew or frost formation on the test signs, 
viewed from a distance of 91.44 m (300 ft) under direct 
headlight illumination, occw·red on at least one out of 
every three nights during the study period. The adverse 
effects of dew and frost on signs are therefore not 
frequently imposed on motorists in areas that have 
climates similar to that of the test site. 

Appropriate use of the guidance provided by the 
following conclusions is thus recommended: 

1. Under direct headlight illumination from a dis­
tance of 91.44 m and with natural dew formation condi­
tions at the sign face, the performance of encapsulated­
lens retroreflective sign materials was found to be far 
superior to that of enclosed-lens material and equal 
(for light dew ) or superior (for heavy dew) to button 
copy. Under the same viewing conditions but under 
natural conditions of frost formation, the performance 
of button copy wa.s far superior to that of all other test 
materials ; however, viewed from a position offset 1.8 
m (6 ft) laterally from the light source, encapsulated­
lens material and button copy were almost identical in 
performance under frost conditions ; viewed from greater 
lateral offset distances, all other test materials were 
far superior to button copy under both dew and frost 
conditions. 

2. Of the sign materials under study, button-copy 
legends exhibited the most noticeable continuing deg­
radation in performance under both dew and frost con­
ditions during the 8 months of observations, presum­
ably because of aging (weathering) or accumulation of 
dirt film or both. 

3. The observed decreases in sign legibility and 
target value because of dew and frost formation were 
always more pronounced on the plywood-backed sign 
panel than on the plain aluminum panels. 

4. Because of the reduction in dew and frost for­
mation time, encapsulated-lens background material 
greatly improved the legibility of all legends under all 
degrees of dew and frost formation observ·ed. This was 
most noticeable in the case of the directly applied 
legends: An encapsul.ated-lens legend on an encapsulated­
lens background was far superior to an encapsulated-
lens legend on an enclosed-le ns backgr ound . 

5. Subjective ratings of the relative performance 
of the sign materials Wlder dew and frost conditions 
were almost imperceptibly affected by aiming the head­
lights 30. to the left of center of the test sign installation 
(Figure 3). However, when the headlights were centered 
on the test sign installation and observers viewed the 
signs from an angle of 1 to the left or right of center 
at the light source, both the lack of angularity of button 
copy and the superiority of the encapsulated-lens ma­
terials were quite apparent. Differences in angularit y 
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are of concern in cases such as cab-over-engine trucks 
t hat have 254-cm (100-in} driver eye height and mis­
aimed or failed left headlight(s). 

6. The performance of all combinations of sign ma­
terials appeared to be less affected by frost than by dew. 

7. An encapsulated-lens legend on an encapsulated­
lens background (the small sign at the bottom right of 
F igure 1) was less than half as much affected by dew or 
frost in the case of the directly applied legend (FT} as 
in the case of the embossed legend (LE). However, this 
comparative advantage from use of direct applied copy 
was not evident in the relative performances of direct 
applied vers s embossed borders; direct applied, em­
bossed, and demountable borders exhibited only slight 
differences in performance, most of which could be 
explained in terms of other variables such as sign 
backi:ng, backgroWld material, and border material. 

8. Reversing the positions of the two sign panel 
combinations (left to right in Figure 1) had no eflect on 
the subjectively rated relative performances of the 
signing material combinations. 

9. Under the conditions of this study, 80 percent 
of the noted adverse effects of dew or frost on the con­
spicuity and specificity of enclosed-lens legends on 
enclosed-lens backgrounds on plywood-backed sign 
panels {RU, upper right in Figure 1) could have been 
avoided through the use of encapsulated-lens legends 
on encapsulated-lens backgrounds on plain aluminum 
panels (FT, bottom right in Figure 1). 

10. Allowing for normal variations in atmospheric 
conditions (light dew, rapidly forming heavy dew, and 
frost) and in signing practice (plywood versus aluminum 
panels and direct applied versus demountable copy), it 
is estimated that 50 to 80 percent of the adverse effects 
of dew and frost could be overcome through the use of 
encapsulated-lens signing materials. 
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Relation Between Sign Luminance 
and Specific Intensity of 
Reflective Materials 
W. P. Youngblood and H. L. Woltman, 3M Company, St. Paul, Minnesota 

Recommendations related to nighttime luminance for traf'fic signing are 
not readily translatable from specificat ion or photometric descriptions 
of the reflective brightness of materials . An investigation of a simple 
means of translation was undertaken 10 aid in the proper selection and 
application of materials where a sign luminance level is demed. The 
study approach used a photometric determination of specific intensity 
of the reflective material . The two observation angles common to most 
highway specifications, 0.2° and 0.5" at -4° entrance angle, were used 
for determining a broad luminance span for a variety of reilective ma· 
terlals in the common rraffic colors. These materials were then installed 
on a test road where field determinations of sign luminance were also 

made. The many readings were then correlated by linear regression . 
These expressions, based on direct observational data, are shown for a 
variety of shoulder and overhead sign positions, for upper and lower 
beams, and for the two distances most closely approx imating the 0.2• 
and 0 .5° observation angles-183 and 91 .5 m ('600 and 300 tt) . The re· 
suiting expressions permit simple computation of either sign luminance 
or specific intensity for a reflective sheeting. 

It is acknowledged that nighttime sign performance is 
dependent on attention value and legibility. Each factor 
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is related directly to the luminance contrast, the sign 
with its surround providing attention value and the let­
ters with the sign background providing legibility. Lit­
erally, contrast is the luminance difference between an 
object and its background and is a subjective experience 
that is given to extreme variation, particularly at night. 
Excessive stimuli from glare sour ces, such as opposing 
headlamps, highway luminaires, and electric advertis­
ing, contrast with the generally inadequate luminance 
needed elsewhere fo r efiective nighttime perception. 

In recognition of this, the Manual on Uniform Traific 
Control Devices (MUTCD) (1) requires renectorization 
or illumination of signs, deTineators, and pavement 
markings. Although the MUTCD requirement has done 
much to 'improve visibility, no minimal values are spec­
ified and no maintenance of minimal luminance is sug­
gested. 

Numerous performance levels of reflective materials 
are available in various federal and state specifications, 
and a wide variety of lighting designs and luminaire fix­
tures exist for compliance with the manual requirement. 
An obvious diff!culty arises in translating reflective ma­
ter-ial specification values to sign luminances suggested 
by research for various situations. Although such re­
search has yet to be adopted by the MUTCD, desirable 
and minimum nighttime levels of sign luminance have 
been suggested by Lythgoe (2.), Smyth (3), Allen and 
Straub (!), Allen and others (5), Forbes(~), Olson (_'.U, 
Jainski (8), and other researc1iers . Such research in­
dicates that increasing sign luminance is required where 
sign surrounds possess increasing luminance and may 
vary depending on such factors as the color and size of 
the sign. 

The performance recommendations given in luminance 
terms are not easily equated to photometric values of 
rellective material specifications. Reflective luminance 
has been generally quantified for various materials by 
You ngblood and Woltman (9). This previous work used 
a telephotometer at driver-eye position and a vehicle of 
standard dimensions that had carefully aligned headlamps . 
Careful work from study to study has validated the ef­
ficacy of this approach. What was lacking was a com­
plete and relatively direct relation between the variety 
of photometric test points and sign luminance. Many 
very pertinent factors are involved in this relation. 

Since the efficiency of reflective sheeting varies 
widely over useful observation (divergence) angles, the 
resulting relation is expressed as specific intensity 
(called reflective intensity in certain specifications) and 
is the luminance in absolute terms versus the observa­
tion angie for each type of reflective material under con­
sideration. Observation angle (called divergence angle 
in certain specifications) is the angle subtended by the 
headlamps, the sign, and the reflective light beam at the 
observer . This angle undergoes significant change as 
the motorist approaches the sign and greatly influences 
the resulting sign luminance. This angle increases sub­
stantially as reading distances for signs shorten. Fur­
ther, the greater lateral distance of the right headlamp 
makes the luminance contribution from this source ap­
proximately half that of the left lamp at shorter distances. 
B~th changes necessitate separate calculation of the lu­
mmance for each headlamp and for each observation 
angle. 

Illuminance depends on the alignment of the sign with 
the headlamp beam, and its determination requires the 
location of the reflective device in the appropriate area 
of the headlamp isocandle diagram for both high and low 
beams a?d for typical conditions of highway alignment . 
C~culat1on for each lamp is required as is change in 
sign Position or distance. Luminance values are then 
obtained by application of the inverse square law. In-

21 

herent differences in individual lamps are to some ex­
tent compensated for by the presence of two or four 
lamps . However, variation in voltage, lamp misalign­
ment, changes u1 automobile loading, and specularity of 
the road surface all contribute to variation in illuminance 
so that results are not always consistent. 

DESIGN OF EXPERIMENT 

Most specifications (IO, 11) use photometric test points 
al -4° entrance (calledincidence angle in certain speci­
fications), which is essentially perpendicular to the sign 
surface. The negative angle is for elimination of specu­
lar gla r e in the photometric test, but traffic signing ma­
terials today vary little in reflectivity up to angles of 
±10°. Observation angles of 0 .2° and 0. 5° are intended to 
conform to typical eye headlamp height and sign-reading 
distances of interest and correspond approximately to 
distances of 183 and 91. 5 m (600 and 300 ft) respectively. 
These distances were chosen for our observations as 
most representative of the two observation angles most 
frequently encountered in specifications. 

TEST ROAD 

The test road facility is 670 m (2200 ft) long and was de­
signed and constructed to represent a one-way portion 
of an Interstate roadway. The facility is a straight sec­
tion with a uniform +-0.4 percent grade . The road sur­
facE Is of comparatively fine··tex:tured asphaltic concrete 
and is essentially unworn. 

POSITION OF SAMPLE PANELS 

The sample panels were positioned as shown in Figure 1, 
the centroids for four positions of signs: for overhead 
guide signs, 6. 55 m (21. 5 ft) above the crown of the road­
way centered over the right lane; for the shoulder­
mounted guide sign, 13. 72 m (45 ft) to the right of the 
lane and 3.05 m (10 ft) above the elevation of the pave­
ment; for the rural shoulder-mounted regulatory warn­
ing and advisory signs, 1.83 m (6 ft) above and 3.05 m 
(10 ft) to the right of the lane edge; for urban shoulder­
mounted regulatory warning and advisory signs, 2.44 m 
(8 ft) above and 0.91 m (3 ft) to the right of the lane edge . 
These locations represent the center of typical signs and 
closely correspond to the recommended placement as 
specified in the MUTCD. 

TEST VEHICLE 

A full-size station wagon, without tinted glass, was used 
throughout the test as the primary test vehicle from 
which measurements were made. Loading conditions 
of this vehicle were maintained constant throughout the 
study. The headlamps used were photometrically 
checked and supplied by General Electric Corporation 
and conform to the recommended standard for photo­
metrics of the Society of Automotive Engineers (SAE) 
(12). Two secondary vehicles were also used to che.ck 
the values obtained with the primary vehicle and to 
broaden the data base for field luminance. The head­
lamps of all vehicles were aligned by using the recom­
mended SAE visual aiming method. 

SIGNING MATERIALS 

The signing materials studied are representative of 
retroreflective sheeting materials used for tra!fic­
control signs; include silver-white, yellow, orange, 
red and green colors· and span a range of specific in-

' ' 2) tensity from 1 to 800 cd/lx/m 2 (1 to 800 cp/fc/ft . 
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Figure 1. Centroids for four sign positions. OvorhHd 
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The materials used represented three levels of 
sheeting: enclosed lens, encapsulated lens, and cube 
corner prismatic. These sheetings, in each color, 
were further attenuated with up to 10 thicknesses of clear 
transparent acrylic plastic for purposes of broadening 
the luminance range from 3 to 15 determinations / color 
by adding successive thicknesses of plastic after un­
obstructed readings had been made. 

PHOTOMETRIC INSTRUMENTATION 

Determinations of specific intensity per unit area of ma­
terials used in the outdoor test, including transparent 
overlays, were made in a 15-m (50-ft) laboratory dark­
room equipped for routine photometric testing. The 
equipment and the procedure used conform to Federal 
Test Method Standard 370 (13). 

Determinations of speciflC intensity per unit area were 
made at observation angles of 0.2°and 0.5°at -4°entrance, 
corresponding to two reflective intensity specification 
values most representative of the sign-luminance de­
terminations. The photometric equipment uses a 2856 K 
source and has a photocell corrected for linearity of re­
sponse. In the National Bureau of Standards (NBS) col­
laborative tests of reflective materials (14), this equip­
ment has proved to be very close to the median of values 
reported by all laboratories in the NBS program. 

Luminance measurements were made with a Gamma 
Scientific model 2000 telephotometer . This instrument, 
which has a transistorized photomultiplier and electro­
meter amplifier, independent battery power supply, five 
acceptance a11fles, a measurement span from 0,003 to 
100 000 cd/m (0.01 to 30 000 ft·Ll, photopic color cor­
rection, and internal standardization and calibration, is 
suited for such measurements. At the outset and at the 
conclusion of the tests, the instrument was calibrated 
with an NBS standard source and over a number of tests 
averaged ±2. 5 percent. 

DISCUSSION OF RESULTS 

Plotting of sign-luminance measurements versus 
specific-intensity data reveals a linear relation that 
differs slightly depending on the chosen shoulder posi­
tion of the sign and varies quite significantly depending 
on the beam mode used or if the overhead sign position 
is used. In the testing, the color of the reflective ma­
terial was not an apparent variable except that color re­
sults in a differing value of specific intensity. 

Computer analysis by use of a least squares regres­
sion was performed to determine both the linear and ex­
ponential fit for a given set of data points. Forty-eight 

or more pairs of data were analyzed for each linear ex­
pression. In each of the sign-luminance specific­
intensity determinations given in Table 1, the following 
expression is used: 

y =ax+ b 

or 

x=(y-b) /a 

where 

y = sign luminance (cd/m 2
); 

a = slope of the line; 
x = specific intensity of the reflective material 

(cd/lx/m2
); and 

b = constant . 

(I) 

(2) 

r 2 = quality of fit with the data; it is that portion of the 
variability in the data that is explained by the regression 
equation. 

As an example, sign luminance is desired for a yellow 
warning sign in the urban shoulder location when viewed 
from 91.5 m (300 ft) on low beams. When measured at 
0. 5° observation and -4° entrance in the laboratory, a 
material has a specific intensity of 110 cd/ lx/m 2 (110 
cp / fc / ft 2

). From Table 1, the appropriate formula is 
y = 0.13x - 0.45; thus, y = 0.13 x 110 - 0.45 = 13.85 
cd / m2 (4.0 ft·Ll sign luminance. 

The 183-m (600-ft) distance is only related to the 0 .2° 
observation angle, and the 91. 5-m (300-ft) distance is 
related to the 0. 5° observation angle. These relations 
are appropriate and must be kept in mind in attempting 
to predict sign performance. 

It should be pointed out that the above relations 
are appropriate for the typical domestic automobile 
and headlight and should not be translated to vehi­
cles that have widely differing headlamps or headlamp­
to-eye-height distances. The relations hold for colors 
tested by the authors and dirty and weathered signs but 
not dirty headlamps or windshields. Dirty or weathered 
signs must be evaluated with a portable photometer such 
as a Gamma model 910 or be photometrically evaluated 
in the laboratory. 

By substituting values and solving for x, the specific 
intensity of the sheeting can be determined if a prede­
termined sign luminance is desired. This procedure 
can aid in the selection of the appropriate reflective ma­
terial for the sign application. The typical data points 
that represent sign luminance versus specific intensity 
of the reflective material for one set of viewings are 

I 
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I 
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Table 1. Equations for sign luminance and specific Specific Sign 
intensity for various sign locations and beam modes. Headlamp Intensity Luminance 

Sign Position Dista nce (ml Beam (cd / lx/ m'J (cd/ m'J r' 

Urban shoulder 183 Upper x = 0.86y + 2.99 y = l.14x - 0 .64 0.98 
Lower x = 23 .16y + 9 .75 y = 0.04x - 0 .25 0.97 

91. 5 Upper x = 0 .24y + 7.62 y = 3.92x - 20 0.94 
Lower x = 7.47y + 4.07 y = 0.13x - 0 .45 0 .98 

Rural shoulder 183 Upper x = l.Oly - 0.28 y = 0.96x + 3.72 0.97 
Lower x = 20.42y + 8.22 y = 0 .047x - 0.20 0.97 

91. 5 Upper x = 0.25y + 743 y = 3 82x - 21 0.94 
Lower x = 5.84y + 4.03 y = 0.16x - 0 .41 0.96 

Shoulder guide 183 Upper x = 3.07y + 4. 80 y = 0.32x + 0.36 0.97 
Lower x = 3.78y - 4.48 y = 0.25x + 3.42 0.96 

91. 5 Upper x = 2.lly + 13 .60 y = 0.47x + 6.02 0 .99 
Lower x = 8.84y + 11.86 y = O.llx - 1.23 0.99 

Overhead 183 Upper x = 3.45y - 9.71 y = 0.29x + 3.66 0.98 
Lower x = 52 .04y - 12.38 y = 0 .02x + 0. 29 0.96 

91. 5 Upper x = y - 12.65 y = 1.00x + 12.65 0.98 
Lower x = 33.33y + 1.67 y = 0.03x - 0.05 0.99 

Note 1 m = 3 3 ft . 1 cd / lx1m2 = l cp/tc / ft 2; and 1 cd1m2 = 0 29 h L 

Figure 2. Sign luminance versus specific intensity for urban sign location 
at si~t distance of 183 m (600 ft) using lower beam headlamps. 
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shown in Figure 2 together with the linear equation that 
has the calculated best fit. 

CONCLUSIONS 

To aid in translating from photometric determinations 
of specific intensity per unit area of reflective sheetings 
to the reflective performance of the sign in place, the 
study examined the relations in a field-laboratory series 
of tests. Determinations of nighttime sign luminance 
w.ere made from the driver's eye position in a standard­
sized passenger automobile with carefully selected nor­
mal headlamps. Measurements were made on a smooth 
t~ngent roadway by using a laboratory telephotometer at 
distances of 183 and 91.5 m (600 and 300 ft). Reflective 
samples were mounted in typical sign positions. The 
renective materials used represented specific intensities 
from 1 to 800 cd/l~/m 2 (1 to 800 cp / fc/ft 2) in silver­
white, yellow, orange, red, and green. 

Specific intensities per unit area were determined for 
the same materials by standard laboratory photometric 

methods. Determinations at the observation angle of 
0.2° were correlated with 183-m (600-ft) luminance 
readings and those at a 0. 5° observation angle with 
91. 5-m (300-ft) luminance readings. A linear regres­
sion equation was determined for each viewing condition. 
The resulting equations established the relation between 
sign luminance and the specific intensity of reflective 
materials for each distance, sign, and headlamp position. 

Should minimum sign luminances be established, or 
if the research cited previously is used to establish de­
sirable sign luminances, ready translation from photo­
metric values to sign luminance is available in convenient 
form. 
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Evaluation of Daytime High-Visibility 
Aids for Motorcyclists 
Norman Ashford, P. Stroud, C . Kirkby, and N. S. Kirk , 

Loughborough University, England 

The results of a survey of consumer attitudes toward such conspicuity 
aids for motorcyclists as jackets, waistcoats, sleeves, and slipovers are 
reported, and the results of laboratory and field trials conducted to 
determine the effectiveness of such conspicuity aids in facilitating the 
detection of motorcyclists are reported. These results are based on the 
first three years of a continuing research project. The user attitude sur· 
vey indicates serious design problems with some types of conspicuity aids 
and, for most materials, a severe lack of fastness of both color and fluores· 
cence. The laboratory trials indicated an inverse logarithmic relation be· 
tween the projected area of fluorescent color and mean detection time. 

To examine some of the problems associated with the 
design, use, and effectiveness of high-visibility aids 
and clothing for daytime use by motorcyclists, the 
U .K. Transport and Road Research Laboratory has 
sponsored a 3- year evaluation program that has been 
carried out by the Institute for Consumer Ergonomics 
and the Department of Transport Technology at Lough­
borough University. This paper briefly discusses 
the three principal research areas investigated in this 
project: 

1. An evaluation of user attitudes to the types of 
clothing and other conspicuity aids currently in produc­
tion and the subsequent design of more suitable cloth­
ing (1), 

2 ~ A laboratory simulation of the effectiveness of 
high-visibility aids in the daytime detection of motor­
cyclists (1), and 

3. Fieid trials to determine the effect of such high­
visibility aids on gap acceptance by drivers (~) . 

These research areas carried out over a period of 3 
years form three parts of a continuing program of 
research into the conspicuity of two-wheeled vehicles 
that in the long term will embrace both motorized and 
nonmotorized vehicles under both daytime and nighttime 
conditions. 

USER SURVEY 

Study Design 

There is strong evidence that, although motorcyclists 
can make themselves more visible by wearing such 
fluorescent clothing as slipovers , waistcoats, or jackets, 
there is some consumer reticence toward using these 
conspicuity aids. Generally the number of riders wear-

ing fluorescent clothing is very small ; in an observa­
tional survey carried out in conjunction with this work, 
only 1.5 percent of the sample (N = 2842) were observed 
to be wearing any type of high-visibility clothing. To 
examine this problem in greater depth, a series of dis­
cussions on attitudes was carried out with groups of 
motorcyclists. This was followed by a survey of users' 
opinions on safety clothing. The survey attempted to 

1. Establish the perceived effectiveness of different 
safety clothing, 

2. Isolate particular problems of use, 
3. Evaluate the acceptability of high-visibility 

clothing, 
4. Determine users' willingness to purchase such 

garments , and 
5. Evaluate the fastness of the fluorescence and 

color of the clothing. 

A number of different styles of safety-related clothing 
were purchased and distributed free of charge to motor­
cyclists in four different areas in the United Kingdom. 
After three months of use, the motorcyclists were re­
quested to complete an evaluation questionnaire. A 
large range of safety clothing was obtained, and from 
this range 19 items were selected for evaluation on the 
basis of the following five criteria : 

1. Style-slipover, waistcoats, jackets, and sleeves; 
2. Method of fastening-zip, Velcro, ties, buttons, 

elasticated sides, and press studs ; 
3. Material-Wavelock PVC, PVC-coated woven 

fabric, Webb-lite ; 
4. Color-red-orange to orange range plus Saturn 

yellow; and 
5. Cost. 

Altogether, 924 items of clothing were distributed in 
five population centers : Swindon (290), Peterborough 
(88), Nottingham (150), Manchester (113), and Lough­
borough (283). As the clothing was distributed, an­
thropometric measurements were taken from the users . 
Because sleeves were an unpopular option, 32 pairs of 
sleeves were given to respondents who were also given 
a slipover or a waistcoat. Therefore, only 892 volun­
teers received the 924 items . Three months after the 
date of distribution, the volunteers were each sent a 
copy of the evaluation questionnaire. Three reminders 
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were sent to nonrespondents. The response rate ob­
tained from the participants was excellent; 93 percent 
replied to the questions in the areaB indicated in the 
table below; 

Area 

Details of machine 

Use of machine 

Views on safety 
clothing tested 

Recent accident 
experience 

~ 

Question 

Type of machine 
Engine size 
Accessories fitted 
Frequency of use for different activities 
Use for longer journeys 
Annual distance 
Frequency of use for different activities 
Whether or not clothing still being worn 
Reasons for no longer wearing clothing 
Perceived effectiveness 
Clothing worn under safety clothing 
Storage of safety clothing 
Type of fastening 
Ease of doing up and undoing 
Fastening damage 
Ease of putting on and taking off 
Effect of cold weather 
Adequacy of adjustment 
Satisfaction with length of safety clothing 
Maximum speed at which safety clothing worn 
Inconvenience caused at that speed 
Effect of wind stress 
Interference of safety clothing with riding 
Need for cleaning of safety clothing 
Frequency and ease of cleaning 
Suitability for use throughout the year 
Embarrassment caused by wearing safety clothing 
Previous use of high-visibility clothing 
Value of safety clothing 
Value of other types of safety clothing 
Reference for different types of safety clothing 
Willingness to purchase types again 
General comments 
Incidence of recent multivehicle collisions 
Frequency 
Use of safety clothing at time of accident 

A comparison was made between the distribution of 
motorcycle ownership by engine capacity for the study 
volunteers versus the !mown pattern of ownership for 
the general licensed population . The survey population 
was found to be underrepresentative of riders of small 
machines and overrepresentative of riders of large 
machines. It was felt that this was attributable to a 
?igh incidence of "enthusiasts" among the volunteers; 
it_ was not, however, considered to be an invalidating 
bias. The average distance traveled was approximately 
5790 km (3600 miles), which indicated a normal level 
of use among the respondents. 

After the 3-month trial period 75.5 percent of the 
respondents indicated that they were still wearing their 
test clothing. Of the remainder, who no longer used 
the clothing, it was found that 50.3 percent had stopped 
wearing it in the first month o( the trial. A va.rietv of 
reasons were given for discontinuance: too troubl~some 
and inconvenient (27.0 percent), no longer had a motor­
cycle (19.5 percent), considered it was for nighttime use 
only (8 .8 percent), had purchased another item of saiety 
~lathing (6.5 percent ), embarrassment (5. 1 percent ), and 
illness (1.4 percent). 

The survey indicated that the overwhelming majority 
of motorcyclists wore either motorcycle jackets (45.5 
percent), anoraks (24.1 percent ), or three-quarter­
length coats (18.9 percent) under the saiety clothing. 
The in "d t . c1 ence of motorcycle jackets was much higher 
han it had been in a complementary observational study 
~~nducted throughout the United Kingdom in which only 

.6 percent of all riders were seen to be wearing 
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motorcycle jackets. There i8 a strong positive correla­
tion between the size of the rider's machine, expressed 
in terms of engine capacity, and the wearing of a motor­
cycle jacket. The high incidence of jackets in this study 
is mainly accounted for by the bias toward large machines. 

A large proportion of those surveyed (81.9 percent) 
considered the clothing to be suitable for use throughout 
the year. Among the remainder, 42.4 percent con­
sidered that the clothing would cause sweating in sum­
mer, 26 .5 percent did not feel it was necessary in the 
long daylight hours of summer, and 9.9 percent in­
dicated that the clothing was too large to be used com­
fortably over summer cloth.Ing. 

Failure to wear saiety clothing is frequently imputed 
to the embarrassment caused by its color, material, 
and styling. Even among those who volunteered to 
participate in this work, 25.3 percent admitted to em­
barrassment. This was not sensitive to particular 
options. A number of reasons were given for em­
barrassment : initial self-consciousness or embarrass­
ment caused by others' comments when the clothing was 
first worn (33 .3 percent), a feeling that one was in a 
minority and consequently too conspicuous (17.4 percent), 
disquiet over the style or the clothing (10.9 percent), 
admission to particular embarrassment when the rider 
wearing the clothing was not riding the motorcycle 
(22.9 percent ), or a feeling that fluorescent clothing was 
unnecessary in daylight conditions (4.5 percent ). 

It was found that 18.6 percent of respondents had 
worn this type of clothing before. This is very much 
higher than the 1.5 percent who were observed to be 
wearing such clothing in the complementary study and 
reflects the level of interest and enthusiasm of those 
who chose to participate. 

Table 1 summarizes general comments about the 19 
options. Table 2 gives a summary of users' evaluations 
of the options and con•erts their comments into ratings. 

·The behavior of the fluorescent materials under pro­
longed exposure to light was tested for each of the 19 
options by exposing five 7-cm squares taken from each 
garment. One set was designated "control, " and the 
other patches were attached to a frame and exposed 
horizontally on a fiat roof'. The control samples were 
measured for International Commission on Illumination 
(CIE) chromaticity and luminance values. The illu­
minant approximated the D6 s light source , and measure­
ments were taken on one thickness of material backed 
by a standard grey tile that had a luminance of 0.59. 
After 3 months and 6 months of exposure, further sets 
were sent for measurement. The patches were washed 
monthly and immediately before measurement. Those 
exposed for 9 months were not measured since all 
colors had faded and in some cases tire fabric had 
disintegrated. The control set, having been kept in a 
light-proof place, was remeasured: it was found that 
there was no change in chromaticity coordinates in 
these control pieces. 

Table 3 gives the readings for the three sets: con­
trol, 3 months of exposure, and 6 months of exposure. 
The very large changes in color are shown in Figure l, 
in which a selection of large shifts in CTE chromaticity 
coordinates, shown approximately in the center· of the 
cha.rt, indicate a desaturation of color. (Only the mea­
surements for the conlrol and 6- month samples are 
shown in the figure. These are joined by straight lines 
only for clarity and not to represent the locus of fading. 
All samples desaturated during exposure, and their 
plotted points moved toward the measuring illuminant 
De~.) PVC-coated materials performed relatively better, 
and option 8 performed best. The fading of nylon patches 
was rapid: After only 3 months they were almost trans­
parent. 
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Table 1. General comments on 19 safety options from rider survey. 

Number 

IO 

11 

12 

13 

14 

15 

16 

17 

18 

19 

Table 2. 

Option 

2 
3 

6 

7 

8 

9 

10 

II 
12 

13 
14 

15 
16 

17 

18 
19 

Option 

40-cm sleeves, PVC-coated woven fabric 

Slipover 1 PVC-coated woven fabric, lace, tie, 
and elasticated loop fastening 

Slip over, embossed PVC, unattached lace ties 
through eyelets 

Slipover, Wavelock PVC, plastic strip fasten­
ing with buttons and buttonholes 

Slipover , Webb-lite fastening by stitched lace 
ties 

Slipover, acrylic nylon, fixed elastic sides 

Slipover 1 embossed PVC, fastening with 
buckles and canvas straps, canvas shoulder 
straps 

Slipover, PVC-coated woven fabric, press­
stud fastening on elastic strip 

Slipover, Wavelock PVC. Velcro flap fasten­
ings 

SUpover, embossed PVC, small Velcro tab 
fastening 

Short waistcoat, PVC-coated woven fabric, 
Saturn yellow, Velcro flap fastening 

Waistcoat, PVC-coated woven fabric, front 
and side fastening by press stud, open sides 

Waistcoat, Wavelock PVC, front fastening by 
press studs 

Waistcoat, woven nylon fabric, zip fastening 

Waistcoat, Webb-lite, Velcro strip fastening, 
Saturn yellow 

Wal1tcoat, PVC-coated woven fabric, fasten­
ing by four large plastic buttons 

Overjacket, woven nylon, zip fastening, 
elasticized cuffs and waist 

Three-.iuarter-length coat, PVC-coated 
woven fabric, press-stud fastening 

Hooded Anorak, acrylic-proofed nylon, fasten­
ing by double-ended zip, Inner storm cuffs 
fastened of Velcro, drawstrings around hood 
and bottom of garment 

Comments 

Sleeves not a popular option. mainly wanted by those who wished to be more conspicuous 
when indicating turns; not easy to put on, especially when stiffened by cold weather; com­
plaints of reduced circulation because of tightness around wrists and elbows 

Main shortcoming a difficulty in fastening with elasticized loop; frequent breaking of stitch­
ing of fastening to labric; although seldom used at high speeds, ballooning and napping gave 
large problems 

Many complaints about short, easily lost laces, which were also d!Uicult to do up in cold 
weather; flapping at speed; materials ripped easilv around eyelets; head operung too small 
to pass helmet ; option rode up motorcyclist's back 

Worst fastening failure of any option (50 percent in 3 monthsl; buttonholes main failure but 
also strap and button failure; fastening task difficult in cold weather, especially with gloves; 
material curled; adjustment provided considered fairly good 

Ties again caused many complaints; knots became tight; difficult to undo with cold or gloved 
hands, especially when wet; difficult to clean, subject to billowing, and frequently con­
sidered too short 

Difliculty with putting garment on with rixed elastir sides: damace to fastening frequentl v 
caused by strain of putting on and taking off; garment billowed and rode up; head opening 
too small to accommodate helmet 

Tearing around stitching of straps to PVC buckle; fastening difficult, especially in cold 
weather; insufficient adjustment in canvas straps when worn over winter clothing 

Press-stud fastening easier to do lip than many other types; head opening too small for hel­
met; longer back portion flapped when riding and doubled over 

Most satisfactory response of any slipover; easy tab fastening; billowing and flapping might 
have been more frequent with greater exposure to high speeds; head opening too small for 
helmet 

Fastening more difficult to use than those of option 9; damage at fixing of fastening to PVC; 
many complaints about billowing and flapping 

68 percent of wearers complained of shortness; tight and uncomfortable over winter clothing; 
frontal high-visibility areas considered insufficient; equal number of comments for and 
against color 

Fastening not difficult; subject to billowing and flapping; front area obscured by flapping up 

Generally well received; small press studs difficult In cold weather; without adjustment, 
could be tight over winter clothing 

Most satisfactory of waistcoat options; easy and convenient to use, lightweight, easily stored; 
difficult to clean; zip tab difficult to grip 

Velcro strip poorly attached, easily damaged, required difficult alignment; dlilicult to clean 
and heavy and difficult to store; material holds water; tight and nonadjustable over winter 
clothing 

Stiff and not easy to store; fastening difficult in cold weather as material stiffens; consider­
able fastening damage observed with use 

60 percent of wearers found option too short; zip tab found fiddly; difficult to accommodate 
bulky clothing; pocket found very desirable 

Difficult to put on over motorcycle clothing; fastening fiddly; ballooning and violent collar 
flapping at higher speeds found very disconcerting 

Generally highly acceptable and worn by many when not riding motorcycle; at speed, hood 
flapped violently; hood considered unnecessary by many; double-ended zip difficult to fasten 

UMr ratings, chromaticity coordinates, and unit cost of 19 options. 

Questionnaire Rating 
CIE Tristimulus 

Inconvenience Ripping Coordinates• 
Actual Length Satisfaction Speed at Maximum Caused by Interference Ease of 
(cm) With Length Exposure Speed Wind Stress With Riding Cleaning x y y (SJ Unit Cost(£)' 

38 Very good Less than Fair Very good Less than Less than 0.598 0.337 60.2 0,73' 
adequate adequate adequate 

54 .5 Fair Poor Poor Good Good Fair 0.590 0.336 64.4 0.62' 
48 Less than Less than Fair Good Fair Fair 0.610 0.338 59.1 0.81' 

adequate adequate 
61 Very good Less than Fair Poor Good Good 0.556 0.367 75.1 0.53' 

adequate 
46 Poor Less than Less than Good Good Poor 0.578 0.353 68.9 1,38' 

adequate adequate 
48 Poor Less than Fair Very good Very good Good 0. 599 0.342 51.1 1.08' 

adequate 
1.62' 48 Less than Fair Good Fair Good Good 0.592 0.357 66.4 

adequate 
51 (front I, Very good Less than Fair Very good Good Very good 0.646 0.339 45.8 1.35' 

66 (backl adequate 
66 Good Less than Good Very good Fair Very good 0.595 0.365 72.1 2.00' 

adequate 
58 Fair Less than Fair Good Good Fair 0.601 0.365 70.9 1. 16' 

adequate 
41 Poor Very good Good Very good Fair Fair 0.402 0.552 116 .0 1.15' 
59 Fair Less than Poor Very good Very good Fair 0.639 0.329 41.l 1.41' 

adequate 
58 Fair Good Good Good Good Fair 0.597 0.368 67.2 0.84' 
61 Good Fair Very good Very good Very good Less than 0.613 0.333 46 .2 2.32' 

adequate 
68. 5 Very good Good Fair Very good Fair Poor 0.385 0. 520 93.3 4.09' 
68 5 rsmalll, Good Good Very good Very good Fair Good 0,614 0.335 37. 7 2.02' 

70 (msdiuml , 
71 (Large l 

53 (frontl, Poor Very good Fair Very good Good Less than 0. 584 0.375 52. 7 3.25' 
58 (back\ adequate 

85 Very good Fair Poor Very good Poor Fair 0.596 0.332 63 .3 3.96' 
76 Very good Fair Poor Good Good Fair 0.611 0.330 43 . 7 3.90' 

Note 1 cm• 0 39 in 

•coordtnates ol lnternauanal Commission on lllumtnat1on bAppro)(1mate 1977 exchange rate of 1 l. z: U.S.$1.80. 'Wholesale. <1 Aetail. 

.. 
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LABORATORY SIMULATION OF 
EFFECTIVENESS OF 
HIGH-VISIBILITY AIDS 

One of tne complementary studies to the survey of rider 
attitudes toward conspiouity aids was a controlled 
laboratory examination of the effectiveness of different 
aids. After a literature surve y and extensive discus­
sions with others working in the areas of conspicuity 
and visibility, it was decided that the most suitable 
laboratory technique was likely to be the tachistoscope. 

The three principal factors that affect target rec -
ognition were considered to be the target itseU, the 
background, and the method of presenting a stimulus. 
A number of methods of presenting the target were con­
sidered, tried, and eventually rejected. Among those 
rejected were (a ) colored target stimuli on plain back­
grounds, (b) colored target discs on photomontages of 
street scenes, (c) abstract backgrounds with targets 
added , and (d) artist 's impressions of typical street 
scenes with superimposed figures of different sizes. 
The first two techniques were tested and abandoned be­
cause of the ease of target detecti.on and the failure of 
the techniques to discriminate between target options ; 
the latter two techniques were abandoned because of 
lack of realism. 

Table 3. Color changes on exposure for three sets of 
fluorescent materials. 

Option 

l 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Figure 1. Section of Cl E chromaticity chart showing ·6 
readings for control materials and materials exposed 
for 6 months. 
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Control 

" 
0.5980 
0.5900 
0 .6095 
0.5560 
0.5785 
0 5991 
0. 5923 
0.6457 
0.5953 
0.6011 
0 .4022 
0.6385 
0 5965 
0.6126 
0.3850 
0.6136 
0 5844 
0. 5959 
0 .61 10 
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Another problem that affected the first approaches 
to the laboratory work was the presence of fluorescent 
stimuli. When introduced into the tachistoscope, a 
small fluorescent patch of color did not give its true 
fluorescent color in the absence of the ultraviolet 
radiation of normal daylight. In the final test proce­
dure, this problem was avoided by testing options of 
identical color in the tachistoscope so that the dif­
ferences in detection times would not include the color 
effect. 

Experimental Stimuli Material 

The options tested i.ncluded clothing and machine-based 
items-namely, leg shields, headlamp covers, sleeves, 
waistcoats, jackets, and helmets . The control option 
was a motorcyclist wearing a black open-face helmet, 
a dark green Belstaff motorcycle jacket, black gloves, 
and blue denim jeans . Motorcycle and rider were 
photographed in nine urban road sites selected to give 
a range of backgrounds and traffic densities. 

Apparatus 

Figw-e 2 shows the layout for the apparatus used in the 
laboratory trials. Tbe technique used the back projec-

3 Months of Exposure 6 Months of Exposure 

y (<) " y y (4) x y (4) 

0.3320 60.15 0.5842 0.3316 49.05 0. 5402 0.3423 50 .20 
0.3361 64.45 0.5759 0.3334 54 . 10 0.5141 0.3499 81.20 
0.3380 59.15 0.5924 0.3348 53.10 0.5065 0.3178 53 .30 
0,3679 75.15 0. 5261 0.3759 64 .40 0.4051 0.3278 62.35 
0.3559 68.95 0.5640 0.3 568 56.50 0.5221 0.3666 61.60 
0.3421 51.70 0. 5548 0.3574 36.05 0.4189 0.3678 42.60 
0.3572 66 .35 0. 5675 0.3703 56.40 0.4219 0.3802 68.00 
0 .3392 45. 75 0.6373 0.3433 37.80 0.6057 0.3598 38.10 
0.3659 72 .05 0. 5550 0.3727 61 10 0.4328 0.3813 57 .25 
0.3655 70.90 0.5673 0.3778 62.60 0.4074 0.3858 72.65 
0. 5521 115. 50 0. 4155 0.5310 92.15 0.3937 0.4806 73 .80 
0.3292 41 15 0.6210 0 .3325 39.30 0.5606 0.3466 49.15 
0.3686 67 .25 0.5754 0.3743 60 75 0.4948 0.3952 53 .20 
0.3336 46.25 0.5562 0.3461 33.70 0.3740 0.3650 45 .90 
0. 5188 93 .25 0.3869 0.4660 70.35 0.3699 0.4505 69 .10 
0 3349 37.65 0.6044 0.3384 40.45 0.5165 0.3577 47 .1 5 
0.3755 52 75 0.5510 0.3770 34. 70 0.4286 0.3696 41 ,10 
0.3329 63.35 0.5841 0 .3324 54.10 0.5276 0.3465 57 .50 
0 3306 43 75 0. 5531 0.3476 31.85 0.3791 0.3696 44.00 

I. 
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tion of slides. Because it was recognized that the color 
rendition of film is not perfect, single-color targets 
were used to eliminate any color effect. Color-reversal 
film (35-mm) was used and presented by means of a 
tachistoscopic slide projector contl'.olled by the subject 
that back-projected the image onto a screen in front of 

Figure 2 . Layout of apparatus used in laboratory tests. 
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Figure 3. Mean detection and recognition times in pilot 
experiments. 
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Figure 4. Relation between projected fluorescent area and 
detection time (log-log scale). 
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the subject for as long as the subject's control button 
was depressed. This time of presentation was recorded 
on an electronic digital timer. The experimenter was 
able to advance the slide magazine by use of the slide 
control button. The subject was seated 1 m (3.3 ft) 
from the screen, and the visual angle of the motorcycle 
image approximated a real-world viewing distance of 
92 m (300 ft). 

Pilot Trials 

Pilot experiments were carried out to validate the ap­
paratus and to determine the best form of task to be 
given to the subjects. The two tasks set were detection 
and recognition. Subjects given the detection task were 
instructed to press their control button to project the 
traffic scene and then to release it on detecting a motor­
cyclist. If they could not see a motorcyclist in the 
scene, they were to release the button and inform the 
experimenter. Subjects given the recognition task were 
instructed in such a way that they could identify the 
control and the six high-visibility options and identify 
them by their associated names. The recognition task 
was similar to the detection task except that, after ob­
serving the motorcyclist in the scene and releasing the 
hand button, the subjects were required to state which 
option was shown in the photograph. 

The 45 subjects (24 male and 21 female) were mainly 
students and university staff . All were given an 
Ishihara color vision test, and no defects were recorded. 

The ordering and grouping of the mean recorded times 
for the two tasks are shown in Figure 3. The results 
are clearly of similar form although the range and value 
of the times vary. From these results, it was decided 
that the method of presentation permitted discrimination 
and presented options in an order that might be ex­
pected, i.e., in which the large areas of the waistcoat 
and jacket were perceived quickest and options with 
smaller areas took longer. 

Of the two tasks used, the recognition task presented 
the most problems. Because many subjects did not 
release their hand button immediately on realizing which 
option was presented, recorded recognition times ap­
peared to be artificially increased and unrepresentative 
of the true time. Frequently, the scene was retained 
while the subject checked with a reference set of photo­
graphs for the correct name of an option. 

The validity of the results of the detection tests was 
confirmed by the inclusion of scenes that contained no 
motorcyclist. It was found that subjects given the 
detection task correctly reported no motorcycle present 
for all 10 blank slides presented. From this, it was 
concluded that the detection times were valid and not 
those times produced by subjects who released the hand 
button after a short period without actually perceiving 
the motorcyclist. 

The form of the results of the pilot trials indicated 
that the experimental technique could be adopted for the 
main laboratory trials and that the detection task was 
most suitable for determining the conspicuity of motor­
cyclists. 

Main Laboratory Trials 

The main laboratory trials conducted to measure the 
relative effectiveness of high-visibility fluorescent 
orange were conducted on the same equipment and with 
the same form of stimuli as those used in the pilot trials . 
The 72 experimental slides were presented in random 
order, and half of the slides were reversed to ensure 
balanced presentation on both the left and right sides of 
the screen. 
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The technique developed for the laboratory trials had 
proved to be satisfactory with respect to the ease with 
which experimental stimuli could be presented to the 
subjects. lt was found that the method could be easily 
replicated and that new options for evaluation could be 
added for direct comparison with options already tested. 
It is important to emphasize that, because of limita­
tions in the photographic reproduction of color, the 
technique can be used only to compare different options 
of the same color. The inability of mm stock to repro­
duce fluorescent colors is particularly critical. 

The mean detection times for the seven options across 
all nine sites are as follows: control, 1.090 s ; sleeves, 
1.116 s ; leg shields, 1.048 s ; jacket, 0.896 s; head-
lamp cover, 1.070 s ; helmet, 1.008 s: and waistcoat, 
0.880 s. Dunnett's statistic at the 0.05 level indicated 
that the jacket and waistcoat produced detection times 
faster than the control whereas all other options did not. 
A less stringent test using the t-statistic for individual 
comparisons showed that the jacket, waistcoat, and 
helmet produced times faster than the control. Although 
the jacket had an area almost twice that of the waistcoast-
2260 versus 1270 c m2 (3 50 versus 197 in2)-no significant 
difference could be found in their .mean detection times. 
This result is likely to arise from two effects that act 
either separately or in concert: 

1. There Is a cut-off point in the detection time ­
area relation beyond which an increase in the size of 
the area does not result in a decrease in detection time. 

2. The smaller area of the waistcoat is aompensated 
for by a contrast with the areas of the arms and shoulders 
in dark motorcycle clothing. Contrast in this case, 
and consequently visibility, are therefore not so 
dependent on background as .they are for the jacket 
option. 

These trials indicated the following inverse logarithmic 
relation between the projected area of fluorescent color 
and mean detection time (Figure 4): 

1 = 1.7 5 26 /.x o.0902 (1) 

where 

Y = detection time (s) and 
x = project fluorescent area (cm2

). 

It is interesting to note that the helmet produced 
significantly faster detection times than many options 
with larger areas of fluorescent color. The reason for 
this is not known, but it could be surmised that the 
helmet shape is more easily associated with motorcyclists 
an~ hence reduces the detection time. There was strong 
evidence that detection times varied greatly depending 
on the nature of the site. Sites with large areas of W1-

broken color and low variations of light and shade re­
~ulted in r.elatively fast mean detection times. Slow mean 
etection times were found at busy sites where the amount 

of traffic produced a broken background pattern for 
visual search with numerous gaps and variations of 
color and shading, giving a patterned effect In which the 
motorcycle could be placed . 

EFFECT OF HIGH-VISIBILITY AIDS ON 
DRIVER GAP ACCEPTANCE 

:~ v.:as felt tha~ studying gap acceptance might prove 
. ;;itful as a held test of the effectiveness of conspicuity 

~~d s · It was hoped that the relative effectiveness of an 
b\coll}d be related to changes in the observed distri-
f u ion of gaps that motorists were prepared to accept in 
ront of a motorcycle . 
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Study Design 

It was decided to measure the gap-acceptance behavior 
of motorists toward a motorcycle in three conditions­
control, dipped headlight, and fluorescent jacket. It 
was therefore necessary to introduce the experimental 
motorcycle into a traffic stream. It was apparent that 
to achieve an adequate rate of data collection the motor­
cycle would have to make repeated circuits past the 
junction in question. A rapid circuit was achieved by 
conducting the trials at a large roundabout, the Cock 
Pitt in Derby. The roundabout had a circumference of 
approximately 530 m (0.3 mile) with four access points; 
at the two junctions being studied, the path taken by the 
motorc ye le was in the left-hand lane. A short pilot 
trial was conducted in which an experimental automobile 
preceded the mot ore ye le around the roundabout. The 
trials showed that gaps between 1.5 and 5.0 s would 
have to be used in the main trials to cover the range 
of accepted gaps, as suggested by Ashworth. 

In the main series of trials, two videotape recorders 
were secured on a 3.6-m (12-ft) platform in the center 
of the roundabout. The trials were conducted by a team 
of six over a period of 4 d at the end of March 1977. 
The three options tested on the 250-cc motorcycle were 

1. Control-The riders wore blue trousers; dark 
green jackets; black, open-face helmets; and black 
gloves. 

2. Headlight-Conditions were the same as above 
except that the motorcycle headlight was switched on 
in the dipped condition (the lamp was 6 V and 24 W). 

3. Fluorescent jacket-Conditions were the same as 
for item 1 but for the addition of a nylon fluorescent 
orange jacket. 

The options were changed at half-hour intervals, and 
the order of presentation was varied between days to 
ensure even exposure to varying traffic conditions. In 
all, a total of 1854 passes were recorded on 10 half­
hour tapes. 

Video Analysis 

The video tapes were replayed on a Sanyo 1100 SL 
recorder and a Shibaden monitor at one-fifth real speed 
to permit tape analysis. Replaying at slow speed re­
duced errors in judgment when a vehicle passed a 
reference point and also reduced errors in reaction 
time in the analysis. The information taken directly 
from the tapes was the size of gap in seconds and, if 
the pass was valid, whether it was accepted or re­
jected. 

Gaps were measured with a Colne electronic digital 
timer to the nearest hundredth of a second . The timer 
was started as the rear of the automobile passed a 
reference line and stopped as the front wheel of the 
motorcycle passed the line. A gap was included in the 
data only if it was a valid presentation, subject to the 
following criteria: 

1. One or more automobiles or light vans had to be 
stationary at the junction as the lead experimental auto­
mobile passed by. 

2. There was no interference from other traffic 
already on the island (i.e., passing the motorcycle and 
effectively shortening or filling the gap) . 

Sometimes a vehicle other than the experimental auto­
mobile preceded the motorcycle across the intersection. 
These gaps were measured and used in the analysis if the 
other vehicle kept to an acceptable line around the round-



30 

Figure 5. Fitted curves for probability of gap acceptance 
at junctions 1 and 2. 
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about and the above criteria were satisfied. After all data 
had been taken from the tapes at one-fifth speed, they 
were all replayed at real time to check the accuracy of 
decisions concerning acceptance and rejection. At one­
fifth speed it was sometimes difficult to judge whether 
some vehicles had come to a standstill at the junction 
before accepting a gap or if they had merely slowed 
down and then driven into the traffic stream. It was 
easier to make this classification when viewing at real 
speed. From the 1854 passes taped, a total of 352 ac­
ceptances and 922 rejections were recorded. 

Data Analysis 

The analysis of gap-acceptance data has been the subject 
of many papers (3, 4). The technique used here to 
analyze these data was the fitting of lognormal curves by 
pr obit analysis (5). Curves were also derived without the 
logarithmic transform, but the fit to the experimental 
data was poorer and the estimation errors on the median 
accepted gaps were much larger. 

Results 

The median accepted gaps and their 95 percent fiducial 
limits are given below: 

Median 95 Percent 
Accepted Fiducial 

Junction Option Gap (s ) Limits (s) 

Jacket 3.25 2.96 , 3.64 
Headlight 3.23 3.00, 3.50 
Control 3.07 2.87 , 3.33 

2 Jacket 3.31 2. 79, 3.98 
Head I ight 3.36 3.06 , 3.76 
Control 3.21 2.87 . 3.64 

Figure 5 shows the cumulative distribution curves com­
puted from the data. Clearly, the largest difference 
for the median accepted gap at either junction is only 
0.18 s (between jacket and control conditions at junc ­
tion 1), and there is considerable ov er lap of the limit s 

on the medians. The median accepted gaps were com­
pared for each junction. The largest difference was 
between the jacket and control conditions at junction 1, 
but this was not significant at the 0 .05 level. Significant 
differences were not detected between any other medians. 
The slopes of the fitted lines corresponding to the stan­
dard deviations of the lognormal distributions did not 
dilfer significantly. The proportions of gaps of a 
particular size that were accepted in the noncontrol 
conditions were compared with the corresponding data 
for the control condition. No significant differences 
were obtained at either junction. 

The analysis of the data from this series of field 
trials showed that the use of fluorescent clothing or a 
dipped headlight on the experimental motorcycle had 
no significant effect on the sizes of gaps accepted in 
front of it. The absence of any detectable change in 
the gap-acceptance behavior of motorists joining the 
traffic stream suggests that, if the motorcycle is 
perceived at the junction, the use of high-visibility aids 
has no effect on drivers' gap-acceptance behavior. 

Although the presence of these high-visibility aids 
has not produced a detectable change in gap-acceptance 
behavior, it cannot be concluded that the use of such 
aids will have no benefit in the accident situation. The 
most important reason for the use of high-visibility aids 
is not to improve the drivers' perception of a motor­
cycle already detected but to ensure that the motorcycle 
is seen in the first place. On reflection, it seems un­
likely that effects of this kind could be observed in an 
experiment studying gap-acceptance behavior. 

The method in which the motorcycle followed the 
automobile around the traffic island was successful. It 
allowed rapid data collection in a natural traffic en­
vironment under controlled conditions. In addition, 
since it was wilikely that an observed gap was presented 
more than once to a vehicle waiting to enter the traffic 
stream, only one data point-an acceptance or a rejection-
was recorded for each vehicle. Thus, the gap-acceptance 
functions obtained provide an essentially unbiased esti­
mate of the population gap-acceptance response (~). 

CONCLUSIONS 

Several significant findings have come out of the work 
described in this paper : 

1. Many pieces of high-visibility c lathing have 
severe design problems and are strongly criticized by 
motorcyclists . 

2. Most fluorescent materials show a strong 
tendency to lose both color and fluorescence in a rela­
tively short time. 

3. The time taken to detect a motorcyclist wearing 
a conspicuous color was shown to be inversely related 
to the projected area of color. 

4. Neither the wearing of high-visibility clothing 
nor the daytime use of headlights affected motorist 
gap-acceptance behavior . 
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Discussion 
Samuel P. Sturgis, Liberty Mutual Research Center, 
Hopkinton, Massachusetts 

Ashford, Stroud, Kirkby, and Kirk have presented an 
extensive analysis of several important issues con­
cerning the potential acceptability and effectiveness of 
methods for enhancing the daytime visibility of motor­
cyclists. They have found that a very small proportion 
of motorcyclists currently take the initiative of in­
creasing their conspic uity by wearing high-visibility 
safety-related clothing. They have further found in a 

. laboratory simulation that garments such as jackets 
and waistcoats of high-visibility colors can significantly 
decrease the time required for detection of a motor­
cyclist in an urban road environment. 

It must be assumed that the observed reluctance of 
motorcyclists to wear high-visibility clothing stems 
from a belief that reported inconveniences associated 
with the clothing outweigh its possible usefulness in 
preventing accidents. A very important question that 
must be addressed from the standpoint of the motor­
cyclist then is, What is the role of conspicuity or lack 
?f conspicuity in motorcycle accidents? This question 
is also of considerable importance to those who are 
concerned with evaluating the potential effectiveness of 
techniques for enhancing conspicuity. 

Unfortunately, no direct answer to this question is 
av~ilable. However, an accident study conducted by 
Reiss, Berger, and Vallette (7) on a sample of motor­
cycle accidents that occurred 1n Maryland in 1973 does 
allow some inferences to be made. That study found 
~hat approximately 61 percent of motorcycle accidents 
involved collisions with other vehicles and that of these 
accidents 62 percent occurred at intersections. Reiss, 
Berger, and Vallette used a randomly selected sample 
of 200.such accidents, assigned culpability on the basis 
of accident descriptions by police and found that the 
greatest single contributing c aus~ was the failure on the 
~ai:t of the ''other" driver to yield the right- of-way. 

his occurred in about 64 percent of the cases. To­
get~er, these percentages indicate that intersection 
accidents in which the other driver failed to yield ac-
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counted for approximately 24 percent of all (single and 
multivehicle) accidents studied. Reiss, Berger, and 
Vallette further found that, in the multivehicle intersec­
tion accidents, the motorcycle was most often proceed­
ing straight ahead (86 percent of the cases) while the 
other vehicle was either turning left (49 percent), mov­
ing straight ahead (39 percent), or turning right (5 per­
cent). The most common collision orientation involved 
the motorcycle striking the other vehicle at an angle 
(54 percent), and the next most common involved the 
other vehicle striking the motorcycle at an angle (21 
percent). 

Waller's 1972 analysis of the 630 multivehicle motor­
cycle accidents reported in North Carolina in 1968 (~) 
similarly concluded that culpability was attributable to 
the other driver in 62 percent of the cases. Waller fur­
ther indicates that the predominant contributing cir­
cumstances in the multivehicle accidents studied were 
(a) the other vehicle turned in front of the motorcycle, 
(b) the other vehicle pulled out into the motorcycle, and 
(c) the other vehicle maneuvered without seeing the 
motorcycle. These categories accounted for 29, 20, 
and 10 percent of the accidents studied respectively. 

Clearly, these studies indicate that drivers of other 
vehicles occasionally either do not perceive motorcycles, 
misperceive the location or speed of motorcycles, or 
intentionally fail to yield the right-of-way to motorcycles. 
It is not particularly surprising that these types of ac­
cidents occur at intersections since in many cases 
drivers entering an intersection must make very rapid 
decisions concerning the speed and location of vehicles 
approaching from several different directions. In addi­
tion, based on the relative number of motorcycle and 
other vehicle registrations in the United States, the 
probability of encountering a motorcycle rather than a 
larger vehicle on the road is relatively small. Thus, 
roadway encounters of automobile drivers with motor­
cycles are relatively rare events and as such are events 
that automobile drivers may not expect or specifically 
look for. 

The implications of these findings for motorcyclists 
are quite clear: One should attempt to be as visible as 
possible and drive as defensively as possible, expecting 
occasionally not to receive the right-of-way when it is 
due. 

These findings may also explain to some extent why 
greater di1ferences were not found in the gap-acceptance 
study described by Ashford, Stroud, Kirkby, and Kirk 
in which drivers presented with a gap between an auto­
mobile and a motorcycle had only to contend with traffic 
approaching the intersections in question from one 
direction. As the authors point out, the primary pur­
pose of high-visibility aids is to ensure that the motor­
cycle is seen in the first place. lf the given detection 
task is too simple, one would probably not expect to find 
substantial differences in distributions of accepted or 
rejected gaps unless the sample sizes were extremely 
large. This may not be the case, however, in a more 
complex intersection situation where drive-rs are faced 
with traffic approaching from a number of directions. 

Overall, the research presented is of co.nsiderable 
value to those concerned with the issue of motorcyle 
safety. It has shown that very few motorcyclists cur­
rently attempt to increase their conspicuity by wearing 
high-visibility clothing, that the styling and durability 
of many high-visibility garments is less than optimal, 
and that the use of high-visibility clothing can, at least 
in simulated conditions, significantly decrease the time 
required to detect a motorc yclist . Although the study 
did not find that the use of visibility-enhancing tech­
niques had a measurable effect on the gap-acceptance 
behavior of drivers under the condition studied, it did 
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show that the technique was procedurally workable and 
of potential value in future research on conspicuity. 
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In a large proportion of collisions between motorcycles 
and other motor vehicles, drivers of the other vehicles 
reported that they did not see the mot ore ye list. This 
may or may not be the fact depending on the extent to 
which one is willing to accept reports of drivers who 
have been involved in such accidents. However, the 
geometric aspect posed by a motorcycle in many day­
time driving situations and perhaps even more at night 
suggests that motorcycle and rider provide a target 
that is difficult to see. 

Until the actual reason for these accidents is better 
understood, it is worthwhile to consider means of in­
creasing the conspicuity of motorcycles and their riders. 
The study that is being discussed here was concerned 
with such an evaluation of the effectiveness of various 
aids to visibility in daytime conditions. 

USER EVALUATION SURVEY 

Apparently, 75.5 percent of the respondents to the 
opinion survey on safety-related clothing indicated that 
they were still wearing the clothing issued to them. 
This would suggest a generally high degree of satisfac -
tion. That much of this clothing had an odd appearance 
was demonstrated by the fact that 25.3 percent of those 
participating in the study admitted to some degree of 
embarrassment in wearing it. This points out the need 
for good styling of clothing and integration of proper 
reflective materials into normal clothing worn by motor­
cyclists. Relatively few of the items that were evaluated 
in this study could be con~dered to be in the category 
of acceptably styled clothing that motorcyclists would 
willingly pure hase. 

Measurements of the degree to which the colors 
faded showed that the effectiveness of the clothing could 
not be assumed to be retained over very long periods 
of time, which indicates the need for improved ma­
terials. 

This study should provide an impetus to the manu­
facturers of motorcyclists' clothing to make it 
better suited and more acceptable to motorcyclists and 
to provide improved visibility in daytime. Parenthet­
ically, it would seem that an even greater effort needs 
to be made to ensure that clothing that is effective at 
night (~) should be more readily available. 

LABORATORY SIMULATION OF 
EFFECTIVENESS OF HIGH-VISIBILITY 
AIDS 

The tachistoscopic study of detection and recognition 

times of motorcyclists in a visual scene revealed that 
there appeared to be certain differences according to 
the types of clothing being worn. Primarily, the jacket 
and waistcoat produced significantly lower detection 
times than the control condition. In addition, the 
authors reported that the helmet produced shorter 
detection times than the control condition, but this 
finding was based on the dubious use of multiple t-tests. 
Although it was not stated by the authors, it is assumed 
that the sleeves, helmet, headlamp cover, and leg 
shields did not differ in their effect on detection time or 
differ from the control condition. However, I am also 
assuming that, since the mean detection times for these 
items of clothing were approximately the same as those 
for the control condition, they would as a group have 
had longer detection times than those for the motor­
cyclist wearing the waistcoat or jacket. 

One might, therefore, argue with the use of these data 
in terms of a nonlinear equation that relates the area of 
clothing to detection time. Basically Figure 4 could be 
indicated by two points that represent the central 
tendenc y of the detection times for the group consisting 
of the sleeves, headlamp cover helmet, and leg shields 
and the central tendency of the other group consisting 
of the waistcoat and jacket. 

This experiment was worthwhile and indicated that 
there were differences that were probably attributable 
to the various visibility aids that were evaluated by the 
8 92 mot ore ye lists. 

EFFECT OF HIGH-VISIBILITY AIDS 
ON GAP ACCEPTANCE BY DRIVERS 

In the field test, three configurations were evaluated in 
daytime: the control condition, the dipped headlight, 
and the fluorescent jacket. The use of a roundabout 
(traffic circle) was ingenious in that it allowed very 
frequent gap-acceptance measures to be taken dependent 
only on the extent or the t raffic flow on the roundabout. 
There were 352 gaps accepted and 922 re jected out or a 
total of 1854 passes; this indicates that in 69 percent of 
th.e passes traffic that involved some decision on the 
part of other drivers was present. The authors reported 
that there were no differences in the median accepted 
gap times that were attributable to the three motorcycle­
and-rider display configurations. 

It might be questioned whether median gap times are 
the most appropriate basis for comparison. Clearly, 
there is an increased likelihood of accidents if short 
gap times are accepted. Thus , an evaluation of, for 
example, the 10th percentile values of accepted gap 
times might be more relevant to an analysis of a 
potential hazard in the gap-acceptance judgments of other 
drivers. In Figure 5 it can be seen that the 10th per­
centile values of the three configurations at junction 1 
are the same, whereas at junction 2 there is a spread in 
the gap times accepted for the three configurations that 
is greater than the spread between the medians. Thus 
it appears that the headlight was somewhat more effec -
tive than the other two configurations in increasing the 
gap times accepted at the low end of the distribution. 
Whether such differences are significant has not been 
evaluated. 

Although the authors conclude that it is quite likely 
that this type of experiment could not demonstrate any 
effect on the effectiven-ess of high-visibility aids whose 
function is to improve the detection of a vehicle, I do 
not feel this to be entirely the case. However, there 
might be another effect besides an effect on detection of 
using either the headlight or the fluorescent jacket. 
These aids may have increased the apparent image size 
of the motorcycle and its rider . If so, they could have 
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had an effect not just on detection but also on the per­
ception of distance and velocity. In that case, an effect 
on gap acceptance attributable to perceptual factors 
rather than increased likelihood of detection might have 
been noted. 

It would also be interesting to evaluate whether the 
gaps accepted were discriminatory against the motor­
cyclist by using an automobile to make a comparison 
in the same situation of gap acceptance. This would 
help to answer questions such as whether or not the gaps 
that are accepted with respect to motorc yc les are dif­
ferent from those accepted with respect to other ve­
hicles for any number of reasons including perceptual 
as well as risk-taking factors. 

ln conclusion, 1t is felt that this research was most 
worthwhile, was carried out in a logical progression of 
studies concerned with various facets of the problem of 
motorcycle visibility, and used well -devised techniques 
to obtain the data. Obviously, more work needs to be 
done to improve detectability and provide other vehicle 
drivers with better information concerning the move­
ments of motorcyclists. 
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The authors are to be complimented for a high-quality, 
comP.rehensive piece of research . I would only like to 
comment on the problem to which the paper is 
addressed-motorcycle conspicuity. 

The Highway Safety Research Institute (HSRI) is cur­
rently under contract to the National Highway Traffic 
Safety Administration (NHTSA ) to investigate ways of 
improving the conspicuity of motorcycles. Thus, our 
program has aims quite similar to those described in 
the paper by Ashford, Stroud, Kirkby, and Kirk. 
SpecUically, our charge was to conduct an analysis of 
motorcycle accidents, select promising conspicuity 
treatments, and carry out a field test program. In­
~erestingly, the field test methodology we are using 
involves measures of gap acceptance. 

Our analysis of the accident literature, based on 
about 10 000 accidents involving automobiles and motor­
cycles in the state of Texas in 1975, indicated that the 
precrash geometric relations were somewhat different 
than they were for accidents involving two automobiles. 
Notably, motorcycles tend to be involved in accidents 
when an automobile attempts to maneuver across their 
path. Specifically, the two situations that seem to be 
most significant in this respect are (a) what we have 
come to call a right cross or left turn and {b) a center­
left ~urn. The former is a situation where the auto ­
rnob~le is initially stopped on the right of the motor­
cyclist and is attempting to enter the roadway either 
to C I ross completely or to perform a left merge maneuver. 
~n the second situation, the automobile is initially facing 
oward the motorcycle and attempting to make a left 

turn across its path . 

11 
The overrepresentation of these two kinds of col­

thsions in the motorcycle accident picture suggests that 
ere is a problem with motorcycle conspicuity. We 
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cannot be certain at this time what the exact problem is. 
It may be, for example, that the motorcycle is simply 
more difficult to see because it is considerably smaller 
than the bulk of the vehicles on the road. On the other 
hand, it may be that the motorcycle is seen but tends to 
be classified with pedestrians and bicycles whose mass 
it more nearly approximates. Whatever the reason, it 
appears that motorcycles would benefit from improved 
conspicuity and means of identification. 

A variety of candidate conspicuity treatments were 
developed by using available materials. The various 
treatments were evaluated subjectively by a committee 
composed of NHTSA and HSRI personnel. Several of 
these were selected for initial field testing . 

The first step in the field testing program was to 
determine whether the criterion selected was capable 
of discriminating among the various treatments. To do 
this, the first testing compared a control condition with 
several treatments that were very conspicuous; minimum 
regard was given to their appeal to the people who would 
have to use them. 

As I mentioned earlier, a gap-acceptance methodology 
was employed in our study as well. It seemed clear to us 
as it apparently did to the authors of the paper being 
discussed that, if one can measure actual changes in 
the behavior of drivers maneuvering in front of a motor­
cycle, it is far more meaningful evidence of the ef­
fectiveness of a treatment than are the types of data 
provided in previous investigations. Obviously, if gap­
acceptance measures show any changes, they imply that 
crashes arise from a fairly general response on the 
part of drivers and not, for example, from rare in­
stances of poor judgment. Thus, negative results do 
not necessarily mean the treatments are ineffective. 

I was impressed by the experimental method used in 
the gap-acceptance study described by Ashford, Stroud, 
Kirkby, and Kirk. rt was a model of simplicity and good 
control. Unfortunately, if I understood it correctly, only 
one type of maneuver was possible for the automobiles . 
That maneuver would correspond (when corrected for .the 
fact that Americans drive on the wrong side of the road) 
to what we call a right-right turn. This is not one of 
the maneuvers that our accident analysis suggests is 
particularly dangerous. For this reason we wanted to 
carry out our study in a way that allowed us to collect 
data on the two maneuvers described earlier (right 
cross or left turn and center-left turn). We did, however , 
collect data on the right-right turn maneuver as well. 

Briefly, the data are collected in the following way. 
The motorcycle is driven along a busy thoroughfare in a 
city near Ann Arbor, Michigan. It is a very busy street 
with a great deal of cross traffic from shopping centers, 
restaurants, and so on. The speed limit is 72 .5 km/ h 
(45 mph). The motorcyclist is instructed to position the 
motorcycle behind a cluster of other traffic and to open 
a gap of about 100 m (a few hundred feet ). As the ex­
perimenter rides along under this condition, he or she 
monitors traffic on the right and the left. Tf the motor­
cyclist sees a vehic le in position to make one of the 
three maneuvers of interest, he or she turns on the 
recording equipment with which the motorcycle is 
equipped and prepares to take data. The motorcycle is 
provided with equipment to measure distance traveled 
and an array of buttons to code various things. By 
pressing the appropriate buttons at the appropriate times, 
the experimenter can measure the size of the gap pre­
sented, report whether it was accepted or rejected, and 
what kind of maneuver was involved. These data are 
stored on magnetic tape and analyzed by computer. 

We currently have data on five daytime conditions : 
(a ) control motorcycle, (b) control automobile (c) 
motorcycle equipped with a fluorescent fairing, (d) 
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motorcyclist wearing a fluorescent jacket and helmet 
cover, and (e) motorcycle with low-beam headlight on. 
Not all of the conditions have as much data as we would 
like to see or will ultimately collect. The data we have 
at this time suggest that it may be possible to measure 
changes in driver behavior by the method described. It 
must be remembered that the study is in progress and 
conclusions at this time are tentative. We are en­
couraged by trends that show changes in the probability 
of acceptance of short gaps (less than 5 s) as a fwiction 
of the treatment conditions investigated. However, 

these trends are only found in the right cross or left 
turn and center-left turn maneuvers. The maneuver 
that is most similar to that measured by Ashford, strond, 
Kirkby, and Kirk seems to show no differences. 

Again, I think this is an excellent paper. It is 
regrettable that the gap-acceptance methodology pro­
vided negative results, but it may be that an expansion 
of the technique will still prove meaningful. 

Publication of this paper sponsored by Committee on Visibility. 

Signalization of High-Speed, Isolated 
Intersections 
Peter S. Parsonson, Georgia Institute of Technology 

At signalized intersections where approach speeds are 56 km/h (35 mph) 
or higher, drivers face a "dilemma zone." If the yellow signal comes on 
while the driver is in this zone, a decision to stop may result in a rear· 
end collision or a sideswipe. The opposite decision, to go through the in­
tersection, might produce a right-angle accident. For such an intersection, 
the traffic engineer needs to select a detector-controller configuration that 
will (a) detect an approaching vehicle before it enters the dilemma zone 
and either ( b) extend the green signal to provide safe passage through 
the zone or else (c) end the green signal when the vehicle is still upstream 
of the dilemma zone and thereby provide adequate stopping distance. 
A major research project examined in detail a number of advanced 
detector-controller designs. The resulting design manual has systemati­
cally integrated into a single publication the available knowledge on 
the subject. This paper condenses the author's contribution to the 
design manual, elaborates on certain points incompletely treated by 
it, and proposes a new configuration. Current knowledge of dilemma-' 
zone boundaries is reviewed, a classification of controllers and detec· 
tors and a taxonomy of detector-controller configurations are pro­
vided, and research data on the effectiveness of green-extension sys­
tems are summarized. The proposed new configuration uses a basic, 
actuated, nonlocking controller; 25-m (85-ft) long, delayed-call 
loop detector at the stopline; and two extended-call detectors up­
stream to give protection to the dilemma zone. 

For over a decade, it has been known that at signalized 
intersections where approach speeds are 56 km/ h (35 
mph) or higher drivers face a "dilemma zone" or "zone 
of indecision." If the yellow signal comes on while the 
driver is in this zone, the decision whether to stop or 
go through may be difficult. A decision to stop abruptly 
may result in a rear-end collision. The opposite de­
cision, to go through the intersection, might produce a 
right-angle accident. If the traffic-signal controller is 
vehicle-actuated rather than pretimed, the traffic engi­
neer can attempt to design the installation to minimize 
the problem of the dilemma zone . 

The goal of the traffic engineer in tackling this prob­
lem is to ensure, if possible, that no vehicle is in the 
dilemma zone on the display of the yellow interval . The 
key to the solution is the selection of a cost-effective 
detector-controller configuration that will (a) detect an 
approaching vehicle before it enters the dilemma zone 
and either (b) provide safe passage through the zone or 
(c) provide adequate stopping distance. Thus, the solu­
tion focuses on the placement of vehicle detectors and 

the coordination of that placement with the timing func-
tions of the controller. · . 

It bears emphasizing that the dilemma zone can be 
protected only if the green signal is terminated by "gap­
out." If the green is extended by heavy traffic (or an 
overlong unit extension) to the maximum interval, there 
can be no protection. A vehicle may well be caught in 
the dilemma zone. 

A major research project examined in detail a num­
ber of advanced detector-controller designs for use at 
high-speed, isolated intersections. The resulting de­
sign manual (1) systematically integrated into a single 
publication the available knowledge on this subject. This 
paper condenses my contribution to the design manual 
and elaborates on certain points incompletely treated by 
it. A new configuration is proposed. 

The dilemma caused by indecision on the display of 
the yellow interval is the subject of this paper but is only 
one of three separate difficulties associated with the 
termination of the green interval. A second and differ­
ent dilemma faces the motorist if the length of the yellow 
interval (plus any all-red clearance interval) is not 
enough to permit him or her either to clear the inter­
section or to stop safely (2). A third type of dilemma 
is the "short green" problem in high-speed signalization 
(3). A green interval of only 2 to 4 s in length may so 
conflict with a driver's expectations that he or she may 
panic and not react to the yellow change interval although 
there is ample opportunity to stop. 

BOUNDARIES OF THE DILEMMA ZONE 

Once it has been determined from analysis of accidents 
or conflicts that the problem of a dilemma zone exists 
on an approach, despite a rational timing of the yellow­
plus-all-red clearance period, an advanced detector­
controller configuration is warranted. The first step in 
the selection of this configuration is the identification of 
the extent, or boundaries, of the dilemma zone. This 
can be obtained from the literature and adjusted for 
gradients ( 4). 

In 1974,-Parsonson and others (5) examined research 
on the probability of stopping from various speeds (~, '!_, 
8). They characterized the dilemma zone as that ap-
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proach area within which the probability of deciding to 
stop on the display of yellow is within the range or 10 to 
90 percent. That is, the upstream boundary of the di­
lemma zone was located where 90 percent of drivers 
would decide to stop if the yellow began just as they 
reached that boundary. At the downstream boundary, 
closer to the stopline, only 10 percent would decide to 
stop . These findings are summarized below (1 km / h = 
0.62 mph and 1 m = 3.3 ft}: 

Approach 
Speed 
(km/h) 

48 
64 
72 
80 
97 

Distance From Intersection 
for Two Probabilities of 
Stopping (m) 

10 Percent 

27 
33 
50 
66 
78 

90 Percent 

52 
75 
90 

105 
135 

These data agree well with data for 48 and 80 km/h (30 
and 50 mph) published by Olson and Rothery in 1972 (9). 

Zegeer of the Bureau of Highways, Kentucky Depart­
ment of Transportation (DOT), recently conducted a 
thorough study of dilemma-zone boundaries for nine 
straight and level approaches (4). Responses of about 
2100 drivers to the yellow interval were recorded. Fig­
ure 1 and the following table summarize Zegeer' s find­
ings: 

Approach 
Speed 
(km/h) ---
56 
64 
72 
80 
89 

Distance From Intersection 
for Two Probabilities of 
Stopping (m) 

10 Percent 

31 
37 
46 
52 
71 

90 Percent 

77 
86 
99 

107 
117 

rt can be shown that at speeds of 72 to 80 km / h (45 to 50 
mph) Zegeer's dilemma zones are 28 to 38 percent longer 
than those reported by Parsonson and others (5). At 
lower and h.igher speeds, the differences are minor . The 
Zegeer data are extensive and were collected under 
closely controlled conditions. Most traffic engineers 
will probably use his findings in Figure 1 and the table 
above rather than data given in the earlier table. 

The Zegeer data show that the upstream boundary of 
the dilemma zone, at whlch 90 percent of motorists will 
decide to stop, is 4.5 to 5 s of passage time from the 
intersection. The other boundary, for a 10 percent 
chance of stopping, is 2 to 2. 5 s from the intersection. 
There is a dilemma zone that is typically 2. 5 to 3 s in 
length. 

Any solution to the problem of the dilemma zone be­
~ins with the detection of an approaching vehicle before 
it enters the dilemma zone. Therefore, it is axiomatic 
that there should be a detector approximately 5 s of 
t~avel time before the stopline, just upstream of the 
dilemma zone. In this connection, it is useful to show 
the dilemma-zone "cloud" (shaded area) on a table of ap­
P.roach speed versus passa.ge time from detector to stop 
line (Figure 2) (4). The figure shows that 5 s of detector 
setback is adequate except for speeds of 97 km / h (60 mph) 
or more. Cell values are distances in meters from the 
detector to the stopline at that approach speed. 

In the years before there was wide circulation of re-
:earch d.ata on dilemma-zone boundaries, it was common 
or traffic engineers to derive the boundaries from kine­

matic analyses of stopping and clearing. The upstream 
end of the dilemma zone is as·sociated with stopping; 
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therefore, a calculation of safe stopping distance from 
a certain approach speed should give a satisfactory es­
timate of the correct location for a detector just upstream 
of the dilemma zone. The minimum stopping sight dis­
tances for wet roads of the American Association of 
State Highway Officials (AASHO) (9) are shown in Fig-
ure 2 (dashed line) to be reasonably close to the upstream 
boundary of the dilemma zone. Figure 1 indicates a high 
probability of stopping (96 percent) for 80 km/h (50 mph) 
and the AASHO safe stopping distance of 111 m (369 ft). 
A detector placed at this location would lay the ground­
work for excellent protection against dilemma. 

Some investigators have not used the AASHO safe 
stopping distances but have instead assumed a 1-s re­
action time and an emergency stop on a dry road. Bierele 
(10), Grimm (11), and, in personal correspondence, 
Holloman, assistant traffic engineer for the city of 
Winston-Salem, North Carolina, have reported stopping 
distances at 80 km / h of approximately 76 m (250 ft) on 
this basis of calculation. Figure 1 indicates a probability 
of stopping of only 47 percent for 76 m and 80 km/ h. A 
detector placed at this location would leave over half of 
the dilemma zone without detection. 

DETECTOR-CONTROLLER 
CONFIGURATIONS 

The pu.rposes of this section are (a) to establish a uni­
form terminology, (b) to organize a taxonomy of ad­
vanced detector - controller strategies, p.nd (c) to propose 
a simple, qualitative flow chart to assist the traffic en- · 
gineer to sort out the alternative strategies. 

Terminology 

Sackman and others (1) explain the meaning of many 
specialized terms, such as stretch detector, locking de­
tection memory, and modified density controller. The 
distinction between several specialized types of de­
tectors is important to this paper. 

Here, the term extended-call detector is used to de­
scribe a unit that has a carryover output: When the ve­
hicle leaves the detection area, the extended-call de­
tector ''stretches" or prolongs the call for an adjustable 
period of seconds. An extended-call detector connected 
to a small loop or single magnetometer probe can es­
sentially mimic the output of a normal detector connected 
to a very long loop or a series of probes . 

By contrast, a delayed-call detector does not issue an 
output until the detection zone has been occupied for an 
adjustable number of seconds. Delayed-call detectors 
are finding extensive use in detecting congestion (~) and 
in screen.ing out false calls for the green signal (~_). 

In this paper, a green-extension system is a unit of­
fered by at least two manufacturers to provide protection 
for the dilemma zone at a semiactuated intersection (5). 
The unit includes two or more extended-call detectors 
and also dtsplay-monltoring circuits that aid in the con­
trol of the end of the green. 

Table 1 gives a taxonomy of detector-controller con­
figurations. It systematizes the advanced designs cur­
rently in use, or advocated for use, in the United States. 
Each design is "advanced" in that it uses multiple-point 
detection or advanced actuated controller or both . De­
tails of the applications of these designs can be found 
elsewhere (1). Table 1 demonstrates how different 
agenc.ies and engineers have combined various com­
ponents of detector-controller hardware in their at­
tempts to achieve safety at high-speed intersections. 
The table covers all types of controllers and is careful 
to distinguish between basic and "density" models and 
locking and nonlocking detection-memory modes. Simi-
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larly, detection is clearly specified as to type. 
Figure 3 is a flow chart intended to assist the traffic 

engineer to make a preliminary selection from the 
detector-controller configurations given in Table 1. 
There are several key questions on the flow chart that 
the traffic engineer needs to be able to answer for pur­
poses of specific application. The first is, Is it im­
portant for efficiency that the equipment also be capable 
of changing the green on detection of a gap no greater 
than 2 to 4 s? If the answer is no and the traffic engi­
neer is willing to accept a gap of 5 s, then the flow chart 
leads to relatively simple designs that use basic actuated 
controllers and detection systems that are comparatively 
inexpensive. Many traffic engineering agencies in the 
South and the Southeast, for example, find that these de­
signs are adequate for their needs. If the answer to the 
question is yes (as, for example, in many jurisdictions 
in the West Coast states), then the flow chart leads to 
relatively complex designs that use density controllers 

Figure 1. Dilemma-zone curves for Kentucky drivers. 
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or extensive detectorization or both. The degree of 
complexity and expense in these categories is primarily 
a function of whether traffic conditions are so variable 
during a 24-h period that the equipment must be able to 
measure speed and, in response, change the control 
logic in real time. 

For those engineers who answer no to the question 
above, the next key question is, Are false calls for the 
green (as in right turn on red) numerous enough that it 
is important that the equipment have at least some capa­
bility to screen out false calls? Practically every ju­
risdiction in the United States permits right turn on red 
in some form. The capability to screen out false calls 
is so vital to the efficiency of any actuated intersection, 
urban or rural, that it would seem that most traffic en­
gineers would answer yes to this question. The flow 
chart will then indicate a basic, fully actuated, non­
locking controller with a long presence loop at the stop­
line and an extended-call detector to protect the dilemma 
zone. If the screening out of false calls is of particular 
importance-a major goal-then a refined design that in­
cludes a delayed output from the stopline loop is sug­
gested. 

The flow chart does not venture into the area of main­
tenance of controllers and detectors. It is left to the 
traffic engineer to factor in such important considera­
tions as the capability of maintenance staff and the dif­
ficulty of keeping detection loops in service. 

KINEMATIC ANALYSES OF SELECTED 
CON FIG URA TIO NS 

It is useful to analyze the various designs given in Table 
1 by posing certain questions, most of which require 
kinematic analyses : 

1. Does the design detect a vehicle approaching at 
the design speed before it reaches the dilemma zone? 

2. What is the allowable gap imposed by this design? 
The allowable gap is the maximum time interval between 
actuations that will cause the green to hold. A short al-

Figure 2. Dilemma-zone boundaries. PASSAGE TIME IN SECONDS FROM DETECTOR TO STOP LINE 
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lowabl e gap will cause the green to terminate in a 
"snappy," traffic- responsive manner. A long allowable 
gap will often p rolong a green until it is terminated by 
the maximum interval setting of the controller. This is 
highly undesirable because no dilemma-zone protection 
is provided on "max-out" and a vehicle may well be 
caught in the dilemma zone. 

4. On termination of the green by gap-out, will ve­
hicles traveling slower than the design speed be clear 
of the dilemma zone ? 

5. Can a queue waiting at the stopline get into motion 
without a premature gap-out? 

6. Can the design screen out false calls for the green 
(as , for example, in right turn on red)? 

3. On termination of the green by gap-out, will the 
vehicles approaching at the design speed be clear of the 
dilemma zone? 

7. During the green interval, can a queue of left­
turning vehicles hold the green as they wait to filter 
through gaps in oncoming traffic? This is important on 

Table 1. Taxonomy of detector-controller configurations. 

Type System 

Green-extension systems (or semi­
actuated controllers 

Extended-call detection systems for 
basic controllers 

Multiple-point detection system for 
basic controllers 

Systems for density controllers 

Shifting-presence zone detection 
systems 

Area detection system Vii.th volume 
adjustment 

Computer controller 

Design 

Two-loop 
Three-loop 

21-m loop at stopline !normal detector output\ 
supplemented b~· extended-call detector 5 s 
before the stopline 

21-m loop at stop line !delayed -call output\ 
supplemented by extended-call detector 5 s 
before the stophne and a third detector lo f 
normal or extended output l between them 

Conventional design usrng one small-area de­
tector located 5 s before the stopline 

Extended-call detection systems 

Note 1 m = 3.3 fl_ 

Figure 3. Flow chart for preliminary selection of detector-controller configurations. 
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Use 

Composed of extended-call detectors and auxiliary logic: 
controller normally semiactuated with either locking or 
nonlocking memory: green-extension systems can also be 
used with basic, fully actuated. nonlocking controllers, 
in which case auxiliary logic is not need ed 

Used with bas ic, fully actuated, nonlocklng controllers 

Composed of multiple small-area detectors positioned to 
take into account vehicles traveling at and under design 
speed; used with basic, fully actuated, locking controllers 

Composed of many hypothetical speed-detection sensors. 
each sensitive to a narrow speed range and positioned to 
maintain green for a wide range of approach speeds; in­
tended for use with density controllers 

Composed of 18-m presence loop at the stopline, supple­
mented by multiple-point detection for a distance of 244 
m: volume-level indicator disconnects upstream detec­
tors when heavy volumes indicate lower speeds: uses a 
basic controller 

Computer measures speed o! each vehicle and continuously 
adjusts the vehicle extension interval to provide dilemma­
zone protection at all speeds 
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two-lane roads, where an occasional left-turning vehicle 
can cause a queue to form . When a gap in oncoming 
traffic appear s, a gap- out may occur before the queue 
can get into motion over its detector . 

These criteria are applied here to one of the configura­
tions in Table 1 for an example design speed of 72 km / h 
(45 mph). The table given previously for Zegeer's data 
(4) gives the dilemma-zone boundaries Cor this speed as 
~ and 99 m (152 and 325 ft) from the stopline, which 
corresponds to 2.3 and 4.9 s of passage time respectively. 

Conventional High-Speed Design 

The conventional or most straightforward design for a 
72-km/ h (45-mph) signalized approach would use a single 
small-area detector 99 m (325 ft ) before the intersec­
tion. The controller would be an advanced actuated 

Figure 4. Conventional detector-controller design 
for 72-km/h (45-mph) approach speed. 

Note 1 m • 3.3 ft 

9Sc. 

Figure 5. Typical positioning of last automobile 
and trailing automobile on gap-out without 
last-automobile-passage feature (conventional 
high-speed configuration) . 

Figure 6 . Conventional high -speed detector · 
controller design with last-automobile-passage 
feature . 

Figure 7. Gap-out of 56-km/h (35-mph) veh icle in 
the conventional high-speed design for 72 km /h 
(45 mph ). 

Note 1 m • 3 3 h 

model (density or volume-density) with the following 
key timing settings: passage time, 5 s; minimum gap, 
3 s; and last- automobile-passage feature, disabled if 
present. Figure 4 shows the detector location and the 
dilemma zone. 

The answers to the seven questions posed previously 
are as follows : 

1. The design does detect a design-speed vehicle 
before it reaches the dilemma zone since the upstream 
detector was located in accordance with Zegeer' s data 
on dilemma-zone boundaries , given previously. 

2, The allowable gap imposed by this design re­
duces, usually on the basis of time waiting on the red, 
to the setting of the minimum gap (here 3 s) . The 
shortest setting that would pass a 72-km/ h (45-mph) 
vehicle through a 53 - m (173-ft) dilemma zone is 2.6 s . 
The 2.6 s is therefore the minimum desirable allowable 
gap; a shorter value would give snappier operation but 
could leave a vehicle in the dilemma zone . 

3. On gap-out , the vehicles will be clear of the di­
lemma zone, and the last automobile to have cros sed the 
detector will be 3 s downstream from it and 2 s from 
the stopline. The driver will have little difficulty in de­
ciding to go through. The vehicle behind the last auto­
mobile (termed here the trailing automobile) will be up­
stream of the detector on gap-out and will easily decide 
to come to a stop. A typical positioning of vehicles on 
gap-out is shown in Figure 5. 

If the controller incorporated the feature for last­
automobile passage, the signal indication would not 
change until the last automobile had completed its pas­
sage time of 5 s after crossing the detector. Figure 6 
shows that in this case the trailing automobile may well 
be caught in the dilemma zone. The figure explains why 
California, for example, does not use the last­
automobile-passage feature . 

4. On termination of the green by gap-out, vehicles 
traveling slower than the design speed may be caught in 
the dilemma zone if the allowable gap is set low. For 
example, a minimum allowable gap of 4.9 - 2.3 = 2.6 s 
barely per mits a vehicle at the design speed of 72 km/ h 
(45 mph) to clear its dilemma zone before gap-out. A 
s lower veh.icle would be caught. Figure 7 shows that an 
allowable gap of 4.3 s would be required to pass a strag­
gler at 56 km/ h (35 mph) through its own dilemma zone. 
It can be s een that there is a trade-off between snappy 
operation and protection for the slower vehicles in the 
t raffic stream. One can be obtained only at the expense 
of the other. What is needed is a detector-controller 
configuration that can measure the speed of the last 
automobile and tailor an appropriate extension of the 
gr een. Computer controllers can do just that (see type 
7 in Table 1) and represent one alternative to the con­
ventional design. 

5. A queue waiting at the stopline is supposed to be 
able to get into motion without premature gap-out. A 
density controller has a ''var iable initial interval, " which 
is intended to produce a minimum green sufficient to 
permit motion over the detector in time to ext.end the 
green. Thus, the design taken at face va1ue will meet 
this test. However, in practice it has been observed 
that p r emature gap-out can occur when t r affi c is ver y 
heavy. Dense traffic can defeat the purpose of the tim­
ing ad justment that controls the number of actuations 
lon the red) that will cause maximum initial to t ime. 
When traffic is dense, traffic stopping at the inter sec­
tion may arrive at the detector during the green interval 
and therefore cont r ibute nothing to the timing of the next 
initial interval. Years ago, the only remedy was to set 
a value of minimum initial high enough to ensure motion 
over the detector . Such a high setting resulted in slug-
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gisb operation during periods of light traffic and a loss 
of reputation for the sophisticated capability of the den­
sity controller. The type 4 extended-call system offers 
a solution to this problem and is discussed elsewhere (1). 

6. The design has no ability to screen out false calls 
for the green because the controller's detection memory 
is of the locking type . Once a vehicle crosses a detector, 
its call will be locked in until satisfied by a display of the 
green to that approach even if the vehicle has turned into 
a gas station or turned right on red. Many of the alter­
native designs in Table 1 provide ·a degree of screening. 

7. A queue of vehicles waiting to turn left cannot hold 
in a call for the green. Many of the alternative designs 
in Table 1 overcome this problem by using a stopline 
loop. 

Green-Extension Systems for Semiactuated 
Controllers 

A green-extension system (GES) is a commercially 
available equipment package consisting of two or more 
extended-call detectors, one or more auxiliary timers 
that can disconnect or "force off" the extended-call de­
tectors, and auxiliary electronics that can monitor the 
signal display, arm or make operational the extended­
call detectors, and control the yielding o! the green to 
the side street (by activation of hold-in-phas e circuits). 
The auxiliary timers and electronics are needed only if 
the controller is semiactuated. If it is fully actuated, 
then the extended-call detectors do not require any aux­
iliary logic and the designs are as given for type 2 
(Table ll. The semiactuated controller can use either 
locking or nonlocking memory for the side street de­
pending on whether detection is for a small or large 
area. 

The type 1 two-loop system uses two extended-call 
detectors and is considered satisfactory for approach 
speeds up to 72 km/h (45 mph). The three-loop systems 
are recommended where approach speeds are in excess 
of 72 km/h or where speeds are lower but traffic den­
sities are quite high. The allowable gap of a GES is 
typically 4. 5 to 5 s. 

Inasmuch as Parsonson and others (5) describe GESs 
in detail, and since semiactuated control is steadily 
losing favor for use at isolated intersections, no further 
consideration of such systems is required here. 

EFFECTIVENESS OF GREEN­
EXTENSION SYSTEMS 

There is a substantial amount of before-and-after data 
on the effectiveness of GESs in Kentucky. Zegeer has 
prepared an outstanding report on the effectiveness of 
5 of 16 GES installations of the Kentucky DOT (4) . Ex­
tensive accident data for 3 of these sites were combined 
to give a total of 8. 5 years of before data and 3. 7 years 
of after data. Zegeer found a total of 70 accidents be­
fore GES and 14 accidents after or 8.2 and 3.8 ac­
cidents/year respectively. This was a reduction of 
about 4.4 accidents/year or 54 percent. Zegeer re­
ported that rear-end accidents were reduced by 75 per­
cent and right-angle accidents by 31 percent. Summaries 
of Property-damage-only, injury, and fatal accidents 
showed that the number of each type of accident was re­
duced by approximately 50 percent. 

Two new GES sites, at the Kentucky towns of Ashland 
and Stanford, were selected for before-and-after studies 
of conflicts, speeds, and delays. Average speed at 
both intersections is approximately 66 km / h (41 mph), 
and each uses two-phase, semiactuated control. Figure 
~ (_!) shows as an example the installation at the Ashland 
intersection. The five detectors shown on US-23 are 
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GES detectors; they do not actuate the controller. The 
4 percent downgrade on the northbound approach de­
termined the need for a third GES detector 125 m (410 
ft) from the stopline. The comprehensive evaluation of 
the two intersections produced a number of significant 
conclusions, including the following: 

1. The six types of yellow-phase conflicts observed 
were reduced by an average of 62.1 percent. 

2. No significant change was found in the number of 
automobiles stopped or in the total delay of vehicles on 
side streets after installation of the GES. 

3. The initial cost to install a GES to an existing 
signal is $2750, and maintenance costs for a 10-year 
period are $500 / year. The cost of an average accident 
to the highway user in Kentucky is $7112 . Therefore, 
if a GES installation were to eliminate only one mainiine, 
rear-end accident per year, the benefit / cost ratio would 
be 6 and the total net benefit to motorists would be close 
to $ 30 000 over a 10-year period. 

PROPOSAL FOR A NEW CONFIGURATION 

There appears to be an unmet need for a high-speed de­
sign that includes loop-occupancy features; a basic, ac­
tuated, nonlocking controller; and extended-call detectors 
and that provides both a short allowable gap and protec­
tion over a wide range of speeds. A new configuration 
of the type 2 delayed-call variety is proposed in this 
section and is shown to have an allowable gap of 3. 3 to 
4.0 s and a range of speeds from 56 to 80 km/h (35 to 
50 mph). 

Figure 9 shows the details of the design. The 26-m 
(85-ft) long stopline loop is a delayed-call design (with 
a quadrupole (~) configuration to improve detection of 
small vehicles ) . So great a length is intended to hotd 
the call of discharging vehicles until a 2-s gap in 56-
km/h (35-mph) traffic occurs. In this way, the green 
will be held by start-up traffic until motion over the 
extended-call detectors is ensured. Premature gap-out 
is thus avoided. 

The following analysis presumes that (a) both 
extended-call detectors are the type that time the ex­
tension from the exit of the vehicle and not its entrance 
into the detection area, (b) 1. 8-m (6-ft) long loops are 
used and (c) the vehicle is 4. 5 m (15 ft) long. 

The upstream detector is set to extend the call by 
1.4 s. This ls sufficient to carry vehicles at 64 to 80 
km / h (40 to 50 mph) to the second extended-call detector 
(Figures 9 and 10). Slower vehicles at 56 km/ h (35 mph) 
will not reach that detector, thereby losing their green 
before reaching their own dilemma zone (Figure 11). The 
second detector is set to extend the call by 1.9 s, to 
carry vehicles at 64 to 80 km/h through their dilemma 
zones. A kinematic analysis follows. 

1. The design does detect an 80-km/h vehicle before 
it reaches the dilemma zone since the upstream detector 
was located in accordance with Zegeer ' s data. 

2. The allowable gap is nominally the sum of the 
settings of the two extended-call detectors or 3.3 s . 
More precisely, the allowable gap should be calculated 
by taking into account the lengths of the loops and vehi­
cles. On this basis, the time headway from front bumper 
to front bumper that will just hold the green is 3. 7 s for 
80-km/ h t raffic and 4.0 s for a 64-km/ h stream. The 
fact that the stopline loops disconnect once dis charging 
traffic is at speed is of great value in ensuring a reason­
ably short allowable gap. 

3. On gap-out, vehicles traveling at the design 
speed-80 km/h-will be clear of their dilemma zone 
(Figure 9) . 
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4. Slower vehicles, at 56 to 72 km/ h (35 to 45 mph), 
will also be clear of the dilemma zone on gap-out. See 
Figure 10 for 64 km / h and Figure 12 for 56 km / h. 

5. The 26-m (85-ft) long loop at the stopline will 
allow a queue waiting at the stopline to get into motion 
without premature gap-out. 

6. The delayed-call design of the stopline loop im­
proves the ability of the design to screen out false calls 
for the green. When the green is at rest on the cross 
street, however, a false call at either of the extended­
call detectors will bring the green unnecessarily. 

7. The long loop at the stopline permits a queue of 
left-turning vehicles to hold the green as they wait to 
filter through gaps in oncoming traffic. 

The next step in the development of this proposed new 
configuration will be a trial installation in the Atlanta 
area. 
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Discussion 
Jon D. Clark, Kentucky Department of Transportation 

Parsonson has provided a very valuable tool to the en­
gineer whose objective is to design a signal system that 
will provide dilemma-zone protection for high-speed 
vehicles approaching an isolated signalized intersection. 
Many jurisdictions, recognizing the dilemma-zone prob­
lem, have developed and Lmplemented unique system de­
signs. Quite often these systems were designed on a 
case-by-case basis, and very little attention was given 
to standardization. 

This paper and the research project design manual 
referred to by Parsonson (1) have analyzed and classified 
the various state-of-the-art and classic systems in use 
today and have provided a taxonomy of advanced detector­
controller strategies for the practicing engineer. This 
taxonomy does provide a means of standardizing design 
as well as providing a common basis for future discus­
sion for the practicing engineer. 

The state of Kentucky uses a standardized design for 
the 32 dilemma-zone signal systems currently in opera­
tion. The system design used would most closely fit 
Parsonson' s type 1 (two-loop and three-loop) green­
extension classification even though basic, fully actu­
ated, nonlocking controllers are used. A more complete 
description of the system design used in Kentucky can 
be found in the appendixes of the research project de­
sign manual (1) and a report by Zegeer (13}. 

It should be noted that practically all dilemma-zone 
protection signals in Kentucky are located on major 
arterials and were installed under the interruption of 
continuous traffic warrant. Capacity is seldom a major 
problem even though every effort is made to maintain a 
high level of operational efficiency. All 32 intersections 
currently provide dilemma-zone protection to the main­
line phase only. 

Originally, stop-bar loops were used for all ap­
proaches that had dilemma-zone protection. The initial 
interval was low and the efficiency high; however, from 
a safety standpoint, this type of operation proved to be 
less than desirable. This design, during off-peak pe­
riods, created unreasonably short mainline green pe­
riods, which in turn created an intolerable stopping 
problem, particularly for commercial vehicles. Time­
lapse photography showed that commercial vehicles ac­
celerated just before their arrival at the normal dilemma 
zone, particularly after they observed that the green 
phase commenced as they were approaching the inter­
section [303 m (1000 ft) or more]. Eliminating the pres­
ence loops and placing the phases on minimum recall 
with a 12- to 18-s initial interval, in addition to the ad­
vance loop extension time, seemed to satisfy driver ex­
pectations and lessen the problem. A second consider­
ation for this minimum recall type of operation was the 
desire that the signal dwell in the dilemma-zone green 
Phase during periods of rest or vehicle inactivity. This 
is very important when the dilemma-zone approach is 
on a significant grade and snow and ice are not uncommon. 

Truck (commercial) traffic creates a very severe 
Problem at several locations . This is particularly true 
at locations that have a significant downgrade approach 
where truck speed is excessive and sight distance is very 
good [O. 8 km (O. 5 mile) or more J. Automobiles share 
this problem to a lesser degree. The problem of 
the short green phase mentioned earlier becomes 
v~ry significant under these conditions. Truck drivers, 
with their vantage point and experience, probably have 
a ~erception-reaction time 50 percent less than that of 
drivers of passenger vehicles; however, the actual 
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stopping distance for trucks is much greater. For ex­
ample, a vehicle with a 3-S2 commercial classification 
would require a 65 percent greater stopping distance than 
would an average vehicle (13). Excessive weight and 
poor brake performance can increase the stopping dis­
tance even more. Ideally, a truck detection system 
would be used and trucks would be treated separately. 
Unfortunately, this type of equipment is not currently 
available. 

The technique used in Kentucky for an intersection 
with the aforementioned problem is to use the highest 
observed vehicle speed as the design speed in determin­
ing the location of the back loops. This technique has 
produced very satisfying results . An example is the 
Ashland (US -23) intersection (4, 12). The northbound 
steep-grade approach with a two-loop configuration (85th 
percentile design speed) experienced a much higher in­
cidence of traffic conflicts than did the southbound ap­
proach, which was a 0 percent grade that used the same 
detection scheme. In an attempt to reduce the problem, 
an additional loop was installed on the northbound ap­
proach by using the 99th percentile speed as the design 
speed. This additional loop in the northbound direction 
reduced the number of conflicts to the same approximate 
level as that for the southbound approach. The results 
of a conflict study conducted at this intersection by 
Zegeer (i) are given below: 

Condition 

Conflict Rate 
per 1000 Oppor­
tunities (%) 

North· South · 
bound bound 

Before 19.1 12.4 

5.0 
After 

Loops based on 85th percentile 11.2 
speed 

Northbound loop based on 99th 6.9 
percentile speed, southbound 
unchanged 

5.8 

Conflicts per 
Hour 

North· South· 
bound bound 

10.48 6.9 

7.36 3.2 

3.53 3.76 

Obviously, the Kentucky approach is a compromise 
solution. Trial-and-error field work has produced the 
procedures now in use. It is important that additional 
research be conducted to determine truck dilemma zones 
by vehicle classification. The effect of excess grade as 
it affects the dilemma zone for all vehicles and the ef­
fects of short greens should also be the subject of addi­
tional research. 

The new configuration proposed by Parsonson offers 
some advantages over most existing systems, particu­
larly types 1 through 4. The 26-m (85-ft) stopline loops 
with quadrupole design provide much better control of 
the departing vehicle queue . This is also a far superior 
design for two-phase intersections with unprotected 
left-turn movements. To operate efficiently, it is es­
sential that the stop-bar presence loops be deactivated 
once the waiting queue attains operating speed. Expe­
rience in Kentucky has shown that using the presence 
loop for extension and call will more likely result in a 
maximum time termination of the green phase rather 
than a gap termination. This is particularly true on a 
high-volume approach (12 000 average daily traffic). 

It is recommended that the initial vehicle be set at 
10 to 15 s to eliminate the problem of the short green, 
particularly when the signal display is visible for a 
great distance. It is also desirable that the signal rest 
or dwell in the dilemma-zone green phase. 

Kentucky used and abandoned the stop-bar loop before 
the advent of the quadrupole configuration and digital 
self-turning loops. Poor maintenance performance and 
the short-green problem caused this abandonment. The 
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large loops would not adequatel y detect all vehicles, and 
the analog non-self-turning loop amplifiers tended to 
detune during temperature changes. This generally re­
sulted in a locked-in call and a maximum time termina­
tion of the green phase. It appears that detector tech­
nology has now evolved to the point that the maintenance 
factor can be virtually ignored in the process of selecting 
a detection scheme. In view of these facts , the quadru­
pole configuration is highly recommended for greater 
flexibility and operating efficiency. 

Delay detection is considered essential for side­
street phases at all times and for the main phases during 
off-peak, low-volume times. 

Parsonson' s advance detection strategy would be ex­
cellent for most vehicles approaching isolated, high­
speed intersections. However, approach speeds in ex­
cess of 80 km/h (50 mph) are not rare at most inter­
sections. Very comprehensive data should be collected 
to determine the existence of higher speeds, truck stop­
ping problems, or excessive grades. If conditions war­
rant, a supplemental loop or loops should be considered. 
This loop extension time should be sufficient to allow a 
vehicle to pass the second loop using 80 km/h as the 
travel speed. The only deterrent to adding supplemental 
loops to the proposed configuration is the increased like­
lihood of maximum time termination of the green phase 
during periods of high traffic volume. 

In conclusion, Parsonson has provided an excellent 
report that summarizes most known designs for dilemma­
zone protection and indicates situations for which they 
would be most appropriate. It is anticipated that this 
report will assist in developing standardized designs. 
The new configuration proposed by Parsonson appears 
excellent and should provide excellent results when 
implemented. 
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Author's Closure 
Clark's discussion of high-speed truck traffic is an im­
portant contribution to the literature. He suggests that, 
where a signal is visible from 300 m (1000 ft) away, a 
minimum green time of 12 to 18 s is needed to meet the 
expectations of truck drivers. Heretofore, traffic en­
gineering judgment seemed to center on 8 to 10 s as suf­
ficient. Clark's discussion seems to be the profession's 

first perception that 8 to 10 s may not be enough in cer­
tain situations . 

My paper proposes a new configuration intended for 
speeds of up to 80 km / h (50 mph) . Clark points out that 
higher speeds need to be anticipated by the designer, 
particularly if trucks or downgrades are a factor . In 
response, I have modified my proposed configuration to 
that shown in Figure 12. 

The upstream detector has been r elocated to 115 m 
(380 ft) from the intersection, a distance adequate for 
vehicles approaching at 88 . 5 km / h (55 mph). The second 
detector is placed 77 m (2 54 ct) from the intersection; 
this is the upstream boundary of the dilemma zone for 
vehicles approaching at 56 km / h (35 mph). Both of these 
detectors are of normal design (i.e . not extended-call), 
and the unit extension of the (digitall controller is set at 
1.9 s . It is easy to show that the 1.9-s extensions of the 
green will carry vehicles approaching at 64 km/ h (40 
mph) to 88. 5 km / h through their respective dilemma 
zones. The allowable gap of 3. 7 s for an 88. 5-km/ h 
stream and 3.9 s at 80 km/ h (50 mph) is snappy enough 
to minimize the extension of green to the maximum 
interval. 

The modified configuration could retain the 26-m 
(85-ft) long stop-bar loop proposed. However, the high 
cost and questionable durability of so long a detection 
loop are of concern. As an alternative, I propose a 
stop-bar loop only 8 to 9 m (25 to 30 ft) in length to be 
used with a novel hybrid detector . A loop of this length 
will usually bridge the gap between standing vehicles, 
ensuring a call. The detector is an extended-call and 
delayed-call (EC-DC) design with an adjustable timer 
for each of the two modes. As a queue discharges over 
the EC-DC stop-bar loop, the detector functions as an 
extended-call model. The stretch settings are high 
enough to produce an unbroken call until the vehicles 
are up to speed, at which point the detector gaps out. 
On gap-out, the detector becomes a delayed-call unit; 
the full-speed vehicles do not produce a call, and the de­
tector is in effect disconnected. 

In the proposed design, once the minimum green of 
15 s has expired, the extended-call feature of the de­
tector will hold in a call to the controller until there is 
adequate motion over the upstream detectors. Pre­
mature gap-out is avoided. Then, the EC-DC stop-bar 
detector will gap out, leaving only the upstream detectors 
to give dilemma-zone protection and control the allow­
able gap. The amount of stretch on the EC-DC stop-bar 
detector must be high enough to prevent premature gap­
out but low enough to ensure that this detector will dis­
connect before interfering with the assignments of the 
upstream detectors. 

There seems to be no evidence that such a hybrid de­
tector has ever been built . During the spring of 1978, 
one was to be created by the traffic engineering staff of 
Gwinnett County, Georgia, in cooperation with the Canoga 
Controls Corporation. The effectiveness of the proposed 
design was then to be tested at a Gwinnett County inter­
section. 

Publication of this paper sponsored by Committee on Traffic Control 
Devices. 
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Relation Between Lighting 
Parameters and Transportation 
Performance 
D. A. Schreuder, Netherlands Institute for Road Safety Research, Voorburg 

The relation between the te<:hnical requirement.s for road·trattrc lighting 
(geometry and photometry) and the functions of safety, speed, comfort, 
and cost is eitamined. Emphasis is placed on safety comiderations. The 
"chain" between cost and effectiveness (i.e., transportation performance 
or eccident reduction) is broken down into Its elements. Each element 
can be studied separately . ·and the chain can be followed from both 
sides-supply and demand. On the supply side , cost leads to the con· 
spicuity level provided ; on the demand side , acc ident reduction leads to 
the conspicuity level required. Future recommendations must ensure 
that the level provided always exceeds the le_vel required. The funct ional 
approach presented here promises results . It contrasts with the tradi ­
tional approach, which consider-sonly the visibility for standard tasks 
defined a priori-tasks that have no demonstrable relation to the driving 
task in real traffic situations. It is concluded that further detailed re· 
search is required. 

Road lighting is expensive in terms of both money and 
energy. Therefore, these costs should be justified by 
benefits. Road lighting is thus considered utilitarian. 
Its benefits are found in four slightly overlapping areas: 
(a) road traffic and transportation performance, (b) 
public safety, (c) amenity, and (d) aesthetics. This 
paper is restricted to road traffic and transportation 
performance. 

In the past, because road transportation was viewed 
from the economic viewpoint alone, cost-effectiveness 
considerations were simply a matter of bookkeeping. 
Recently, however, it has been realized that road trans­
portation has an extremely wide impact on the com­
munity. The function of various facilities, such as 
road lighting, is to ensure that such transportation can 
function optimally. The function is usually described 
as allowing the road user to reach his or her destination 
safely, speedily, comfortably, and at minimum cost. 
Thus, cost-effectiveness considerations , and those for 
road lighting, are more complicated than bookkeeping 
only. It is usually assumed that all road-lighting re­
quirements for safety, speed, and comfort are similar, 
increasing in that order in respect to their severity. 
Thus, safety can be considered the basic aspect and the 
others as only increasing the load on the lighting. 

The effectiveness of road-lighting installations com­
pared with no lighting at all can be estimated on the 
basis of traffic accident studies. Usually they are of 
the before-and-after type: The number of accidents 
before the installation of road lighting is compared with 
the number of accidents after installation, and ap­
propriate correction is made for variations in travel, 
weather, and other changing factors on the road. As a 
result of methodological restrictions, the number of in­
vestigations that yield valid data is relatively small, 
but they all suggest a reduction of some 30 percent in 
~ighttime a~cidents attributable to lighting (.!_, ~. ~. i_, ~. 
-' .'.?_, _!!). This holds for "good" lighting installations 
~ompared with very little lighting or no lighting at all . 
t owever, to find out how good lighting should be in order 
0 be considered good in considerations Ci>f cost­
;r~ecttveness, this approach does not give useful results. 
. e reasons for this are that (a) the change in lighting 
lnstallations proves to be applicable in before-and-after 

studies in only a few cases, (b) the number of 
accidents is too small and their registration not ac­
curate enough to permit a rigorous statistical treatment, 
and, probably most important, (c ) the effectiveness of 
lighting seems to depend not only on the lighting level 
but also on the type of road and traffic. Therefore, 
for a mo.re detailed study, more detailed methods must 
be applied so that lighting installations of different 
quality in terms of accident-reduction potential can be 
compared. Such a detailed study requires the sub­
division of the problem into a set (a chain) of sub­
problems . This chain is shown in Figure 1; the separate 
elements of the chain are described in detail in this 
paper. Further study areas pertain to including driving 
comfort a.nd transport aspects. 

This approach is not a very recent development. 
However, the pioneer work of Dunbar (9), Smith (10), 
and Waldram (11) passed unnoted, and lisually-iftt was 
cCi>nsidered at all-the aim of road lighting was supposed 
to be to approximate daylight as closely as possible. 
The more recent functional approach aims at a more 
realistic view (E_, ~). The fundamental work of 
Hopkinson on discomfort effects (14) should also be 
mentioned. -

ANALYSIS OF THE PROBLEM 

One of the following questions should be asked, depending 
on whether the problem is to design or to assess light­
ing installations : 

1. Which are the requirements on lighting and in­
stallation parameters (what are the costs) of a lighting 
installation that ensures a certain effectiveness (to be 
expressed in terms of accident reduction)? 

2. What is the effectiveness of a lighting installation 
that shows certain characteristics in relation to lighting 
and installation parameters (and thus costs)? 

Clearly, these two questions indicate two approaches to 
the problem that can be described as related to demand 
and supply. Equa.lly clearly, lighting installations can 
be qualified as adequate or good only if the supply equals 
or exceeds the demand. 

There are many ways to improve nighttime traffic 
conditions. Road lighting centers on the fact that nearly 
all information needed for participating in traffic (as 
driver or pedestrian ) is of visual origin. Therefore, it 
seems natural to use the visual informati on supplied 
and required as the main concept. Because in most 
cases visual information is related to the degree to which 
objects are conspicuous, it is suggested that the amount 
of visual information should be expressed in levels of 
conspicuity. 

In this way, the assessment of cost-effectiveness 
is split into two main problem areas: 

1. How is the supplied conspicuity level related to 
lighting and installation parameters? 

2. How is the demanded (required) conspicuity level 
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Figure 1. Chain of subproblems linking costs to road traffic and 
transportation performance. 

{

[a] 
[b] 

"supply" [cJ 

l d J 

costs 

installation parameters 

lighting parameters 

supplied conspicuity level 

{ 

[4] required conspicuity level 

[ 3] manoeuvre behaviour 
"demand" r 1 . . . _2 _ accident reduction capacity 

[I J road traffic and transportation 
performance 

[a}--[b]-{c]-[d]-

--{ 4}--{ 3 }--{ 2 }.----{ 1] 

related to travel performance (expressed in terms of 
accidents or accident reduction)? 

These two problem areas are connected by the require­
ment for adequate lighting: The supply should be equal 
to or larger than the demand (Figure 1) . (It is assumed 
above that the actual costs of a specific lighting in­
stallation, for which the installation parameters are 
known, can be calculated .) 

RELATION BE'IWEEN LIGHTING 
AND CONSPICUITY 

The relation between lighting and conspicuity is in fact 
the supply part of the total chain. This part can be 
subdivided into a number of separate steps. Installa­
tion parameters are used here as a starting point in 
view of the fact that actual costs can usually be as­
sessed when the installation parameters are known 
(see band a in Figure 1). 

The installation parameters represent the actual 
lighting installation. They include geometry (spacing, 
mounting height, road width, overhang, and arrange­
ment), lamp or lantern characteristics (Iao, Iaa, luminous 
flux, large-scale integration), and road surface char­
acteristics (sue h as q. and xP; q 0 , Si, S2; or other char -
acteristics) . In most cases, all data are available; 
they will usually be available even before the installa­
tion bee om es reality. 

When the installation parameters are known (or 
selected), it is possible on the basis of the systems and 
programs proposed by the International Commission on 
Illumination (CIE) (~) to perform the next step-the 
assessment of the lighting parameters. The general 
system has been worked out in detail by CIE (16). This 
requires complete information on the lighting distribu­
tion (I tables), the reflection properties of the road (R 
tables), and, of course, other data. 

It has been argued that a lighting installation can be 
described by a number of lighting (or photometric) char­
acteristics such as the average road surface luminance 
and its uniformity, the glare control mark, the thresh­
old increment, and the visual guidance (16, section 2). 
To a certain extent, visibility and driving performance 
have been taken into account in setting up these char­
acteristics. Therefore, it is to be expected that a fur­
ther and more systematic consideration of these as­
pects requires adaption (extension or change) of these 
characteristics. Furthermore, dynamic aspects have 
not been fully taken into account. 

Photometric characteristics represent an inter­
mediate step between the installation and conspicuity. 

For this purpose, they can serve rather well although 
in essence they are not a homogeneous set: The thresh­
old increment is exclusively a matter of visual per­
formance, luminance and uniformity combine aspects 
of visual performance and visual comfort, the G mark 
is exclusively a matter of visual comfort (by definition), 
and visual-optical guidance is a matter of traffic per­
formance combined with visual comfort. In the past, 
however, the criteria have been considered to a certain 
extent to have a basic function of their own. Apart from 
the theoretical shortcomings of this view and the 
rigidity in lighting engineering they sometimes provoke, 
the major drawback of this way of looking at the matter 
is that the criteria are usually considered as independent 
factors, each of wh.ich calls for its O\Vn minimum value. 
Thus, CIE recommendations state that, for a particular 
type of road, L.. should exceed 2 cd/ m2

, the uniformity 
should be better than 0.4, G should exceed 6, and TI 
should be lower than 10 percent. A more fundamental 
approach allows for investigations of the following type: 
If G is 8 and the uniformity 0.6, is it allowed or possible or 
advisable to decrease the minimum for L.. to 1.8 or 1.5 
or 1.0? Obviously, answers to such questions are im­
portant for practical lighting design @, 17). 

Lighting parameters are considered to describe the 
visual environment in adequate detail to assess visibility 
(the visual guidance and the G mark play no part in this). 
This statement, although plausible, requires further 
confirmation. Bow far the statement can be. applied 
depends on the accuracy desired. As a first approxima­
tion, the average road surface luminance is sufficient 
for many types of problems since it usually approaches 
the level of adaptation fairly well. On the other hand, 
for the description of the visual environment in actual 
traffic conditions, the characteristics given above are 
not sufficient : Dynamic effects are not included, and 
glare for other light sources and the influence of the 
luminance of the surrounds of the roads (shoulders and 
sidewalks) on the adaptation level are not fully known. 
Thus , results from this approach can be applied only 
for a restricted group of traffic situations. This should 
be kept in mind when, for example, the findings for 
busy urban streets are to be applied on rural motor­
ways. It is precisely to handle these hitherto unknown 
factors that the approach from the demand side is being 
developed. 

When the visual environment is defined, visibility 
can be assessed directly on the basis of the system 
adopted by CIE (18). The validity of the approach has 
been assessed inmany investigations (~, 19, !Q, ~ 22, 
23, 24, ~ 26 ). Although some discrepancies did show 
up, in general there seems to be go-od agreement be ­
tween the actua l measurements and the theoretical 
framework that is developed primarily on the basis of 
laboratory experiments. 

However this approach to arriving at a set of re­
quirements for road-lighting installations that ensure a 
preselected degree of road traffic and transport per­
formance has come to a complete dead end . Although 
visibility can be assessed to a very precise degree, the 
results are of no practical value. 

Visibility can be assessed only for a distinct object. 
Furthermore, the appropriate definition of the concept 
of visibility implicitly includes aspects of the task of 
the observer. It is customary to make certain as­
sumptions in these two respects (usually the object is 
taken as a small cube or something similar, and 
visibility is taken as equivalent to threshold percepti­
bility). The results of this exercise are inconclusive 
in relation to road safety because it is impossible to 
find out from the visibility and lighting studies whether 
the assumptions are in any way related to what is 
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Figure 2. Qualitative indication of the relation N 
between number of accidents N and quality of "'- _ 

road lighting 0. Nero=-~---£-~ 

- 0 

relevant in traific. The only thing that emerges is the 
suspicion that visibility, defined in this way, has in fact 
very little to do with traific . 

Therefore, "field factors " of from 10 to 30 are in­
cluded. These field factors actually reflect the common 
sense and the experience of the investigator both as a 
lighting designer and as a road user . This again ex­
plains why actual road-lighting installations usually per­
form quite well (as may be seen from the studies on 
accident statistics quoted earlier ) although the 
fundamental questions were not answered at all. It also 
explains why important but rather precise questions like 
the minimum required levels of luminance for motor­
ways (1 or 2 cd/ m2

) cannot be answered and why new 
developments for which no experience exists can be 
perfected only by means of very expensive and time­
consuming trials. 

In summary, selecting (sets of) standard visual tasks 
a priori is useless, and selecting them on the basis of 
visibility considerations is dubious. The first does not 
give any information that can be applied with confidence 
in road situations ; the other , representing in essence a 
circular argument, only serves to hide the real problems 
behind a curtain of beliefs and assumptions . The only 
valid basis f'or the definition of ''standard" visual tasks 
is the actual requirement in road traffic. 

The functional approach is a possible way out of this 
impasse. This will be a major part of future research 
in this field. In essence, it consists of considering the 
demand side of the conspicuity level (the term con­
spicuity level is preferred to the term visibility because 
one of the major problems at hand is to find aspects of 
visibility that are really relevant to road traffic). 

RELATION BETWEEN CONSPICUITY 
AND ROAD SAFETY 

As indicated earlier, of all the benefits of road lighting 
only road traffic and transportation performance are 
considered In this paper, which results in road safet y 
being expressed as accident-reduction potential. A 
further restriction is now introduced: Drivers of ve­
hicles (or automobiles ) are considered to be users of 
road lighting-users meaning here those ind"ividuals that 
use the lighting to improve their possibilities for ob­
servation on the road. Thus, pedestrians are con­
sidered as objects and not as road users. All these 
restrictions are not of fundamental value ; they are in­
troduced only to reduce the size of the discussion . AU 
arguments an~ all conclusions can be restated in such 
a -v:ay that they include other types of benefits, other 
criteria of quality of travel, and other road users, the 
common idea being the fact that in all cases the lighting 
~erves a well-defined purpose and is therefore util­
itarian. 

The benefits of road lighting for automobile drivers 
can be expressed in the number of accidents that are 
pre~ented by the lighting. This has loosely been de­
~cr1bed as the accident-reduction potential of the light­
ing. More precisely, these benefits could be expressed 
as N = f(Q) where N is the number of accidents still 
occurring and Q the quality of the lighting. The first 

be
research task is to define Q in such terms that it can 

applied. 
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As indicated earlier, this functional relation cannot 
be established directl y from accident statistics. Not 
only the description of Q is lacking; to approximate a 
function relation, the "steps" in Q, and thus the differ­
ences in consecutive steps in N, should be small . This 
holds even more if one looks for the minimum admis­
sible value of Q . For this the relation is usually taken 
as having an asymptote N in N for high Q. The mini­
mum admissible value of Q is that value where (N - N. ) 
< £, ( being small and depending in magnitude on the 
amount of social concern . This implles that when N = 
f(Q) is not known as a real (continuous) function, it 
should at least be known in steps smaller than £. This 
is shown in Figure 2. The establishment of this (quasi- ) 
function directl y from accident statistics requires an 
enormous experimental effort . The reason for this is 
that accidents, being occurrences that happen relatively 
seldom, can be described by a stochastic process (a 
Poisson distribution t hat can be approximated by a 
normal distribution). To distinguish between two normal 
distributions that differ only slightly in their mean 
values (the step ( ), the samples to be taken must be 
large. The length of road network available for the ex­
periments is also large. This makes it virtually im­
possible to perform this analysis within reasonable 
time and cost limits. 

As a possible way out of these difficulties, it is sug­
gested that the relation between conspicuity and road 
safety be broken up into a number of separate steps, 
as shown in Figure 1. It is also suggested that the 
analysis of the driving task be included as one of the 
intermediate steps. As has been argued in other places 
in great detail (~ ~ 29, 30), the driving task can be 
described in the hierarchy of decision processes given 
below: 

Individual Behavior 

Selection of motive 
Selection of destination 
Selection of mode of transport 
Selection of route 
Selection of maneuver 

Collective Behavior 

Trip generation 
Trip distribution 
Modal split 
Assignment 
Traffic flow 

The hierarchical level of most importance here is the 
lower one in which the maneuvers are described. Thus, 
the actual handling of a vehicle can be described as a 
series of maneuvers, each of which is performed after 
a decision to do so, a decision based among other things 
on (visual ) information about the outside world. 

The ' 'space" required for the adequate performance 
of each maneuver can be defined.as cau the available 
space. Space should be understood here in a very gen­
eral sense: it is determined not only by the border of 
the roadway but also by the maneuverability of the ve­
hicle, the ability of the driver, the presence and the 
maneuvers (actual or planned ) of other road users, 
visiblity, meteorological conditions, the skidding 
resistance of the r oad surface, and other factors. The 
actual extent of both the required and the available 
space is unlmown. The driver has to base the decision 
whether or not to undertake a certain maneuver on 
estimations of the extent of the space. It may be as­
sumed that the estimation of the required space is not 
a matter of visibility but of confidence in the road­
holding capability of the vehicle , the driving ability of 
the driver, and so on. The estimation of the available 
space, however , is clearly a matter of visibility . 
There are three possibilities : The actual extent A of 
the available space is larger than, smaller than, or 
equal to the estimated extent A'. A more detailed 
consideration leads to the preference for A' = A. Thus, 
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the road lighting should be such that A can be estimated 
correctly. 

This idea is, in a vague way, behind the requirement 
that the visibility distance of objects must be at least 
equal to the minimum stopping distance. However, if 
one selects a visual task that corresponds to an object 
for which the driver really has to stop, e.g., a truck 
parked on the roadway, the visibility distance becomes 
unrealistically large. Furthermore, trucks have signal 
lights or at least reflectors. Therefore, one usually 
selects a very small object-e.g., the notorious 20- by 
20-cm2 dull grey box (not an object drivers usually have 
to stop for). This is precisely the impasse indicated · 
earlier. 

The way out is the consideration that there are many 
objects that can present themselves and that there are 
a number of possible maneuvers from which the driver 
has to select one after he or she has had the opportunity 
to see and recognize the object and has had the opportu­
nity to make an assessment of the pros and cons of the 
different maneuvers. It is the analysis of the driving 
task that permits one to state which are the possible 
maneuvers under certain circumstances and which is 
the most appropriate. For the different maneuvers and 
for the different conditions under which they have (or 
may have) to be performed, the required space to 
maneuver can be assessed by taking into account the 
actual or the average value of vehicle performance, 
road characteristics, and driver ability. By taking 
into account the characteristics of the object that re­
quires the particular maneuver, the visual environment 
can be described so as to enable the actual or the average 
driver to really observe the object. This visual en­
vironment corresponds with the demand side, with 
the required conspicuity level. Finally, the lighting 
installation should be such that demand does not exceed 
supply. 

In this way, the chain that links installation param­
eters to road traffic and transportation performance is 
complete. It should be noted, however, that in the 
analysis given above specific aspects of vision and 
lighting are involved only in the last two steps. A 
major part of the future research mentioned in this 
paper is on the schedule of the CIE Technicai Com­
mittee on Road Lighting. 

CONCLUSIONS 

The effectiveness of good road lighting compared with 
no lighting at all can be determined from traffic accident 
studies. When one seeks to know how good is good in 
this respect, accidents are not frequent enough and not 
recorded accurately enough. 

The chain between costs and transportation perfor­
mance is split up into smaller parts; the costs (and the 
installation parameters closely related to them) stand 
for the supply side, and road traffic and transportation 
performance (and accident-reduction potential, which 
is closely related) form the demand side. For good 
road lighting, the supply should equal or exceed the 
demand. The chain is followed by starting from both 
sides simultaneously. The supply side gives the sup­
plied conspicuity level; the demand side leads to the 
required conspicuity level. Again, the supply should 
equal or exceed the demand. 

The supplied conspicuity level can be derived from 
installation parameters by means of well-established 
methods. A similar derivation of the required con­
spicuity level from traffic and transportation perfor­
mance requires further research. The traditional 
method, in which one or maybe two standard visual 
tasks are postulated as being representative for driv-

ing, is completely unsatisfactory and may even lead to 
erroneous results. 
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Reanalysis of California Driver-Vision 
Data: General Findings 
Brian L. Hills, Transport and Road Research Laboratory, Crowthorne, England 
Albert Burg, University of California, Los Angeles 

Early studies of the relations between driver vision and 
accidents were contradictory in their findings, largely 
because of the small sample sizes used. However, in 
1967 and 1968, Burg (1, 2) published the findings of a 
study in which visual measurements made on over 17 500 
California drivers were compared with their 3-year driv­
ing records, which included over 5200 accidents. It re­
mains to a considerable extent the most comprehensive 
study of driver vision yet accomplished. 

Taking the driving population as a whole, Burg found 
very weak but statistically significant correlations be­
tween various vision scores and driving records . The 
vision test that best predicted accidents proved to be a 
nonstandard one-dynamic visual acuity (DVA), in which 
the observer had to resolve detail in a rapidly moving 
acuity target; however, by itself, DVA remained a poor 
Predictor of a driver's accident rate. This and other 
general findings of Burg's study reflected both the multi­
causaI nature of traffic accidents and the need to develop 
te~t~ of visual perception that are more relevant to the 
dnvmg task than the classical tests of vision (which were 
largely devised for reading purposes). 

Vision standards for driver licensing require not only 
the selection of valid visual characteristics to be tested 
but also the establishment of valid cutoff scores as cri­
teria for passing or failing. To date there has been vir­
tually no research into the latter problem, and this study 
Was .conducted with this need in mind. This paper sum­
marizes the major findings of the study and is taken from 

a more detailed report (3). 
The study explored in-depth the implications of Burg's 

data for driver-vision standards and concentrated on de­
termining whether certain subgroups of the driving popu­
lation displayed stronger relations between vision and 
driving than did others. Preliminary work suggested 
that analysis of older drivers rather than of those with 
poor vision was most likely to show these stronger re­
lations. Therefore, in the main analyses, the sample 
was divided into four age groups : under age 25, ages 
25 to 39, ages 40 to 54, and over age 54. 

VISION TESTS 

The vision tests used by Burg included the following: 

1. Static visual acuity (SVAl-binocular distance 
acuity measured by using the Bausch and Lomb Ortho­
Rater (F-3 test) and, for a subsample of the total popu­
lation, a Snellen chart: 

2. Dynamic visual acuity (DVA)-the ability to per­
ceive a series of rapidly moving (Ortho-Rater l checker­
board acuity targets projected on a cylindrical screen 
at two angular rotation speeds: 90°/s and 120°/s; 

3. Low-light recognition threshold-the threshold 
amount of light required to recognize familiar targets; 

4. Glare recovery-the length of time taken by the 
subject to reattain the low-light recognition threshold 
after exposure to 5-s glare; and 
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5. Field of vision-total horizontal visual field, 
both eyes combined. 

DRIVING RECORD VARIABLES 

Research has clear ly shown that the number of kilo­
meters driven (quantitative exposure to risk) is a funda­
mental factor in predicting the number of accidents and 
convictions for traffic violations experienced by a driver . 
In this study, therefore, only accident and conviction 
rates [per 161 300 km (100 000 miles) driven] were con­
sidered as driving record variables, to minimize the 
influence of exposure. Furthermore, 98 drivers with 
average annual distances driven of less than 1613 km 
(1000 miles) were excluded from the analyses since they 
were found to be highly atypical of the total sample on a 
number of cr1tical driving and personal characteristics. 
The total sample ultimately analyzed numbered 14 283 . 

COMPARISON OF STATIC ACUITY 
TESTS 

The primar y test instrument for determining binocular 
static acuity in the Burg study was the Bausch and Lomb 
Ortho-Rater, which uses checkerboard visual targets 
(the same instrument was used for official testing of ap­
plicants for drivers' licenses in California where the 
study was conducted). To permit a comparison of two 
common test methods, binocular static acuity was also 
measured for a subsample of 4753 subjects by using a 
Snellen chart. In view of the fact that current PJ'Oposals 
for the harmonization of European standards are based 
on wall charts that use either the Snellen alphabetic 
characters or Landolt C-rings, the results of the com­
parison are of interest. 

As might be expected, the results showed that there 
is an approximately linear relation between the two 
acuities: however, the product-moment correlation 
coefficient is only 0. 70, hardly enough for accurate pre­
diction of one score from another . Although the two 
acuities coincide at 20/20, the slope is not 45°; 20/40 
Snellen was found to be approximately equivalent to 20 / 30 
Ortho-Rater, whereas 20 / 40 Ortho-Rater was equivalent 
to about 20 / 67 Snellen. While 46 of the sample would 
have failed a standard of 20 / 40 Snellen, only 18 would 
have failed a 20 / 40 Ortho-Rater standard, a dramatic 
difference in failure rate. These differences are be­
lieved to be attributable to the repeated pattern of the 
checkerboard, which would appear to be more resistant 
to spherical or certain cylindrical blurrings than the 
more complex form of alphabetic letters. 

This divergence between Snellen and Ortho-Rater 
acuities at the poor-vision end of the spectrum is clearly 
of significance when international comparisons are made 
of standards for driver vision and must be taken into ac­
count in considering the analyses for SV A that follow . It 
is not known whether this relation would also apply to 
different measures of dynamic acuity. 

DATA ANALYSES 

The primar y data analyses investigated relations between 
vision and driving as a function of both age and level of 
visual performance and used correlational analysis and 
t-tests to determine the statistical significance of dif­
ferences in mean accident rates for various subgroups 
of the sample . The results were quite different for the 
over 54 age group compared with those for the three 
younger age groups; therefore, this age group is dis­
cussed separately. 

Drivers Age 54 and Younger 

The data analyses revealed no significant relation be­
tween accident rate and any of the visual performance 
measures studied for the three younger age groups. It 
is felt that for young drivers factors other than vision, 
such as experience, are likely to be more highly cor­
related with accidents whereas for all age groups any 
deterioration in visual performance might be at least 
partially compensated for by modifications in driving 
behavior (such as reduced speed and increased head­
ways), by changes in looking behavior, and perhaps by 
improved manipulative skills. It may well prove that a 
higher order visual test-for example, a test of hazard 
perception-is a more effective accident predictor for 
these younger age groups than the tests of more basic 
visual abilities examined in this study (4). Henderson 
and Burg (5) suggest that tests of perceptual ability 
rather than sensory capability are more likely to be 
related to driving performance, which suggests the need 
for more complex performance tests that involve cogni­
tive as well as sensory aspects. 

Drivers Over Age 54 

Weak relations were found between certain of the visual 
tests and accident rates for the oldest age group. DVA 
and SVA tests showed the most systematic and consis­
tent relations ; 90°/s DVA exhibited a slight superiority. 
Although they were significant, the correlation coeffi­
cients found were very low, which indicates that for an 
individual driver the accident prediction value of these 
tests is poor. A more detailed age analysis failed to 
define more precisely the age at which these relations 
develop although evidence was found to suggest that there 
are marked differences in the way they develop under 
daytime and nighttime conditions. 

The results for the two tests of night vision-low-light 
recognition threshold and glare recovery-were regarded 
as inconclusive for the over 54 age group although glare 
recovery was the more promising of the tests. The test 
of total visual field is discussed below. 

Total Visual Field 

For the over 54 age group, there was no evidence of a 
progressive increase in accident rate with decreasing 
total visual field. In addition, no evidence was found to 
support a vision standard of 140° (as adopted by a num­
ber of states and recommended by the World Health 
Organization, the American Optometric Association, 
and a number of other bodies) . These findings are in 
general agreement with those obtained by previous re­
searchers. 

Developing Cutoff Scores for Driver 
Licensing 

A systematic attempt was made to find out whether vision 
test cutoff scores that might be cons ide r ed valid for pur­
poses of drive r screening could be dete r mined. This 
was done by systematically var ying the pass s core from 
the highes t to the lowest levels of visual performance for 
each test and then usi ng t -tests to determine for each 
pass score the statistical significance of the difference 
in mean accident rate between the pass and fail groups. 

The r esults of thes e analyses were in keeping with 
those of the correlational analyses described above. For 
the three younge r age groups, the vision tests provided 
no cutoff scores that could be considered consistently 
valid and useful. For the over 54 age group, however, 
useful cutoff scores were found for both static and dy-
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namic acuity. The most consistent results were ob­
tained for 90°/ s OVA, where both 20/ 50 and 20/67 cutoff 
scores proved highly significant. The 20 / 67 score 
failed 6 percent of the age group, and the mean accident 
rate for this fail group was twice that of the pass group. 

An Ortho-Rater static acuity cutoff score of 20/ 40 
placed 1. 6 percent of the drivers over age 54 in the fail 
group, and their accident rate was 2. 5 times that of the 
pass group. But since it was dete1·mined that this re­
sult was applicable solely to male drivers, its usefulness 
for female drivers is questionable. 

F0r total visual field, a cutoff score of 170° was 
highly significant; however, such a standard would fail 
nearly 80 percent of the over 54 age group, an obviously 
impractical ratio of selection. The results for low-light 
recognition threshold and glare recovery were not con­
sistent. -

DISCUSSION OF RESULTS 

If a vision test is to be successful in screening appli­
cants for drivers' licenses, it must correctly identily 
a maximum number of drivers in the target group, i. e., 
those with both bad vision and unacceptable accident 
rates, while at the same time minimizing the number 
of drivers identified as having bad vision but acceptable 
accident rates . Table 1 illustrates this point by giving 
the number and percentag·e of drivers over age 54 who 
fall into each of several categories based on combinations 
of vision score and accident rate. Four values are 
chosen as examples of acceptable accident rate : the 
sample mean and two, three, and four times the sample 
mean. A score of 20 /40 Ortho-Rater static acuity is 
used as the vision test cutoff (passing) score because it 
was found to be highly significant and gave the largest 
difference in mean accident rate (2. 5:1) between the fail 
and pass groups of all the static acuity levels tested. 
(However , it is possible that more significant results 
might have been obtained at a level of acuity intermediate 
to those available in the Ortho-Rater.) 

Data given in Table 1 show that using an accident rate 
of 3. 88 to define the maximum acceptable and then the 
20/ 40 cutoff identifies only 8 of the 250 drivers with un­
acceptable accide.nt rates and would reject 40 drivers 
with acceptable rates. A simple index of merit is shown 
tha t suggests that this is the best performanc e of the test 
for the four definitions of acceptable accident rate con­
sidered. However, such a simple index is not likely to 
be an adequate one in view of the social costs of denying 
a license to 40 acceptable drivers in order to remove 8 
unacceptable drivers from the road. A more valid index 
must take into account all of the social and poli.tical costs 
and benefits associated with each category. 

As indicated earlier, accident rate rather than ac-
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cident frequency was used as the accident-record cri­
terion because the former takes into account exposure to 
risk (distance driven) as a factor causing accidents. The 
analyses supported this dee ls ion by demonstrating that, 
if accident frequency is used as the criterion instead of 
accident rate, then the 20/ 40 Ortho-Rater cutoff score 
is even less successful in identifying drivers with un­
acceptable accident experience. For example, at the 
expense o! denying a license to 47 acceptable drivers, 
this cutoff score identifies only 1 or the 86 drivers over 
age 54 who had more than one accident in 3 years. 

It should be pointed out that older drivers drive much 
less than do younger drivers (1), and the use of accident 
rates as a basis for vision staildards can therefore lead 
to the paradoxical situation in which older drivers who 
failed a test would have fewer accidents per year than 
younger drivers who passed it , This raises a number 
of social and political issues that are outside the scope 
of this study. 

SUMMARY 

In summary, it must be said that, as a basis for vision 
standards that are valid in terms of potential accidents 
saved, the tests studied must be regarded as disappoint­
ing. The failure to find a direct relation between poor 
visual performance and high accident rate Lor young and 
middle-aged drivers has been consistent throughout the 
study, and, for the over 54 age group , the relations ob­
tained are significant but weak. The ability of these 
tests to identify drivers likely to have accidents-without 
paying an unacceptably high penalty in the rejection of 
good drivers-remains questionable. 

These findings lend support to current attempts to 
find perceptual tests of visual performance that are 
much better accident predictors than the largely classi­
cal sensory tests of vision studied here. (Tests of con­
trast sensitivity, movement perception, and hazard per­
ception are among those currently being examined, and 
it is recommended that investigation of other stimulus 
conditions for the promising glare-recovery test be 
carried out.> 

It should be stressed that the significant relations 
found for older drivers may not be causal. A driver's 
visual performance In this age range may merely reflect 
his or her "effective" (or phenomenal) age, and some 
other factor such as deterioration of the brain's central 
processing capacity may be the fundamental cause of in­
creased accident rates. Thus, improving a driver's 
visual performance may not improve his or her accident 
rate; however, even if a measure of visual performance 
is not causally r elated to accident rate, any predictive 
power it may have could still be valuable for the pur­
poses of screening or visual standards . 

Table 1. Effectiveness of Ortho·Rater binocular SVA cutoff score in differentiating drivers over age 54 with acceptable and 
unacceptable accident rates. 

Acceptable Accident Rate 
~ccidents 161 300 kml 

' 0.97 lsarnple rnean1 
' l.94 
<2 .91 
•3 .88 

Note: 1 km .. 0.62 m11e. 

'Tar!ll't !J'DLJp 'f(d/c} .' (blall 

O\'er 54 A~e Group 

Pass Score 120 40 or better ! 

a fdriver s with 
acceptable 
accident rate 1 

Number Percent 

2436 81. 9 
2501 84 . 1 
2607 87 .6 
2685 90 .3 

b (drivers with 
unacceptable 
ac cident rate1 

Number Percent 

49! 16 . 5 
426 14.3 
320 10 8 
242 8.13 

Fail Score !wors e tha n 20 40 1 

c 1ct ri \'e r s wi t h 
acceptable 
accident r atel 

Number Perce nt 

38 1.28 
38 1.2 8 
40 1.34 
40 1.34 

ct (driver s wi th 
unacceptable 
acc ide nt r ate1-

Simple Merit 
Number Percent Index' 

10 
ID 
8 
8 

0 ,34 
0.34 
0.27 
0.27 

I 31 
1. 55 
1.63 
2.22 
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Roadside Hazard Model 
Jerome W. Hall, University of New Mexico 
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One category of traffic accidents that has received in­
creased attention in recent years is the collision of a 
single vehicle with an object adjacent to the roadway. 
These single-vehicle, fixed-object (SVFO) accidents 
constitute approximately 17 percent of all reported ac­
cidents, and the probability of occupant injury in these 
accidents is significantly higher than is the probability 
for the complementary set of accidents. In an effort to 
develop cost-effective solutions to this problem, the 
Maryland Department of Transportation sponsored a 
study of these collisions on state-administered roads 
other than freeways. The objective of the study was to 
identify and quantify the parameters associated with 
SVFO accident severity and probability and to incorpo­
rate them into a hazard model. Previous reports (4, 5) 
have described the preliminary findings, and this abrldg­
ment presents the results of the concluding phase of the 
study. 

INPUTS TO A ROADSIDE HAZARD 
MODEL 

Field surveys conducted as part of the first phase of this 
study identified numerous objects adjacent to the road­
way. A majority of these objects, including drainage 
facilities, traffic signal supports, and utility poles, 
were manmade. The number of these elements, coupled 
with the cost and logistical problems of their removal, 
relocation, or redesign, requires that attention be de­
voted to those elements that (a) result in injury to the 
occupants of striking vehicles and (b) are relatively more 
likely to be struck. 

Severity 

The degree to which a particular type of object results 
in injury to vehicle occupants can be quantified by its 
severity index (SI). From 1970 to 1975, reported SVFO 
accidents on Maryland and U.S. routes had an average 
SI of 0.44. The severity indexes determined from ac­
cident records are average values for all reported SVFO 
accidents. Caution must be exercised in using these 
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averages primarily because of a significant number of 
unreported accidents. 

All other factors being equal, accidents at higher 
speed will result in a larger frequency of injuries. Rural 
highways have more severe accidents although some 
SVFO accidents on 47- to 56-km/h suburban arterials, 
especially those that occur at night when traffic volumes 
are relatively low and involve drivers who are in "other 
than normal" condition, occur at high speeds. Accident 
records indicate that 44 percent of SVFO accidents in­
volve drivers who are traveling at speeds too fast for 
conditions. A general model for determining the priority 
of roadside-hazard improvements must incorporate 
some speed-related parameter to highlight locations 
where SVFO accidents are likely to be more severe. 

The most serious problem that is not reflected in ac­
cident records or accounted for by the SI is the variation 
in object design. For example, a variety of guardrail 
designs are used; W-beam designs are the most common, 
but single- and multiple-wire cable guardrails are also 
used. Various mounting heights are used in conjunction 
with blunt, flared, or buried terminals. Similar varia­
tions exist for the designs of other fixed objects and are 
of considerable importance because they affect the se­
verity of SVFO accidents. 

Probability of Impact 

It is also essential for the hazard model to incorporate 
the likelihood of impact with a fixed object. Based on 
this research, the most important factors are traffic ex­
posure, roadway geometrics, and placement of fixed 
objects. 

The extent to which traffic is exposed to the object 
is partially reflected by the traffic volume on the route. 
However, volume by itself is not directly related to SVFO 
accident experience since multiple-vehicle accident ex­
perience increases at higher volumes whereas single­
vehicle accidents decrease. Traffic volume is also re­
lated to roadway characteristics-notably road width and 
shoulders-that are associated with the frequency of 
roadside encroachments (~, 2_). This research found 
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that an unusually high percentage of SVFO accidents (62 
percent) occur during conditions other than daylight. On 
some study sections, 80 percent of SVFO accidents oc­
cur during hours of darkness . 

Studies that have concentrated on accidents and the 
geometrics of rural highways (_!..) have found that align­
ment and roadway width are the most significant factors. 
The field inves tigations in this study found that the ad­
verse features of roadwa y alignment-notably steeper 
downgrades, sharp horizontal curvature, and the ab­
sence of shoulders-are the most critical factors. 

Placement of objects involves three components that 
influence the probability of impact and warrant inclusion 
in the roadside hazard model: (a) the distance of the ob­
ject from the edge of the traveled way, (b) the placement 
of the object inside versus outside a curve, and (c) the 
presence or absence of curbs or guardrail protecting the 
object. 

MODEL DESCRIPTION 

Results of previous studies (2) prompted the following 
conclusions with respect to the SVFO relative hazard 
model: 

1. Recognition must be given to the probability and 
severity of impact; 

2. It is essential to minimize the data items that 
must be collected for each object while maintaining the 
accuracy of the model; and 

3. Because of problems with the reported frequency 
of SVFO accidents, verification of the model will be dif­
ficult. 

The initial structure for the roadside hazard model is 

where 

H = relative hazard of a particular object, 
K = a normalizing constant, 
D = distance of the object from the road edge, 
S =prevailing speed of traffic on the roadway, 

(!) 

SI = severity index associated with the type of object, 
V = volume of traffic, and 
G =geometric conditions. 

Quantification of Parameters 

In determining the values of the factors to be used in the 
model, the following considerations are of prime im­
portance: 

1. Each factor must be based on data that can be 
easily obtained from field studies and the existing record 
system. 

. 2'. For a given parameter, the factors must recog­
mz~ in a logical manner the varying level of hazard as­
sociated with that parameter. 

3. The quantification must recognize that individual 
?arameters are not necessarily independent nor of equal 
unportance. 
h 4. The resultant hazard index can be normalized but 

5 ould be proportional to the combined effect of the ex­
pected frequency and severity of accidents. 

Distance 
~ 

An object 1 . simil c ose t? the roadway is more hazardous than a 
tance a.r one that is farther removed. The relevant dis-

is measured from the right-hand edge of the travel 
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lane to the object's nearest point. Since exact measure­
ment for each object would be time-consuming and would 
not increase reliability in proportion to the effort in­
volved, it is recommended that distance ranges be used. 
An analysis of distance-exceedance distributions provided 
the basis for quantifying the distance factor, as given 
below: 

D (m) f 1 1D) 

< 1.5 1.00 
1.5-3.0 0.76 
3.0-9.0 0.33 
>9.0 0.12 

Speed 

The factor of speed is important to the roadside hazard 
model because it affects the time an errant driver has 
to perceive and react and Is related to the kinetic en­
ergy dissipated by a collision. Because of the limited 
data available, the posted speed limit, which is a reason­
able representa_tlon of speeds on most state highways, 
was used in the model rather than the distributlon of 
speeds of vehicles leaving the roadway. Since the speed 
factor is primarily intended to reflect severity and 
secondarily to account for probability of impact, the 
inclusion of these two considerations is achieved by us­
ing the parameter (S + 16)2 where S is the posted speed 
limit. The rationale for this parameter is the reported 
higher accident experience at speeds 16 km/ Ii faster than 
the posted speed limit. Using an assumed maximum 
speed of 80 km/ h gives the following values of this pa­
rameter: 

S (km/h) f2 (5) S (km/h) f2 (S) 

48 
56 
64 

0.44 
0.56 
0.69 

Severity Index 

72 
80 
88 

0.84 
1.00 
1.17 

The SI for reported SVFO accidents serves as the best 
criterion for judging the seriousness of accidents that 
involve the various types of objects. It can be readily 
obtained from the accident-record system and can be 
periodically updated as new data become available. Us­
ing data for 20 000 SVFO accidents and the SI of 0.55 for 
light supports as the n.ormalizing value gives the follow­
ing calculated values of f3(SI): 

SI Type of Object f3 (SI) 

0.271 Construction barrier 0.49 
0.280 Other fixed object 0.51 
0.283 Sign support 0.52 
0.309 Fence 0.56 
0.353 Curb or wall 0.64 
0.379 Building 0.69 
0.399 Guardrail 0.73 
0.463 Culvert or ditch 0.84 
0.506 Embankment 0.92 
0.513 Bridge 0.93 
0.529 Other poles 0.96 
0.533 Tree or shrubbery 0.97 
0.550 Light support 1.00 

Traffic Volume 

Traffic volume is included Ln the roadside hazard model 
because it is related to the rate of encroachment (al­
though the latter is exceedingly difficult to measure) (§_) . 
This research has found that 52 percent of all SVFO ac­
cidents (versus 20 percent of all other accidents) occur 
between 9 :00 p .m. and 7:00 a.m. Although reliability is 
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improved by incorporating nighttime traffic volumes, 
the simplest procedure would employ only type of road­
way and estimated average daily traffic (ADT). The 
volume factors given below were determined from an 
analysis of SVFO accident rates and normalized to a 
base of 25 000 ADT: 

Type of Roadway 

Multi lane 
Wide rural 
Narrow rural 

Geometrics 

Adjustment Factor 

0.040 x (ADT in OOOs) 
0.064 x (ADT in OOOs) 
0.088 x (ADT in OOOs) 

The principal geometric conditions of the roadway re­
lated to SVFO accident experience are roadway align­
ment and the placement of the fixed object. Data from 
this study have been combined with findings reported by 
Wright (9) to assess the relative hazard of these various 
conditions. The following matrix gives fs(G} as a func­
tion of roadway grade and curvature and placement of 
the fixed object: 

Grade(%) 

Curvature Placement < -2 -2 to -5 > ·5 

00.30 Inside 0.108 0.135 0.215 
Tangent 0.133 0.167 0.265 
Outside 0.250 0.315 0.500 

30.50 Inside 0.129 0.163 0.258 
Tangent 0.159 0.200 0.318 
Outside 0.300 0.378 0.600 

> 60 Inside 0.215 0.271 0.430 
Tangent 0.265 0.334 0.530 
Outside 0.500 0.630 1.000 

Other Parameters 

The most obvious factor not directly accounted for in the 
model is the distinction between spot and continuous ob­
jects. The study found that 42 percent of the SVFO ac­
cidents involved spot objects. In comparison with free­
ways, the distinction loses significance because some 
suburban roadway sections had more than 190 fixed ob­
jects/one-directional km, and rural sections had up to 
60 objects / one-directional km. A second parameter not 
adequately addressed by the model is differences in the 
design of the fixed object. For example, the model does 
not indicate a reduction in hazard if wire guardrail is 
replaced by a more modern installation. A third ele­
ment that is not considered at this stage in the model is 
the relative hazard of objects placed on the foreslope 
versus the backslope. The latter is intuitively a better 
condition, but this research was unable to quantify the 
difference. These shortcomings are all accommodated 
to some extent in other models designed for limited­
access facilities (8). 

USE OF THE MODEL 

The hazard rating has three basic uses. Of primary 
interest is the fact that it can use field data to determine 
the relative hazard associated with the various fixed ob­
jects along the roadside, thus establishing a priority 
ranking for improvement. Second, the model permits 
a relative assessment of the various forms of remedial 
action, including the effects of severity or accident re­
duction. Third, the model can be applied to a variety 
of roadway design and operating features to develop a 
hazard hierarchy for fixed objects. 

Field Data Collection 

In the development of the model, major emphasis was 
placed on minimizing field data collection while main­
taining reliability. The data needed include route char­
acteristics (speed limit and traffic volumes}, type and 
placement of objects, and geometric design features. 
The field data are recorded on a suitably designed form 
by a two-member survey crew who travel the roadway in 
a properly instrumented vehicle. Essential equipment 
includes an accurate odometer, a slope meter, and 
equipment for measuring lateral distance. 

Despite efforts to simplify the data requirements of 
the model, a substantial amount of information will have 
to be collected, especially on roadway sections that have 
large numbers of fixed objects within 9 m of the roadway. 
On several of the study routes, there was less than 4. 5 m 
of right-of-way adjacent to the pavement. This con­
sideration, coupled with a hazard model analysis, led 
to the recommendation that initial data collection efforts 
be limited to objects that are within the existing highway 
right-of-way, or 4.5 m, whichever is less. A second 
limitation to facilitate data collection is the adoption of 
a policy for the correction of easily identifiable objects 
that use hazardous designs (e.g., deficient guardrail). 
A third possibility for expediting the inventory would be 
an automated field data collection system that would 
directly create a file for computer processing. 

Application 

The model can be applied on a theoretical basis to de­
termine the effect of various forms of remedial action 
and to establish a ranking of relative hazard. The spe­
cific inputs in this analysis are the calculated hazard 
index reduction and considerations of practicality and 
economics. Although specific characteristics at a par­
ticular location may dictate otherwise, a general cost­
effective structure for remedial action that is in general 
agreement with published guidelines for fixed-object cor­
rection was developed (§_). 

Interaction of Model Parameters 

The application of the model provides a method for ob­
taining some insight into which combinations of fixed 
objects and other parameters warrant the most imme­
diate attention. To use the model in this manner, a 
variety of roadway-volume classifications were con­
sidered. For each category of roadway volume, there 
are 8424 combinations of speed, object, distance, and 
geometric parameters. A computer program was used 
to calculate the hazard index for each of the combina­
tions, to sort the hazard indexes in order of decreasing 
numerical value, and then provide an ordered listing of 
the parameters that gave rise to these indexes. Since 
the combinations were generated theoretically, some of 
the conditions that appear high on the ordered listing 
may not exist anywhere along the roadway system. An 
examination of the top 150 hazard indexes (1. 8 percent 
of the total combinations) for wide rural roads with an 
ADT of BOOO identified the following characteristics: 

1. Forty-five percent of the entries have speeds of 
88 km/h and five entries have speeds of 56 km/h. 

2. Each type of object appears in the list of the top 
150 hazard indexes. 

3. Seventy-eight percent of the entries are for grades 
of less than -5 percent; 80 percent involve curves in ex­
cess of 6° curvature. 

4. Location on the outside of curves is dominant al-
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though locations on the inside of curves and on tangent 
sections also appear. 

5. No objects more than 3 m from the edge of the 
roadway appear in the list of the top 150 indexes, and 
most are within 1. 5 m. 
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Macroscopic Modeling of Two-Lane 
Rural Roadside Accidents 
Donald E. Cleveland and Ryuichi Kitamura, Department of Civil Engineering, 

University of Michigan 

A macroscopic study of off·road accident, road, and traffic flow character· 
inics on the rural two· lane state trunkline system was made to assist the 
Michigan Department of State Highways and Transportation (MDSHT) in 
developing pr iority programs for roadside hazard improvement. Statewide 
accident data for the period between 1971 and 1974 were analyzed, and, 
based on these data , a macroscopic modeling effort was undertaken for two· 
hundred and seventy 3.2-km {2·mile) sections of homogeneous two·lane 
road that had widely vary ing road and traffic conditions. Road data came 
primarily from analysis of MDSHT photolog files. Multiplicative models 
for different groups of average daily traffic 'Nere developed in which re­
striction on passing-sight distance , number and length of curves, and length 
of road with exposure to roadside obstacles within given distances from 
lhe road were found to be the ma n explanatory variables. These models, 
wtlich were evolved dynamically with the aid of statistical computer pro· 
grams; were tll$ted for the validity of underlying assumptions and were 
shown to explain as much of the variance as would be expected assuming 
a Poisson process of accident frequency . The models 'Nere validated by 
using additional data for two cases of low average daily traffic . and satis· 
factory results were obtained. Several immediate uses for the models are 
presented. 

Despite heavy urbanization, more than one-third of the 
total automotive accidents reported in Michigan happen 
on rural roads outside of incorporated areas (1). These 
accidents occur on facilities that range from low-flow, 
unimproved routes to multilane, intercity freeways. 
Even an agenC}' su.ch as the Michigan Department of 
State Highways and Transportation (MDSHT), which is 
responsible for the most important 12 900 km {8000 
~iles ) of highway in the state-the portion that carries 
f percent of the rural traffic-has a range in rural 
~Cilities from 4.3-m (14-ft ) wide two-lane routes to 

BDt-lane divided freeways . 
dThia system suffers approximately 50 000 accidents 

an a total of 600 deaths/ year (1). In recent years, 

much attention has been focused on these accidents in 
which damage or occupant injury results from the ve­
hicle leaving the road by striking an obstacle or losing 
its stability and turning over. 

Highway agencies have several countermeasures 
available that can reduce the toll from off-road acci­
dents . Obstacles can be removed or moved farther 
lrom the road : they can be weakened so as to break away 
without damaging the vehicle extensively: and they can 
be protected by devices that absorb the energy of the 
vehicle or redirect it along a safer path. In addition, 
the ground form created by such features as ditches 
and slopes can be made more forgiving by reshaping 
and stabilizing it for improved vehicle stability under 
emergenc y conditions . 

rt is recognized that a program of creating a "for­
giving road " on every kilometer of the Michigan rural 
highway s ystem would require a tremendous investment 
in funds and time. Agencies with rural responsibilities 
must invest their limited funds and manpower resources 
in those roadside improvements that return safety bene­
fits that justify these expenditures, and these investments 
must be made in a sequence that will maximize the 
time-scaled return to soc iety. 

Clearly a ke y step in a r oadside safety program Is 
to be able to predict what will happen when a roadside 
improvement of a particular type is made. An organized 
wa.y of developing the necessar y understanding to make 
such a prediction is to create a model that is accurate 
enough to be used in the investment decision. Useful 
models must be able to predict the consequences of a 
wide range of improvement alternatives . Unfortunately, 
c urrent understanding of the causes of accidents is in­
adequate, and only in recent years have sustained model-
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ing efforts been started and promising results ob­
tained (2). 

As a part of a sponsored research project for MDSHT, 
the investigators have explored and reported on the 
availability of models that are useful in predicting the 
frequency and severity of off-road accidents on short 
sections of road over fixed periods of time by using as 
inputs only knowledge of road and traffic conditions (3 ). 
Earlier efforts are found in the literature (4). -

A brief summary of the findings of earlier investiga­
tions is that off-road accidents are particularly sus­
ceptible to occurrence on curves, at locations with re­
stricted sight distance, on gradients, in the presence 
of structures, and where roadways and traffic flow vary. 

The most extensive attempt to model this phenomenon 
was presented by Foody and Long (5). Their best 
regression models for predicting single-vehicle off­
road accidents involved as many as 14 road and traffic 
variables and explained only 37 percent of the variance 
in the accident rate. They found that traffic flow, 
sight-distance restriction, road geometry transitions, 
and shoulder width were the most important of these 
variables. In an additional analysis, they concluded 
that shoulder width and surface stability were of pri­
mary importance in off-road accident experience. They 
concluded that the relative possible improvement re­
sulting from removal of roadside obstacles was quite 
small, that the development of such a program would 
not yield adequate returns, and that attention should be 
focused on shoulders and the road surface itself. After 
careful study of the analysis of Foody and Long, it is 
believed that many possible contributing roadway and 
traffic elements were not taken into account simul­
taneously; the obvious existence of interactions among 
these elements casts serious doubts on the validity of 
the findings. 

GLENNON MODEL 

Glennon recently developed a detailed and widely known 
model that predicts the number and severity of acci­
dents associated with each specific off-road obstacle (2). 
If the model were completely satisfactory (it is still -
being refined) and if a highway agency had full informa­
tion on all roadside obstacles, preferably in an easily 
retrievable form, the Glennon model could be applied 
virtually automatically to the entire roadway system, 
sections that have particular problems could be identi­
fied, possibilities for improvement could be determined, 
and cost-effectiveness analyses could be made. We 
are not aware of any highway agencies that have data 
sources in this form and, accordingly, the work pre­
sented in this paper is intended to serve primarily as a 
filtering device by which those highway sections and 
types that have the greatest potential for off-road acci­
dents can be identified. Then data for the application 
of the Glennon model can be developed and cost­
effectiveness analyses of potential improvements made 
at the necessary level of detail. 

It must be noted that the Glennon model in its most 
recently available published form does not specifically 
capture the observed higher frequency of off-road 
accidents on curv-2s in comparison with tangents; does 
not respond to other alignment, intersection, or cross­
section elements; and maintains that the frequency of 
accident occurrence is directly proportional to traffic 
flow, a finding not generally supported by authoritative 
empirical studies. 

METHODOLOGY 

The approach used in this research involved two stages 

of data acquisition. In the first stage, statewide acci­
dent data for all two-lane rural roads for the years 1971 
to 1974 were obtained from MDSHT. From the accident 
summaries themselves, some information on the road­
way was obtained (curvature, presence of an intersec­
tion, type of object struck). Average daily traffic (ADT) 
was acquired from another state data file. These data 
were classified appropriately, and statewide effects 
were determined. 

The second stage involved using the same accident 
files for locating accidents and obtaining information 
on the roadway, roadside, and traffic from other sources 
such as studies of sufficiency rating, ADT files, and a 
detailed engineering study that used the MDSHT photolog 
system [a photographic record of the driver's view 
available at each 16.1 m (0.01 mile) along the main 
trunkline system] to study roadway sections of concern. 
The main modeling effort was guided by the analysis of 
first-stage data and used the second-stage data as in­
puts. A stratified sampling technique was used in de­
termining a set of uniform 3.2-km (2.0-mile) roadway 
sections. 

The modeling effort involved the careful selection of 
causal variables and alternatives of model structure. 
The interactive development and improvement of the 
models, including the estimation of parameters, were 
undertaken by using the University of Michigan OSIBIS 
and MIDAS systems (3). Models were subjected to 
standard tests that followed currently accepted tech-
niques. · 

After the completion of the modeling effort, it was 
possible to validate two of the models by using easily 
available roadway data not used in the processes of 
modeling or parameter estimation (6). In evaluating 
the model's predictive performance-;- a Poisson as­
sumption was postulated as an underlying structure of 
the accident count on homogeneous sections. At the 
same time, this assumption was applied to filter out the 
"outliers" that had extreme accident experience. 

RESULTS 

Statewide 

In the statewide data analysis, it was found that 75 per­
cent of the off-road accidents on rural two-lane highways 
are of the fixed-object type and the remainder are turn­
over ace idents. Approximately one-third of the fixed­
object and three-fifths of the turnover accidents involve 
injuries or fatalities. 

It was found that the off-road accident rate decreases 
with increasing ADT. Roadway alignment was found to 
have a dominant effect on the severity of these accidents, 
and there was a high rate of injury accidents on curves. 
Furthermore, in the comparison of fixed objects and 
turnover accidents, there was a higher occurrence of 
turnover accidents on curves. 

It was found that the type of object struck is closely 
related to accident severity. However, this effect also 
interacts with roadway alignment in that the severity 
index (the fraction of all accidents that involve injuries 
or fatalities or both) is higher on curves for every type 
of object; this object-alignment interaction with severity 
is most noticeable for rigid objects with higher indexes 
of severity. It was also found that the severity of 
fixed-object accidents is less in intersection areas. 

Some of the more significant results of the state­
wide analysis are shown in Figures 1 through 3 and 
are given in the table below. Figure 1 shows accident 
rates versus ADT. It can be seen that accident rates 
decrease as ADT increases, particularly for turnover 
accidents. The very high accident rate of the less-
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Figure 1. Off.road accident rate and ADT : 1973. 
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than-2000-ADT class is particularly noticeable. 
The table below compares the 1974 frequencies of 

fixed-object accidents along two-lane rural MDSHT 
trunklines with fixed-object accidents on all rural 
roadways in the state (which are generally lower type 
facilities): 

Number of Trunkline 
Strikings on MDSHT Strikings on Percentage 
Trunkline All Rural of All Rura l 

Object Number Percent Roadways Roadways 

Guardrail 575 15.2 3 148 18.3 
Highway sign 448 11 .9 2 622 17.1 
Power pole 280 7.4 2 806 10.0 
Culvert 82 2.2 423 19.4 
Ditch 965 25.6 7 803 12.4 
Bridge abutment 27 0.7 300 9.0 
or pier 

Bridge railing 43 1.1 382 11.3 
Tree 556 14.7 6 OB5 9.1 
Highway or rail- 15 0.4 102 14.7 
road signal 

Building 32 0.9 360 8.9 
Mailbox 402 10.7 2 737 14.7 
Fence 128 3.4 1 544 8.3 
Island or curb 17 0.4 195 8.7 
Concrete barrier 12 0.3 328 3.7 
On-road object 90 2.4 , 250 7.2 
Other off-road ob- 80 2.1 689 11.6 

ject 
Overhead object 19 0.5 90 21.1 
Unknown 3 0.1 149 2.0 

Total 3774 100.0 31 013 12.2 

Objects such as power poles and trees have a lower 
frequency of being struck along trunklines, which in­
dicates the better cle arance of these roadsides. The 
higher frequencies of striking of guardrails, highway 
signs, and traffic signals along the trunkline indicate 
the greater density of these objects along these routes . 

The overall average severity index is 0.328. Fig­
ure 2 shows the effect of alignment on the index of 
accident severity as well as variation in the severity 
index for different types of objects struck. For all 
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Figure 2. Accident severity indexes of objects struck by alignment . 
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objects, accident severity on curves is greater than on 
tangents, and unyielding objects such a.s power poles, 
trees, bridge abutments, and culverts have much 
higher severity indexes on curves. The differential 
effect of roadway alignment on severity is compared 
in Figure 3 by proximity of an intersection. The non­
intersection areas generally have accidents of greater 
severity than the intersection areas. Furthermore, 
the effect of alignment on severity is not as great in 
intersection areas. Clearly, the value of the severity 
index used in object hazard evaluation must respond to 
roadway alignment, especially for objects that show a 
high-severity difference . 

Accident Prediction Modeling 

Since the input data for an operational model would be 
developed for a highway agency by using data from its 
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own files, the models described in this section are 
based on MDSHT accident and highway files. 

There is a tremendous variation in the frequency of 
off-road accidents on different sections of the Michigan 
trunkline system. Figure 4 shows this variation for the 
sample of two-hundred and seventy 3.2-km (2-mile) 
sections for the 4-year period between 1971 and 1974, 
which was used as a basis for the modeling effort. It 
can be seen that 10 sections recorded more than 20 
off-road accidents in this period, one section had 34, 
and 26 sections had no reported off-road accidents. 

Models were developed separately for total off-road 
accident experience and for injury-fatality accident ex­
perience. Fixed-object accidents were modeled 
separately from turnover accidents because of their 
different characteristics. Because of an anticipated 
possible effect of the national 80-km lh (55-mph) speed 
limit (effective in March 1974 in Michigan), data for 
the period from 1971 to 1973 were initially modeled 
separately from the 1974 data. The results, however, 
showed that there was no important difference, and 
data for the entire 4-year period were then pooled and 
used in all subsequent modeling efforts. 

It should be noted that this research concentrated 
on the occurrence of accidents and not on the accident 
rate. It is believed that the ultimate figure of merit is 
the number of accidents and that the use of rates can 
mask this effect. Since the models in this research 
are of a macroscopic nature, a decision was made to 
deal with a fixed length of highway (3 ), and only vari­
ables that summarize the relevant highway and traffic 
characteristics of such a section were used as inputs 
to the model. 

The first task in the modeling effort involved the 
identification of relatively easily obtainable data on 
variables that were expected to be causal or strongly 
associated with the occurrence of off-road accidents. 
The table below gives the variables that were used in 
the analysis (1 m = 3.3 ft): 

Variable 

Area 
Pavement width 
Shou Ider width 
Percentage sight restriction 
Rolling 
Number of curves 
Percentage of segment length curved 
ADT 
Number of intersections on curves 
Number of intersections on tangent 
Total number of intersections 
Shoulder treatment 

Abbreviation 
Used 

AREA 
PAVE. W. 
SHOULD. W. 
PSR 

NC 
PCL 
ADT 
NIC 
NIT 
NITO 

Figure 4. Distribution of total number of accidents on 270 
roadway sections: 1971to1974. 
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Variable 

Ditch condition 
Object stiffness 
Percentage exposure length to objects within 2 m 
Percentage exposure length to objects within 3 m 
Percentage exposure length to objects within 4 m 
Percentage exposure length to objects within 6 m 
Percentage exposure length to objects within 9 m 

Abbreviation 
Used 

DITCH 
STIFF 
086 
0810 
0814 
0820 
0830 

Variables represented by an asterisk did not appear in 
the results. Traffic flow was represented by the 1971-
1973 average of three ADT values (1974 data were not 
available). 

Variables expected to be associated with alignment 
included the percentage of the section with passing­
sight restrictions, a characterization of the terrain as 
rolling or level, a count of the number of curves in the 
section further broken down by the presence or absence 
of intersections on curves, and the total length of 
curved road in a section. Measures associated with the 
cross section and roadside included the width of pave­
ment and shoulder, the type of stability provided by the 
shoulder treatment, the predominant distance to drain­
age ditches and a description of the cross-sectional 
abruptness of these ditches, the exposure distance to 
obstacles within a variety of distances of the edge 
of the roadway, and a characterization of the energy 
exchange characteristics of those obstacles located 
less than 4.2 m (14 ft) from the edge of the roadway. 
The photolog study provided much of the above infor­
mation. 

The next step involved drawing a probability sample 
of rural 3. 2-km (2 -mile) sections for study. The 
initial task was to identify the population of two-lane 
rural MDSHT trunklines in the state. An initial screen­
ing was made of the 1974 MDSHT sufficiency rating re­
port. At later stages of the process, additional sec­
tions were eliminated, primarily because of the 
discovery of sections in urbanized villages classified 
as rural, sections that had been reconstructed to 
multilane standards, and those at the approaches to 
urbanized areas. A total of 1392 rural two-lane seg­
ments were identified. The strata formed for the final 
sampling consisted of three areal classifications for the 
state (the Upper Penninsula is much more rugged, 
rural, forested, and less densely populated than the 
highly urbanized southern sections), four ADT classifi­
cation groups, four classifications of shoulder width, 
three classifications of pavement width, and the per­
centage restriction on passing sight distance and the 
general terrain classification of the section. If sec­
tions with all combinations of each stratum existed, 
there would be about 1400 possibilities. 

Next, a review of individual sections was made to 
ensure that the length was 3 .2 km (2 miles) or greater. 
Some shorter sections, frequently those with high 
ADTs near urbanized areas, were eliminated from the 
sample population. For each section, a random point 
of beginning was selected, and the succeeding 3 .2 km 
were used. 

It was then determined that the availability of time 
and funds limited the main data-acquisition effort 
(photolog analysis) to between 250 and 300 sections. 
This meant that an approximately 20 percent sampling 
rate of all sections could be used, which resulted in a 
slightly less than 10 percent sample of total rural 
MDSHT two-lane highway. 

It was decided that stratified random sampling would 
be used since it is of crucial importance to obtain in­
formation on all existing combinations of possibly con­
tributing causal elements. All strata that had two or 
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fewer sections were selected for the final sample . For 
the other strata at least two sections were included in 
the sample. Combinations that involved extreme values 
of the strata were overrepresented. This sample 
particularly protects the results from extrapolation 
errors in the use of the resulting model at the possible 
sacrifice of accuracy in the most frequently occurring 
combinations. 

At the conclusion of the sampling, a total of 270 sec­
tions had been identified and studied. Thus, the model­
ing efforts for this study are based on data from this 
869.4 km (540 miles) of Michigan trunklines. 

The next step was the use of the automatic interac -
tion detection (AID) multivariate analysis technique, an 
extremely useful screening method developed at the 
University of Michigan (7L An effective method of 
presenting the results oCan AID analysis is a branch 
diagram from which one can see the way explanatory 
variables interact as well as the importance of in­
dividual variables in the explanation of variation, an 
important early step in the construction of models. 
One of the AID diagrams used in the research is shown 
in Figure 5. 

Although the average number of turnover accidents 
between 1971 and 1974 on the 270 sections was 1.91, it 
is obvious that traffic flow (ADT), the fraction of the 
rood that is curved (PCL), the length of the route that 
has fixed objects relatively close to the pavement 
(OB14 and OB20), and the fraction of the road that has 
inadequate passing sight distance (PSR) affect this 
average immensely. Although sections that have an 
ADT less than 500 average only 0.28 accidents, those 
that have high ADTs, much curvature, and fixed ob­
jects within 6 m (20 ft) of the edge of the pavement along 
much of the route average 6 .23 accidents. It should 
also be noted that this simple, unstructured model ex­
plains more than 42 percent of the variation in the 
entire data set. 

The next step was to develop an appropriate model 
by using multiple regression techniques and the AID 
results. The AID process signaled the necessity of 
stratifying the models when clearly different variables 
were involved. The regression model structures ex­
plored included both linear and multiplicative forms. 

Figure 5. AID branch diagram : 1971 to 
1974 turnover accidents. V!Ul.I l\N CE EXPLJ\Nl\TIO' • 
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However, because the analysis indicated the superiority 
of the multiplicative models over the linear models, 
the linear models are not described here (~). 

Total Accident Estimation Models 

The AID branch diagram for total off-road accident ex­
perience is shown in Figure 6. This stratification ac­
counts for 76 percent of the variation in only 18 ultimate 
classes of predictive variable combinations. The 
average number of accidents ranges from 1.08 for 
roads with low ADT and good passing sight distance to 
26 .0 for curved sections with many fixed objects within 
6 m (20 ft) of the surface and ADTs greater than 7000 
vehicles /d. The stratification is dominated by ADT, 
and a review of the variables for each of the ADT 
groups led to a decision to model separately each of the 
four ADT groups shown in Figure 6. 

The final estimating equations for the four ADT 
c lasses are given be low. The dependent variable y is 

· always the number of accidents in a 3 . 2-km (2 .0-mile) 
roadway s egment for a 4-year period. PSR, PCL, and 
0820 take values that range from 0 to 100. 

For ADT < 750, 

y = 0 .024(ADTJ 0 70 (PSR + 1 )0 ·18 - 1 

where t-statistics for the coefficients are 2.84, 2.98, 
and 3.03 respectively; R2 

= 0.34; and N = 50. For 
750 s: ADT < 1500, 

Y = 2.54(PSR + l)o24 - 1 

(I) 

where t-statistics for the coefficients are 5.41 and 4 .38 
respectively, R2 = 0.26, and N = 58. For 1500 s: ADT 
< 3500, 

(3) 

where t-statistics for the coefficients are 2 .11, 2 .68, 
1.97, and 5.16 respectively; R2 

= 0.32; and N = 82. For 
ADT"' 3500, 

y = 0. 12(ADT )046 (NC+ l)o.3s(OB:!O+ 1)0•21-1 

ADTiiO 500 PCL 1iO 35\ 
Note : For notation, 

see Table 

(4) 

2000 < ADT !0 4000 

MEAN 

NO. OF 
S ECTIONS 

PSR ~ 0 
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Figure 6. AID branch diagram: 1971 to 
1974 total accidents. 
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where t-statistics for the coefficients are 1.91, 3.38, 
4.81, and 4.66 respectively: R2 

= 0.49; and N = 80. 
The variance explanation by these models may ap­

pear low. However, it should be noted that about 70 
percent of the variance has already been explained by 
the ADT stratification. The entire variance explana­
tion by these models exceeds 82 percent. It is seen 
that ADT, restriction on passing sight distance (PSR), 
length of route that has obstacles within 6 m (20 ft) 
(OB20), percentage of the road that is curved (PCL), 
and number of curves (NC) are the variables that ap­
pear in these models. As an example of the simplicity 
of the relations, Figure 7 shows a plot for sections 
that have an ADT of 750 vehicles or less. The lessen­
ing effect of increasing ADT, even at this low level, is 
clear, as is the importance of good alignment. 

Estimation Model for Injury and Fatal 
Accidents 

The AID branch diagram for injury and fatal accidents 

~~ 
LiiJ Li:J I IS~6J 11 2~ ; 00 I 

is shown in Figure 8. Note that the effect of ADT is 
not so dominant for injury accidents as for total acci­
dents. Although curved alignment is important in the 
prediction of injury accidents, the variable for. restric­
tion on passing sight distance does not appear at all. 
It appears that the injury accident is more sensitive to 
horizontal alignment than the less severe accident and 
that vertical alignment, an important component of the 
passing sight restriction, is less important in injury 
accidents. This result is consistent with the statewide 
results described earlier. 

One interaction that involves pavement width should 
be noted. The diagram shows that on high-ADT road­
ways that include much exposure to roadside objects 
and lengthy curved sections, the 6.0-m (20-ft) wide and 
6 .6-m (22-ft) wide surfaces have 1. 5 times as many 
injury accidents as do 7.2-m (24-ft) wide pavements. 

The injury-fatality model is given below. The model 
predicts y, the number of injury-fatality accidents in a 
3.2-km (2-mile) roadway segment for a 4-year period: 

y = 0.039(ADT) 0·52 (PCL + 1 )0•096 (OB10 + 1 ) 0·069 (STIFF) - 1 (5) 

where t-statistics for the coefficients are 11.94, 14.98, 
4.70, 2.36, and 2.12 respectively; R2 

= 0.49; N = 270; 
and STIFF assumes a value of 1.36 if unyielding ob­
jects exist within 4 .2 m ( 14 ft) of the edge of the pave -
ment and 1.17 otherwise. 

It is seen that injury-fatality accident prediction is 
approximately proportional to the square root of the ADT, 
higher roots of the fraction of the road that is curved, 
and the length of road that has objects closer than 3 m 
(10 ft). There is an approximately 17 percent effect 
for the energy exchange characteristics of the obstacles 
within 4.2 m of the road. The presence of objects 
within 3 min this model suggests that the number of 
injury ace idents is more affected by closer objects. 
This model can be viewed as a macroscopic version of 
the Glennon model in which a term is added to capture 
the effect of alignment. 

Summary of Variables 

A count of the frequency of explanatory variables was 
made based on the four primary AID analyses. It was 
found that ADT was always the most important variable 
and appeared more than twice as frequently as any other 
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Figure 8. AID branch diagram : 1971to1974 
injury-fatality accidents. 
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explanatory variable. other variables that appeared 
frequently were the length of road that had obstacles 
withi.n 4.2 m (14 ft ), 6.0 m (20 ft ), and 9.0 m (30 ft ) of 
the pavement edge and the fraction of the route that 
was curved and had inadequate passing sight distance . 
All other measures were of lesser importance, and 
variables that represented obstacles very close to the 
roadway [less than 2 m (6 ft)], shoulder treatment, 
rolling terrain, and number of intersections did not ap­
pear in any of the AID results. 

VALIDATION OF THE MODEL 

A partial validation study of the effectiveness of the 
models was developed. An extensive validation was not 
feasible within the time and fW1d constraints of the 
project. However, it was possible to use readily avail­
able data for ADT and restriction on passing sight dis­
tance to determine the effectiveness of the low-ADT 
total accident prediction models. The data required 
to compare 14 sections that had ADTs of less than 750 
vehicles and 78 sections with ADTs of from 750 to 1500 
vehicles that were not used in the model formulation 
and calibration were developed (5). The results of this 
ana~ysis are shown in Figures 9 and 10 where actual 
accident experience is shown versus the predicted 
number of accidents. 
(I Three Poisson probability bounds are drawn in these 
b &ures. These bounds Impl y that, if a highway section 
elongs to the population that the accident estimation 

~ode.I represents and ii the Poisson law describes the 
str1buhon of the number of accidents the observed 

number o( accidents in the section sho~ld fall within 

BJ BO 
Figure 10. Validation check for sections that 
have ADT from 750 to 1500. 
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these boWlds with the probability associated with the 
bounds . Then, for those sections that lie outside the 
bounds, one may conclude that the y have accident ex ­
pectations that are different from those indicated by 
the model. It is reasonable to expect that some factors 
other than those that significantly affect the accident 
experiences of most of the sections included in the 
model are involved with these outliers. The generally 
good fit for most of the sections can easily be seen. 
However, a number of locations (10 to 20) are clearly 
out of control. 

DISCUSSION AND APPLICATION 

rn the models developed in the research, the exponent 
of ADT is always less than 1, which confirms the 
diminishing effect of ADT on accident occurrence found 
by other observers. Clearly, obstacle-hazard evalua­
tion models, such as Glennon 's, should take this effect 
into account. Furthermore, the accident prediction 
models have supported and further quantified the im-
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portance of roadway alignment on off-road accident 
occurrences. This is another area in which Glennon's 
original model requires further development. As the 
statewide analysis indicated, the effects of alignment 
are twofold: those on accident occurrence and those 
on severity. 

The importance of the roadway cross section was not 
supported by the models as it was in the Ohio results. 
Accordingly, we cannot support a belief in the im­
portance of a shoulder stabilization program for 
Michigan highways as a means of counteracting the off­
road accident or its severity. 

These prediction models can be used as filtering de­
vices in defining highway sections that have high accident 
rates and where more detailed microscopic studies 
should be made. The advantage of this filtering ap­
proach is clear from Figure 10. A simple ordering of 
sections according to accident frequency does not 
necessarily provide a set of sections that have higher 
accident rates than normally expected. Note that many 
sections that have high accident rates are within rea­
sonable Poisson bounds. Particular attention should 
be given to an engineering analysis of the sections out­
side the 99.9 percent bound region as well as to all sec­
tions whose fundamental characteristics predict a high 
rate of off-road accidents. Another use of the models 
is the preliminary evaluation of programs for the re­
moval of roadside objects or overall evaluation of sys­
temwide accident improvement potentials. 

CONCLUSIONS 

This research has shown that a small number of care­
fully selected, straightforward causal variables can be 
combined in a multiplicative mathematical model to ex­
plain as much of the variability in rural, two-lane, 
off-road accident frequency as could be expected. The 
models are usable directly to identify locations that 
have the highest probability of frequent off-road acci­
dents as well as to point out those locations where addi­
tional factors may be at work and engineering study is 
clearly needed. 
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Discussion 
John C. Glennon, Transportation Consulting Engineer, 
Overland Park, Kansas 

I would like to commend the authors for their work. 
Their report contributes to the state of the art in the 
area of roadside safety and raises other questions that 
need to be answered. Perhaps the most significant find­
ing is that the severity of fixed-object accidents is 
higher on highway curves than on highway tangents for 
all objects. Given that encroachment rates are also 
higher on curves, this would suggest that the rate of 
off-road injury and fatal accidents on curves is an 
order of magnitude higher than the rate on tangents. 

I am surprised that the authors either did not review 
or at least did not reference the Federal Highway Ad­
ministration (FHW A) report in which I modified my 
model to account for roadside hazard for two-lane 
roads (8). Reference to that report indicates that, 
contrary to the authors' statement, the most recently 
available inputs to the subject model with regard to two­
lane highways do account for a decreasing off-road 
accident rate with increasing ADT. The other item of 
interest in com paring the two researches is that the 
severity indexes found in the FHW A research tend to 
substantiate those found by the authors. 

The second part of the paper attempts to develop 
methods (models) for identifying priority highway sec -
tions for roadside safety improvements. Although the 
authors made a commendable effort, they seem to have 
performed one more in a long line of unsuccessful 
multivariate analyses aimed at relating accident oc­
currence to roadway and traffic variables. The only 
variable that explained a substantial portion of the acci­
dent variance was traffic volwne. But this conclusion 
is not a new one. 

Although the modeling results may provide some 
general guidance in judging the relative roadside hazard 
of highway sections, the statistical practicality of these 
results must be viewed with some skepticism. For ex­
ample, consider the validation plots shown in Figures 
9 and 10. In Figure 9, the model for 750 ADT or less 
only predicts accident occurrence within ±50 percent 
for about one-third of the validation sites. Figure 10 
has a slightly better result, but this model (for ADTs 
of from 750 to 1500) still only predicts accident oc­
currence within r50 percent for about 43 percent of the 
validation sites. In addition, for many of the outliers 
the prediction equation is more than 100 percent in 
error. These results are not encouraging in terms of 
the reliability of predictions. 

ui 
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Perhaps the lack of model precision lies in the abstract 
nature of the selected variables. The percentage of 
passing sight restriction is a good example . Passing 
sight distance as deCined can only be related to traffic 
operations in a general sense as demonstrated by the 
widely different treatments found in the 1965 blue book of 
the American Association of State Highway Officials (9) 
and the Manual on Uniform Traffic Control Devices (iO). 
But the percentage of r oadway that has restricted pass­
ing sight distance is one level of abstraction farther 
removed. For example, what is the effect on traffic 
operations of areas of acceptable passing sight distance 
that are not within legal passing zones ? ln a similar 
sense, using the percentage of roadway on curves with­
out regard to the specific geometrics of those curves 
and their lol'!gitudinal relationship to each other pre­
supposes an abstract effect on off-road ace idents that 
may, in fact be nonexistent. 

In conclusion, I again commend the authors for their 
1·esearc h on a very difficult problem. Their work has 
provoked some new tho.ughts for me and r hope for 
others as well. 
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Thomas E. Mulinazzi, University of Maryland 

The need for models such as the ones presented by 
Cleveland and Kitamura is great. Highway agencies 
are experiencing !inane ial austerities, so that each dollar 
spent must be justified. The 1973 Federal-Aid Highway 
Act established "new categories of earmarked funds 
for three roadway-related safety programs on Federal­
aid highways other than the Interstate System : protection 
of railroad-highway grade crossings, improvements at 
high-hazard accident locations and elimination of road­
side Obstacles.'' However, the 1976 Federal-Aid High­
w.ay Act combined the high-hazard location and road-
side obstacle programs . The end result of combining 
these two programs has been the virtual elimination 
of the roadside obstacle program on a systemwide basis. 
A project under the roadside obstacle program cannot 
compete on a benefit-cost basis with the typical project 
under the high-hazard location program. Therefore, 
the highway agencies must decide on which high-hazard 
~ocations (including some rural roadside accidents) to 
utclude in a safety improvement program. 

.This is not as easy as it seems. The techno logy 
exists to solve many of these problems but the data 
base on which to develop a priority system is weak at 
best, and the money to implement the improvements is 
sca:ce and in tough competition with other highway 
proiects .. The current roadside safety improvement 
program is more of a reactive (after the accidents 
o~cur) than an active approach . T am strongly in favor 
0 the preventive maintenance approach or the active 
approach to reducing highway accidents and accident 
severity. This is where models such as those presented 
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by Cleveland and Kitamura have an application. They 
can be used to indicate the accident potential of a section 
of rural highway before the accidents occur. 

The models developed in the paper were based on 
reported off-road accidents. It is my opinion that a 
majority of the vehicles that leave the roadway are not 
involved in reported accidents. This could indicate, 
however, that these wireported departures occurred on 
for giving roadsides and that the reported departures 
took place on highway sections that need roadside safety 
improvements. So the unreported accident situation 
may not be a significant problem in determining the 
accident potential of a highway section. 

I like the fact that 3.2-k.m (2-mile ) sections were 
used to develop the models. Using road sections in­
stead or specific locations reduces the effects of lm­
proper reporting of accident location. The accident 
data base is the weak link in developing any model for 
highway accident potential. 

In a 1977 report of the Federal Hi.,.hway Adminis­
tration (11), various design elements-such as de-
gree of horizontal curve, type of curve transition 
superelevation rate and runoff, sight distance, and 
grade-were to be evaluated to determine the influence 
of each on highway accidents. The main problems were 
the lack of independence between criteria and the lack 
of consideration for consistency in design elements. 
This latter point is difficult to include in any model, 
but it may be signilicant in determining the accident 
potential of a road section. For example, a 4° curve in 
the middle of a winding road may be a safe design ele­
ment, but a 4° curve at the end of a 14 . 5-km (IO-mile) 
tangent segment could be, and probably is , a hazardous 
location even though it is the only sight restriction in 
the 3.2-km (2-mile) section. 

I feel that a strong point of the models developed in 
this paper is the fact that all the variables but one are 
very easy to obtain from plans or field inventories. 
Percentage sight restriction (PSR ), percentage of 
curved length (PCL) number of curves per 1.6 km (l 
mile ) and an object stiffness factor (STIFF) are readily 
obtainable. However, the variables, which are based 
on the percentage length of exposure to objects within 
a certain distance of the roadway, would be a judgment 
value in many cases. There is no problem with mea­
suring the length of guardrail, but how would values be 
determined for this variable if 50 isolated trees were 
located 6 m (20 ft ) from the roadway on a 3.2-km (2-
mile) section? 

The main problem I have with modeling two-lane 
rural roadside accidents is the low frequency of acci­
dents on any particular section . I do feel, however, 
that the approach taken by Cleveland and Kitamura is 
the first step in developing a roadside safety improv~­
ment program. The results of the models will indicate 
those road sections that could have an accident problem 
and that require a microscopic engineering analysis. 
lf only highway agencies had the manpower and money 
to carry out this preventive approach to the roadside 
safety problems on non-access-controlled rural roads, 
these models, or models Like them, would be worth­
while. 
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Authors' Closure 
We thank both Glennon and Mulinazzi for reading our 
paper and for their highly relevant and well-chosen 
comments. 

We share Glennon's estimate of the importance of 
the finding that the severity of fixed-object accidents 
is much greater on highway curves than on tangents. 
If nothing followed from this research other than the 
direction of particular attention to objects located on 
curves, we would feel that our efforts have been more 
than worthwhile. It appears that the profession is now 
at a stage to use the Glennon modified microscopic 
model for a wide range of applications. 

There was some concern with the variables that we 
used to capture the obviously important roadway align­
ment effect. In the model-building effort, attention was 
necessarily paid to variables that could be directly 
retrieved by our highway agency. In our opinion, the 
variables we selected meet this criterion for Michigan. 
Extensive efforts were made to select the best align­
ment variables from among those available (Table 2). 
Mulinazzi suggests the need for a quantitative measure 
that represents longitudinal changes in roadway align­
ment. Such a measure would also serve as a guideline 
for consistent roadway geometric design. We agree and 
would like to have developed such a measure. 

The investigators would like to have had much more 
detailed information on roadway and traffic characteris­
tics available in machine-retrievable form. Unfortu­
nately, the state of practice and economics have not 
permitted the development of data systems in which 
obviously better variables are available. On the other 
hand, it is believed that the variables that we have used 
provide significant guidance with respect to the type of 
data file that would be valuable in future data systems. 

Concern was also expressed about obtaining data on 
the length of exposure to objects at various distances 
from the edge of the road. In the study, these variables 

were developed by recording the dimensions and offset 
of the object from the roadway from the photolog 
screen and then converting them into equivalent ex­
posure length at the edge of the roadway by using 
Glennon's relation (2). Although this process is time 
consuming, use of the photolog system eliminates ex­
pensive field trips, and developing this measure for 
the entire roadway system is, for Michigan not a dif-
ficult task. ' 

Concerning the predictive performance of the model 
Glennon points out that our models predict the number ' 
of accidents on a section within a 50 percent error only 
one-third of the time. However, attention must be paid 
to the stochastic nature of accident occurrence par­
ticularly on the low-ADT highways on which the valida­
tion studies were conducted. The percentage of predic­
tions within a given percentage of error does not apply 
as an appropriate criterion to judge model performance. 
We suggest using an evaluation that involves the total 
number of accidents predicted on several sections 
versus those that actually occur and also paying 
attention to the extreme values. For the <750-ADT 
group, the total number of observed accidents in the 14 
sections used in the validation study was 20 whereas 
the predicted total was 13 .3-a 67 percent error. How­
ever, if we eliminate the (to us) obvious outlier, these 
figures become 14 observed versus 12.6 predicted, 
clearly a reasonable and unimportant difference. In 
similar fashion, an even better fit was found for the 
model for the higher ADT class. 

Significant progress has been made during this decade 
in the identification of locations where off-road acci­
dents are likely to occur as well as in the techniques of 
counteracting this serious highway safety problem. We 
are pleased to join our discussants in making some con­
tribution to this effort. 

Publication of this paper sponsored by Committee on Operational Effects 
of Geometrics. 

Two-Way Left-Turn Lanes: 
the-Art Overview and 
Implementation Guide 

State-of-

Zoltan Anthony Nemeth, Department of Civil Engineering, Ohio State University 

The results of a research project to synthesize existing information on 
continuous two-way left-turn median lanes and to conduct before-and­
after $tudies to evaluate the effectiveness of such lanes as an access con­
trol measure are presented. Recommendations were prepared for the 
traffic engineer concerned with the evaluation of a situation in which a 
two-way left-tum rpedlan lane is a potential solution to existing capac­
ity and safety problems. The research approach included studies in three 
distinct areas: a nationwide expert opinion survey, a literature review, 
and before·and·after field studies. Both the literature review and the sur· 
vey_indicated that two-way left-turn median lanes work well in spite of 
a wide variety of methods of signing and marking. There is uniform 
agreement that these lanes have excellent safety records ; specifically, 
head_-on collisions in the lanes are. extremely rare . The be/ore-and-after 
studies demonstrated that the effectiveness of the lanes and public re· 
action depend on proper engineering. A step-by-step decision-making 

strategy has been developed for the implementation of two-way left· 
turn median lanes. 

To increase efficiency, conserve energy, and reduce air 
pollution, it is national transportation poli9y to make 
maximum use of the available transportation capacity in 
the existing transportation network. There is a con­
tinuing emphasis on transportation system management 
(TSM) plans designed to solve short-range urban trans­
portation problems. Typical examples of TSM actions 
are innovative traffic engineering measures that im­
prove both capacity and safety and require a minimal 
investment of manpower, material, or capital. 



• 

b 

The two-way left- turn median lane (TWLTL) falls 
into this category. It serves to reduce the particular 
conflict observed on roadways that were originally in­
tended predominantly to serve the through-movement 
function but are now being called on to satisfy an in­
creasing demand for accessibility as well because of 
changes in adjacent land use. However, in spite of the 
increasing use of TWLTLs in recent years, spurred in 
part by the federal funding provided for such improve­
ments under the TOPICS program and then more recently 
by other categories of federal-aid funds in urbanized 
areas, considerable skepticism remains regarding 
TWLTLs. One major concern is the potential hazard 
created by permitting two-way movement of traffic in 
a single median lane. 

The objective of this study is to bring about a wider 
application of the TWLTL by lessening the prevailing 
uncertainties regarding the effectiveness as well as the 
proper application of this device . To achieve this ob­
jective, existing information on TWLTLs was synthe­
sized, and a questionnaire survey, personal interviews, 
and a literature review were conducted. 

SURVEY OF EXPERT OPINION 

QJ.estionnaire 

The purpose of the questionnaire survey was to elicit 
pertinent facts and expert opinions from transportation 
engineers who had practical experience with TWLTLs. 
Primary areas of interest were (a) the effect of the 
TWLTL on traffic safety, (b) the effect of the TWLTL 
on traffic now characteristics, and (c) conditions con­
ducive to the installation of such a median lane . Secon­
dary interests were signing and lane-ma.rking practices, 
optimum lane width, proper use by drivers, police en­
forcement, public acceptance in general, and cost­
effecti veness. 

The questionnaire developed contained 16 questions. 
Of the 90 questionnaires mailed out, 70 were returned; 
they represented 36 states and one Canadian city. The 
more signiiicant results are summarized below by sub­
ject matter . 

Practical Experience 

In terms of time, the experience of the 70 respondents 
was as follows : 

Years of 
Experience 

1 or less 
1.5 
5-10 
More than 10 
Not reported 

Number of 
Responses 

7 
36 
21 
2 
4 

In terms of the number of TWLTLs the breakdown of 
experience was as follows: ' 

Number of 
~L!_Ls 
1 
2-10 
10-30 
More than 30 
Not reported 

Number of 
Respon~ 

11 
42 

6 
9 
2 

Effect on Flow Characteristics 

~espondents were asked if in their opinion TWLTLs 
ere successful in reducing travel time and friction. 

The response was as follows: 

Increase 
in Quality 

Significant 
Little 
None 

Responses 
(%) 

77 
20 

3 

63 

Ten of the respondents stated that they had conducted 
studies to support their answers. Five responses were 
received to the question that asked what factors among 
the following contributed to the ineffectiveness of less 
successful TWLTLs: too many left turns, narrow lane, 
lane markings not maintained, adverse news media, or 
no enforcement. 

Effect on Safety 

Respondents were asked if TWLTLs improved the safety 
of roadways: 

Effect on Safety 

Significant improvement 
Slight improvement 
No improvement 
Decrease 

Responses 
(%) 

66 
27 

7 
0 

As might be expected, those who did not perceive any 
improvement in safety belonged to the one-TWLTL cat­
egory in terms of experience. Of the 22 respondents 
who had conducted studies to support their answer, 21 
cited significant improvement and one slight improve­
ment. 

Public Reaction 

The following responses regarding public reaction to 
TWLTLs were received: 

Reaction 

Favorable 
Mixed 
Unfavorable 
No reaction 

Responses 
(%) 

62 
25 

1 
12 

About 10 respondents mentioned that the public found the 
signs confusing. 

Proper Use 

Of the 70 responses received, 56 noticed improper use, 
including 50 who judged the problem severe enough to 
warrant enforcement. In 30 cases, police enforcement 
resulted. 

Signing, Pavement Markings, and Lane 
Width 

The following responses were received on the use of 
various types of signs by respondents: 

Type of Sign 

Overhead 
Roadside 
Pavement arrows 

Responses 
(%) 

50 
34 
48 

Eight percent of the respondents stated that they followed 
the lane markings recommended in the Manual on Uni­
form Traffic Control Devices (MUTCD) (18). Four per-
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cent used dashed yellow outside, solid yellow inside . 
Other deviations included white lines, solid yellow lines, 
or double dashed yellow lines . Lane width ranged from 
a 2.4-m (B-ft) minimum width to a 5.1-m (17-ft) maxi­
mum effective width. The distribution of answers is 
represented by the mean and mode values given below 
(1 m = 3.3 ft): 

Mean Mode 
Width (m) (m) 

Minimum allowable 3.1 3.0 
Optimum 3.7 3,6 
Maximum allowable 4.4 4,2 

Conditions Conducive to TWLTLs 

Respondents were asked to name the conditions under 
which TWLTLs would be most useful. The following 
factors were mentioned most frequently : 

Condition 

High number of driveways per block 
Commercial development 
Substantial midblock left turns 

Number of 
Responses 

42 
36 
18 

Perceived Effectiveness Versus Signing 

It was hypothesized that there might be a relation be­
tween the level of signing of a TWLTL and the effective­
ness of the lane perceived by the traffic engineer. Re­
sponses received are given in Table 1. The table indi­
cates (if only informally, since no statistical testing was 
done) that, as level of signing increased from no signs 
to a combination of all three signs, so did the perceived 
improvement achieved by the TWLTLs. 

Personal Interviews 

Selected state, county, and city traffic engineers were 
interviewed in California, Ohio, Texas, and Washington 
to discuss design and operational aspects of TWLTLs 
and to obtain unpublished reports, guidelines, and before­
and-after data. Most of the material covered by the lit­
erature review was obtained through these personal 
contacts. 

LITERATURE REVIEW 

The literature was searched for three types of informa­
tion: (a) general criteria for application, (b) design de­
tails, and (c) evaluation. The objective was to get a 

Table 1. Perceived effectiveness of various types 
of signing. 

general consensus of opinion and an overview of the 
state of the art. 

General Criteria for Application 

Seven categories of factors that have been considered in 
connection with TWLTLs either as warranting factors 
or as constraints were identified. 

Adjacent Land Use 

Strip commercial development was identified throughout 
the literature as the adjacent land use most applicable to 
use of TWLTLs. Continuous high-density commercial 
land use of this type is most common in the traffic con­
ditions for which TWLTLs are most effective. But suc­
cessful applications were also documented in residential 
areas, commercial-residential areas, and even in in­
dustrially developed areas under the proper traffic flow 
conditions. The applicability of the TWLTL is thus a 
function of the particular traffic conditions that result 
from adjacent land use rather than a function of the land 
use itself. In partially developed areas, the TWLTL 
will generate more strip development. If this is unde­
sirable, preference should be given to raised medians(~) . 

Access Conditions and Requirements 

Existing access conditions are not easily classified or 
quantified since there are many ways in which access 
can be provided and a number of factors that determine 
the ease of access to fronting properties. 

References to existing access as a general warrant 
are common in the literature (2, 3, 4), and, in most 
cases, its relevance is ascribed To the extent to which 
alternative means of access are provided (5, 6, 7). Ac­
cess gained by negotiating a midblock left turn creates 
the specific traffic conflict and through-movement delay 
that TWLTLs are designed to treat; therefore, the avail­
ability of access through alternative means, such as 
parallel streets or alleys, service roads, off-street 
parking facilities, and U-turn or around-the-block move­
ments, must be considered an important factor in weigh­
ing TWLTL proposals versus more restrictive left-turn 
control measures. 

The total access requirement, expressed in terms of 
midblock left-turn demand, would be expected to present 
a prime factor for consideration in installing TWLTLs. 
The literature expresses the importance of this access 
demand as a general TWLTL warrant but only to the ex­
tent that a "high" demand contributes to the "general" 
traffic conditions that warrant consideration of TWLTLs. 

Percentage Perceiving Percentage Perceiving 
Service Improvement Safety Improvement 

Signing of Number of 
TWLTL Respondents Sit;nificant Slight None Significant Slight None 

No signing 10 50 40 10 50 30 20 
Overhead 14 B6 14 0 57 29 14 
Side mounted 5 BO 20 0 BO 20 0 
Painted arrow 10 70 20 10 70 20 10 
Composite, one 29 72 24 4 66 24 10 

device only 
Arrows and 10 80 20 0 67 33 0 

side mounted 
Overheads and 67 33 0 50 50 0 

side mounted 
Arrows and 100 0 0 87 13 0 

overhead 
Composite, two 22 B6 14 0 71 29 0 

devices 
All three sign- 100 0 0 80 20 0 

ing devices 



Little effort has been made to measure left-turn demand 
or to establish standard values or ranges of values that 
would specifically dictate conditions for installation of 
a TWLTL. 

Traffic Volume 

In the literature, successful TWLTL operations were 
described as widely ranging traffic volumes (8000 to 
31 000 average daily traffic (ADT)) , and traffic volume 
was not identified as a particularly critical factor ex­
cept when it approached capacity. The references to 
roadways operating at or near maximum capacity (3) 
only predicted that the value of the TWLTL in reducing 
congestion under such conditions might become ques­
tionable because of the unavailability of gaps of sufficient 
size in the approaching traffic to allow the left-turn 
movement. 

In such cases, however, if direct left-turn access 
must be provided but signalization cannot be used to 
alter gap size or distribution favorably so as to accom­
modate left-turning vehicles, then left-turn storage of 
some type becomes even more necessary. A policy di­
rective of the Washington State Department of Highways 
(6) specifically states that the following minimum and 
maximum volumes should prevail: 5000 to 12 500 ADT 
on two-lane roadways and 10 000 to 25 000 ADT on mul­
tilane roadways. 

Speed Limit 

The existing speed limit on a highway facility does not 
appear to be a critical factor for consideration in TWLTL 
applications except in the general sense. The reports in 
the literature that refer te speed reinforce its considera­
tion as a general warrant and refer to TWLTLs operating 
at speeds that range from 40.3 to 80.5 km/ h (25 to 50 
mph). Concern has been expressed about TWLTL op­
erations at speeds higher than these (5 , 6, 8) because of 
the increased accident potential and at speeds lower than 
these because of the possibility that impatient drivers 
may use t.he median lane to pass slower vehicles. Neither 
concern has been sufficiently supported by data to rule 
out TWLTL applicability at wider ranges of speed . 

Spacing of Existing Intersections 

The effects of intersection spacing on 'I'WLTL application 
h.ave not been thoroughly examined or documented ln the 
literature. The studies that did comment on intersection 
spacing (~, E_) provided very general testimony about the 
adverse effects of closely spaced intersections without 
defining any specific minimum desirable limitation on 
spacing. Their concerns were based only on the problem 
of maintaining a sufficient block length to accommodate 
exclusive left-turn-only lanes at each intersection and 
also some minimum length for the TWLTL in mldblock. 
~erhaps the major importance of intersection spacing 
hes in its contribution to the effect on local traffic circu­
lation patterns and therefore on alternative access. 

Economic Considerations 

Only two reports that attempted a detailed economic 
anal · f ysis o TWLTLs were located (9 , 10). These studies 
used. a method to determine user benefits based on re­
ducti~ns in fatal, injury, and property-damage accidents. 
The first evaluation (9) determined that the TWLTL in­
stall t' a ion would pay for itself in less than 2 years· the 
(~0yued benefits for the four TWLTLs in the othe; study 
7-e were s~ch. ~s to surpass the improvement costs in 

Y ars. S1gnif1cantly, all five installations involved 
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some capital costs as a result of widening of the pave­
ment. 

Where sufficient pavement width is already available, 
the TWLTL installation primarily involves only restrip­
ing and signing so that in many instances the work can 
be accomplished by force account with maintenance per­
sonnel and equipment rather than by more costly con­
tracting procedures. 

Investigation of the economic impact of the TWLTL 
on adjacent properties has been minimal (3), but the 
value of this information in a typical traffic engineering 
study is limited. 

Safety 

The 15 reports that were reviewed for safety considera­
tions represented accident experience at approximately 
50 TWLTL installations. However, because of the great 
variation in the detail and the methods of the many 
TWLTL evaluation studies no quantitative, composite 
figures for accident reduction could be derived that would 
be truly representative of all the TWLTLs investigated 
in the literature. 

Only a Iew reports included data on fatal and personal­
injury accidents or gave particular emphasis to inves ­
tigating accident severity. Thls was a surprising omis­
sion, but the studies that did include such data offered 
conclusive evidence that TWLTLs significantly reduce 
accident severity (11). In their investigations, Sawhill 
and Neuzil (4) foundthat the TWLTL accident is some­
what less severe than the non-TWLTL accident, and the 
two studies by the Michigan Department of State High­
ways (9, 10), which represented experiences at five 
TWLTL installations, substantiated their findings. 

The types of accidents that are acknowledged to be 
most commonly affected by the installation of the TWLTL, 
and therefore the types of accidents to which the im­
provement has subsequently been most directed-rear­
end, sideswipe, and midblock left-turn collisions-were 
found either to decrease substantially in numbers or at 
least to have had their growth rates significantly re­
tarded in the face of regional trends of inc reasing ac­
cident occurrence in nearly every case documented in 
the literature. 

The head-on collision, which has been a major con­
cern underlying every decision to install a TWLTL be­
cause of deadly past experience with lhe old median bi­
directional passing lanes , has been proved in every study 
to be an uncommon occurrence and of negl1gible con­
cern ( 12l. 

Design Details 

Number of Lanes and Lane Width 

The literature documents successful TWLTL operations 
on facilities that have one, two, or three through lanes 
in each direction. No data are available that favor any 
of the three basic configurations generally in use from 
an operational standpoint, but the five-lane section is 
the most common. In addition, there is nothing to pre­
vent the TWLTL from being used in applications where 
there is unbalanced distribution of lanes, but this con­
figuration has not been documented in the literature. 

The only conclusive value of lane width discernible 
from the literature is the 3-m (10 -Ct) minimum width, 
which appears to be universally accepted. Until such 
time as optimum lane widths are defined and uniformity 
is obtained through strict adherence to the MUTCD, 
practical experience will dictate that the current 3- to 
4.5-m (10- to 15-ft) range of lane width continue to be 
used. 
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Signing and Pavement Marking 

The review of the literature points out that current sign­
ing and pavement-marking practices are still best char­
acterized by a considerable lack of uniformity (13, 14, 15). 
One point worth noticing is that BEGIN TWO-WAY- -
LEFT-TURN LANE signs in medial island areas were 
subject to repeated damage unless they were placed with 
proper clearance (13). Standards for signing and mark­
ing TWLTLs have been developed and included in the 
MUTCD (18). 

Treatment at Intersections 

The standard method of pavement marking in the MUTCD 
provides separate left-turn bays at major intersections 
while permitting the TWLTLs to be carried up to minor 
intersections (18). This solution seems logical, but the 
literature reviewed did not provide formal evidence 
either for or against this practice. 

Evaluation 

Accident Characteristics 

The conflict study used in our field studies can provide 
immediate feedback after the installation of TWLTLs 
and thus would be more useful than the before-and-after 
accident studies reported in the literature. Accident 
patterns take a considerable amount of time to develop. 

Proper Use of TWLTLs 

Since TWLTLs are still unknown in many cities, a cer­
tain segment of the driving population is not familiar 
with them. Two-way traffic in a lane is foreign to nor­
mal driving instincts. The literature and our field 
studies indicated that improper use could be a problem, 
at least initially. Improper use can only be prevented 
by educating the public before installation of the lanes. 
Some extensive and equally effective approaches have 
been reported in the literature (9, 10). Deliberate viola­
tion of the rules, such as driving in the TWLTL for an 
excessive distance, can only be eliminated by enforce­
ment. 

FIELD STUDIES 

Purpose 

Before-and-after studies were completed at three sites 
in Ohio where the introduction of TWLTLs was not ac­
companied by other major improvements. The purpose 
was to measure the effect of TWLTLs on traffic flow 
conditions and on safety. 

Data Collection 

Data on travel time and delay were collected by using a 
vehicle equipped with a tachograph. Through volumes 
were counted by mechanical recorders, and turning vol­
umes were tallied by visual observation. Data on traffic 
conflicts were collected by a team of specialists from 
the Ohio Department of Transportation. 

Running speeds were computed by eliminating from 
the travel time those delays that were in no way related 
to midblock left turns. Average running speeds were 
computed from approximately 40 runs, usually made 
between 9 :00 a.m. and 6:00 p.m. on two weekdays and on 
one Saturday, for each phase-before, immediately after, 
and 6 months after the installation of TWLTLs. 

Only running speeds and conflicts are presented here. 

Details of the field studies are given elsewhere (!._) . 

Site 1, Painesville , US-20 

Characteristics 

Site 1 had the following characteristics: length-1. 5 km 
(0.9 5 mile), width (used as four-lane roadway although 
centerline only was marked)-10.9 m (36 ft), volume-
16 320 ADT, speed limit-72. 5 km/ h (45 mph) posted, 
and adjacent land use-commercial strip development. 

Reconstruction 

This four-lane arterial was restriped as a three-lane 
roadway. The TWLTL was identified by overhead signs 
and pavement arrows. 

Effect on Flow 

Average running speeds and directional hourly traffic 
volumes are given below (1 km/h = 0.62 mph): 

Average Speed Hourly 
Direction Period (km/h) Volume 

Eastbound Before installation 55.47 405 
After installation 49.71 401 

Westbound Before installation 53.45 50B 
After installation 45.81 574 

The elimination of one through lane in each direction 
offsets the beneficial effects of the TWLTL. 

Effect on Safety 

Brake applications were reduced 22 percent, from 614 
to 480, but weavings increased 78 percent, from 105 to 
187. The increase in weavings prompted us to investi­
gate driver behavior further. A time-lapse film re­
corded 548 left turns, with the following results: 

1. Eighteen (or 3 percent) did not use the TWLTL 
at all. 

2. Thirty-two (or 6 percent) turned into the TWLTL 
at an angle, and part of the vehicles protruded into the 
through lanes. 

3. Seventy-eight (or 14 percent) moved into the 
TWLTL only partially, and the two right-hand wheels 
remained in the through lanes. This type of improper 
use might have been caused by the old centerline, which 
was not properly removed . (A similar problem was ob­
served at site 2, and proper removal of the line elim­
inated the problem.) 

Results 

The conversion of two through lanes into a TWLTL im­
proved the access function of the roadway at the expense 
of the movement function. During the short peakperiods, 
the impact was much worse than the above-average 
speeds would indicate. The traffic backup in the area 
prompted some impatient drivers to use the TWLTL as 
a passing lane. The obvious solution would be to op­
erate the median lane as a TWLTL during off-peak 
periods and use it as a reversible flow lane during peak 
periods. Several such installations are now in operation 
in some cities. 

Site 2, Cincinnati, OH-264 

Characteristics 

Site 2 had the following characteristics: length-1.48 km 
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(0.92 mile), width (four lanes with different types of 
medians on some partsl-17.9 m (59 ft), volume-17 610 
ADT, and adjacent land use-commercial strip de­
velopment. 

Reconstruction 

This four-lane roadway was restriped as a five-lane 
roadway. Overhead signs and pavement arrows were 
used to identify the TWLTL. 

Effect on Flow 

Running speeds were obtained before, after, and 6 
months after installation of the TWLTL. Although 
speeds increased slightly, the increase is not statis­
tically significant (1 km/h= 0.62 mph): 

Average Speed Hourly 
Direction Period (km/h) Volume 

Eastbound Before installation 51.97 762 
After installation 54 .38 798 
6 months after installation 53 .71 745 

Westbound Before installation 54.02 886 
After installation 56.32 887 
6 months after installation 55.39 727 

Running speeds were quite satisfactory during the before 
period, and thus the possibilities for improvement were 
limited. 

Effect on Safety 

Brakings and weavings are given below: 

Period 

Before installation 
After installation 
6 months after installation 

Number of 
Brakings 

575 
685 
485 

Number of 
Weavings 

589 
530 
565 

There was considerable variation in conflicts at dif­
ferent sections of the roadway. During the first data 
collection after installation of the lane, it was quite ob­
vious that many drivers did not know how to use the 
TWLTL properly. Consequently, three samples of 
driver behavior-totaling 668 left turns-were observed: 

1. Forty-seven (or 7 percent) did not use the TWLTL 
at all. 

2. Seventy (or 10.5 percent) turned into the TWLTL 
at an angle, protruding into the path of through traffic. 

3. One hundred and twenty-six (or 18.9 percent) 
weaved into the TWLTL only partially. This type of 
behavior was especially frequent in those areas where 
the Old centerline had not been properly removed. 

This high frequency of improper use caused conflicts in 
through lanes. 

. ~he centerline was eventually properly removed. A 
sim1l~r observation was scheduled for the study 6 months 
'.11ter installation to check for improvement after a learn­
ing period. By this time, however, improper left turns 
were so infrequent that data collection was discontinued. 

Results 

The results of the field studies do not indicate a drastic 
~:~~.~~ement in running speeds and conflicts. Traffic 
hero: ions .were already quite satisfactory during the 
co e Period. The advantages of the TWLTL will be­
ar me more obvious when traffic volumes increase in the ea. 
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Site 3, Mansfield, US-42 

Characteristics 

Site 3 had the following characteristics: length-1. 3 km 
(0.8 mile), width (two lanes)-9.4 m (31 ft), volume-
14 070 ADT on northern half and 12 940 ADT on southern 
half, speed limit-56.4 km / h (35 mph) on northern half 
and 72. 5 km/h (45 mph) on southern half, and adjacent 
land use-commercial (more intensive on northern half). 

Reconstruction 

By improving a narrow strip of the shoulder, this road­
way was widened to 10.9 m (36 ft). The widening re­
duced the shoulder to less than 1 m (3.3 ft) on the north­
ern half. The through lanes were reduced in width from 
4.5 to 3.5 m (15 to 11.5 ft). The TWLTL is 3.9 m (13 ft) 
wide. 

Effect on Flow 

Running speeds and directional volumes are given below 
for the two sections separately (1 km/h = 0.62 mph): 

Average 
Speed Hourly 

Section Period (km/h) Volume 

North 
Northbound Before installation 56.68 490 

After installation 59.10 491 
6 months after installation 62.16 393 

Southbound Before installation 62.00 306 
After installation 64.09 295 
6 months after installation 64.00 330 

South 
Northbound Before installation 47.18 473 

After installation 48.31 527 
6 months after installation 52.53 NA 

Southbound Before installation 48.47 521 
After installation 49.11 416 
6 months after installation 52.88 568 

In spite of the reduced lane width, there was a small, 
statistically significant increase in running speed. 

Effect on Safety 

Braking and weaving conflicts are summarized below : 

Period 

Before installation 
After installation 
6 months after installation 

Number of 
Brakings 

1327 
567 
833 

Number of 
Weavings 

245 
22 
48 

The reduction in conflicts is dramatic. The difference 
between the after and 6-months-after time periods can­
not be explained by the available data . 

Results 

The introduction of the TWLTL even at the expense of 
narrowing both through lanes resulted in a measurable 
improvement in traffic flow and safety. 

IMPLEMENTATION GUIDELINES FOR 
TWLTLs 

Implementation guidelines have been developed for traf­
fic engineers who have had little or no experience with 
TWLTLs. A step-by-step decision-making process is 
outlined, but t.he traffic engineer must apply engineering 
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judgment every step of the way. 
The initial step involves the documentation of existing 

conditions so that the problem can be properly defined. 
By extending the principle of providing separate storage 
lanes for left-turning vehicles at intersections, TWLTLs 
are intended to shadow midblock left-turning vehicles 
from through traffic. Consequently, the objectives of 
the review of existing conditions are to establish that 

1. A conflict between midblock left turns and through 
traffic exists and 

2. The particular solution offered by the TWLTL is 
both potentially feasible and desirable. 

To this effect, information is needed in three areas : 
existing physical conditions (both transportation and land 
use), existing traffic conditions, and accident his­
tories. The- following series of relevant items provides 
a checklist type of approach to the review of existing 
conditions. 

t Establish Conflict 

Physical Conditions 

1. Driveway spacing-Identify the spots where con­
flicts may occur. 

2. Type and intensity of land use-Identify access 
needs, which determine the frequency and time distribu-
tion of conflicts. ' 

3. Level of development-Establish the stability of 
current access needs. 

Strip commercial developments and, to a lesser degree, 
multiple-unit residential areas generate traffic through­
out the day. Industrial areas tend to generate morning 
and evening peak traffic. 

Existing Traffic Conditions 

1. Traffic volumes-The combination of through vol­
umes and turning volumes gives a measure of the poten­
tial conflict on a given road section. 

2. Flow characteristics-Directional distribution and 
peaking characteristics of both through and turning traf­
fic give a more accurate indication of the conflict. Some 
measurement of congestion will indicate the level of the 
problem, which may have been caused (mostly or par­
tially) by mid block turns. 

Engineering judgment is needed to interpret and evaluate 
this information. Since the level of the conflict at any 
driveway is a complex function of opposing volumes, 
left-turning volumes, and through traffic and the level 
of the conflict on a roadway segment is a function of the 
conflicts at all the driveways, the establishment of quan­
titative guidelines was not attempted. 

Accident History 

Midblock sideswipe and rear-end accidents are typ ical 
results of conflict between delayed left-turning vehicles 
and through vehicles (weaving to avoid entrapment or 
braking to stop in the through lane behind a turning ve­
hicle) . The interpretation of these data will probably 
require a comparison of accident r ates with accident 
experience on other arterials that carry similar volumes 
without midblock access conflicts. 

Establish Appropriateness of TWLTL 

Physical Conditions 

1. Driveway spacing-Provide a basis for compar­
ison of TWLTL with channelized left turns or other al­
ternatives. Closely spaced driveways indicate a poten­
tial for TWLTLs. 

2. Type and intensity of land use-Activities that 
generate left turns throughout the day will probably 
stimulate the development of remaining undeveloped lots. 
The provision of a raised median would have the opposite 
effect or attract only those establishments that do not 
generate much traffic. 

3. Ease of alternative access-The conditions must 
be evaluated so that the relative attractiveness of 
TWLTLs can be evaluated in relation to alternative tech­
niques of access control. 

4. Distance between intersections-Since inter­
sections often require channelized left-turn storage 
lanes, a very short block would not be appropriate for 
TWLTLs. 

5. Section length-In urban areas, where TWLTLs 
are common, even extremely short TWLTLs work satis­
factorily. Pioneering efforts, however, should concen­
trate on longer sections, probably several blocks long. 

6. Number of lanes-Three- and five-lane applica­
tions are common. Some existing seven-lane installa­
tions have had accident records, and others have been 
reported to work well. 

7. Pavement width-The TWLTL should be at least 
as wide as left-turn lanes. Lanes wider than 4.8 m (16 
ft) might encourage two-lane use. If no excess pave­
ment width is available, pavement widening will add to 
installation costs . 

8. Right-of-way limits-Since TWLTLs improve ac­
cess to adjacent properties, property owners may 
tend to cooperate when expansion of the right-of-way is 
needed for this purpose. 

9. Curb parking-Eliminating curb parking is often 
the most convenient way to obtain the needed extra pave­
ment width. 

10. Sight distance-On higher speed roadways (es­
pecially in semirural areas), the provision of sufficient 
sight distance may require special attention. 

11. Speed limit-Speed limits may need to be re­
evaluated (TWLTLs are reported to work in all speed 
ranges). 

By reserving one traffic lane for left turns only, 
TWLTLs reduce the conflict between midblock left turns 
and through traffic. The source of this extra lane width 
requires careful consideration. Pavement widening in­
creases the initial investment, elimination of curb park­
ing reduces accessibility, and reduction or narrowing of 
through traffic lanes affects the through capacity of the 
roadway. 

Physical conditions may require the reconsideration 
of the proper function of a given arterial and reduce 
through left-turn conflict by limiting either through or 
turning traffic. Signalization of major driveways, pro­
hibition of some left turns, and provision of access from 
side streets are some examples of alternative ap­
proaches. 

_Existing Traffic Conditions 

1. Traffic volumes- Existing through volumes and 
the capacity of major intersections should be investigated 
to determine the through capacity requirements of the 
midblock area. This must be a major factor when the 
source of the required pavement is considered . 
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2. Flow characteristics-Distribution of through and 
turning traffic volume during the day may be an impor­
tant consideration. 

The time-related distribution of turning traffic during 
the day is a function of the use of adjacent lanes. The 
center lane could be operated as a reve rsible-flow lane 
in conditions of peak-hour through traffi c a nd as a 
TWLTL during off-peak hours . It would be advisable, 
however, to reserve this type of application for urban 
areas where TWLTLs have been accepted and extensively 
used. 

Accident History 

Since TWLTLs remove left-turning vehicles from through 
lanes, they.ar e effective in reducing r ear-end accidents. 
When TWLTLs a r e p r operl y used, le ft-turni ng vehicles 
ar e completely shadowed 'from through traffic . In addi ­
tion to protect ing vehicles as they pr epa r e to e nt er a 
dr iveway, a TWLTL provides a refuge for left tu r ns 
made from driveways. 

Future Development 

Before the final selection of access-control needs, some 
attention must be paid to future conditions in terms of 
both access needs and volumes of through traffic. 

1. Access needs-The selection of methods of ac­
cess control will influence the future, especially on ar­
terials where adjacent land development has not yet 
been stabilized. Increased accessibility stimulates land 
development. If, for example, the future land-use goals 
of a community include containment of strip commercial 
development, the TWLTL is not the best choice. A re­
strictive median that concentrates and controls access 
points might be a more logical choice. 

2. Through traffic needs-The TWLTL has some po­
tential for increasing the carrying capacity of arterials 
beyond the obvious improvement provided by the sepa­
ration of midblock left-turning vehicles . Some examples 
of reversible lane opera tion during peak hours and even 
a reversible lane and separat e bus la ne combination have 
been reported in the literature (16

1 
!1_). The increasing 

acceptance of TWLTLs will eventually make it feasible 
to take advantage of bolder variations of this sound 
concept. 

In addition, it mus t be r emembe r ed that TWLTLs pro­
vide s uch emergency service a s a detour lane during con­
struction, a detour lane during blocking of the through 
lane by ve hicle br eakdowns, and a path for emergency 
vehicles during congested periods. 
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Selection of Median Treatments for 
Existing Arterial Highways 
Douglas W. Harwood, Midwest Research Institute, Kansas City, Missouri 
John C. Glennon, Transportation Consulting Engineer, Overland Park, Kansas 

Median treatments are an important means of reducing accidents and de· 
lay on urban arterial highways. Five common median treatments are (a) 
two-way left-turn lane, (b) continuous left·turn lane, (c) alternating left· 
turn lane, (d) raised median divider with left-turn deceleration lanes, and 
(e) median barrier with no direct left·turn access. A benefit-cost compari· 
son of these treatments that considers the accident reduction, delay reduc· 
tion, and construction cost for median treatments installed in existing 
arterial highways is reported. The analysis is based on a literature review 
and reasonable assumptions regarding the effectiveness of the median 
treatments. The resu It of the benefit-cost analysis is a selection guide 
that can be used by a designer to determine the optimal median treatment 
for an arterial highway based on geometric and operational conditions. 

Many urban arterial highways in the United States have 
serious operational and safety deficiencies. These 
deficiencies are often the combined result of high and 
steadily growing traffic volumes and of a high density 
of driveways resulting from a lack of effective access 
control. These highways often have nonintersection 
left-turn movements that are nearly continuous in space 
and time. If unrestrained, these demands can result 
in both high accident rates and large delays to through 
motorists. 

Traffic engineers responsible for arterial highways 
have long recognized the important role of median 
treatments in alleviating the operational and safety 
deficiencies described above. Indeed, many of the 
common safety and operational problems are amenable 
to solution in no other way. Left-turning vehicles are 
often the cause of accidents and delays to through ve­
hicles, and only median treatments can alleviate these 
left-turn problems. Such problems are often continuous 
on long stretches of arterial highway, and only the con­
tinuous solution provided by a median treatment is 
practical. 

Five basic median treatments have the potential to 
improve traffic operations and safety for continuous 
sections of existing arterial highways. These are (a) 
the two-way left-turn lane (TWLTL), (b) the continuous 
left-turn lane (CLTL), (c) the alternating left-turn lane 
(ALTL), (d) the raised median divider (RMD) with left­
turn deceleration lanes, and (e) the median barrier 
(MB) with no direct left-turn access. The design and 
operational characteristics of these treatments are 
briefly described in the following section. Most of 
these treatments are currently used by at least some 
agencies, but the traffic engineer needs a rational basis 
for selecting a median treatment that is both cost­
effective and operationally appropriate for a given high­
way section. The discussion in this paper provides the 
framework for a rational method of selecting appro­
priate median treatments. 

DESIGN AND OPERATIONAL 
CHARACTERISTICS 

The five median treatments fall into two distinct cate­
gories. The first three treatments use median lanes 
that do not physically restrict the movement of traffic 
across the median. The last two techniques use raised 
medians that limit crossings to those openings selected 
by the designer. The design and operational charac -

teristics of the five median treatments are discussed 
below. More detailed descriptions of these techniques 
can be found in recent reports by Azzeh and others (1) 
and Glennon and others (~). -

Two-Way Left-Turn Lane 

The standard design for a two-way left-turn lane speci­
fied by the Manual on Uniform Traffic Control Devices 
(MUTCD) (3, Figure 3-4a) is shown in Figure 1. The 
major design requirement for this technique is the 
median width, which should be at least 4.2 m (14 ft). 

A two-way left-turn lane is intended to remove left­
turning vehicles from the through lanes and store those 
vehicles in a median area until an acceptable gap in 
opposing traffic appears. The two-way left-turn lane 
completely shadows turning vehicles from both. through­
lane traffic streams. Thus, reductions in the severity 
and frequency of accidents will result. Frequency is 
reduced by removing stopped or slow left-turning ve­
hicles from the through lanes, and severity is reduced 
by allowing additional perception time to reduce left­
turn crossing conflicts. Delay to through vehicles is 
also reduced because left-turning vehicles and queues 
do not block the through lanes. 

The two-way left-turn lane is operationally warranted 
on arterial highways that have average daily traffic 
(ADT) v"olumes higher than 10 000 and traffic speeds 
faster than 48 km/h (30 mph). The number of drive­
ways should exceed 60 in 1.6 km (1 mile), and there 
should be fewer than 10 high-volume driveways. Left­
turn driveway maneuvers in 1.6 km should total 
at least 20 percent of the through traffic volume during 
peak periods. High rates of ace idents that involve 
left-turn maneuvers can also warrant this technique. 

Continuous Left-Turn Lane 

The standard design for a continuous left-turn lane is 
shown in Figure 2 (based on MUTCD Figure 3-4b). This 
technique is similar to the two-way left-turn lane except 
that it provides individual left-turn lanes for each 
direction of traffic. Each left-turn lane is continuous 
except that far-side channelizing islands are placed to 
prevent through movements at signalized intersections. 
Left-turn vehicles can be stored in the continuous left­
turn lane until an acceptable gap in opposing traffic ap­
pears. The continuous left-turn lane completely shadows 
turning traffic from both traffic streams. Accident 
frequency is reduced by removing stopped or slow ve­
hicles from the through lanes, and accident severity is 
reduced by allowing through vehicles additional percep­
tion time to avoid left-turn crossing conflicts. De lay 
to through vehicles is also reduced because left-turn 
vehicles and queues do not block the through lanes. 

The major design difference between this technique 
and the two-way left-turn lane is the required median 
width. A 7 .2-m (24-ft) wide median is needed for this 
technique. This width will accommodate two 3.6-m 
(12-ft) turning lanes. At locations where 7.2 m (24 ft) 
is not available for median width, it is advisable that 
a two-way left-turn lane be considered. Since the 
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turning lanes are continuous, this technique should be 
applied over sections at least 0.4 km (0.25 mile) in 
length. 

Alternating Left-Turn Lane 

The design of an alternating left-turn lane is shown in 
Figure 3. The alternating left-turn lane will a llow one 
traffic direction to have the opportunity to cross the 
median into driveways and, after a specified distance 
the left-turn lane ls physically opened to the opposing 
direction of traffic. Thus, both the directions have a 
unique left-turn lane available for continuous left-turn 
maneuvers over a limited section of highway. Left­
turn access to some driveways is prevented because, 
when the left-turn lane is available to one traffic direc­
tion, the opposing traffic cannot attempt a left turn. 

The striping scheme shown in Figure 3 is not readlly 
recognized by today 's motorist as delineating a left­
turn lane . No striping criteria have been universally 
adopted for use with a technique such as this. The use 
of turn arrows should help to reduce confusion. 

An important design consideration for the alternating 
left-turn lane is the configuration of the deceleration 
taper. In this technique, the deceleration taper not only 
delineates the correct deceleration path but also serves 
to separate the left-turn lane for different traffic direc­
tions. 

Reductions in the frequency and severity of accidents 
will result from the implementation of this teclmique. 
Frequency is reduced by removing stopped or slow­
moving vehicles and queues from the through lanes, 
and severity is reduced by allowing through vehicles 
additional perception time to avoid left-turn crossing 

conflicts. Delay to through vehicles will also be re­
duced because left-turning vehicles will not block the 
through lanes. 
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The major advantage of implementing this technique 
instead of other median treatments lies in the minimum 
median width required to accommodate the left-turn 
lane . Since onl.y one lane is used in the median for 
left-turn movements, the width of the median should be 
as wide as the turning lane itself. Whereas other treat­
ments require 4.2- to 7.2-m (14 - to 24-ft) medians for 
left-turn movements, this treatment requires only a 
3.6-m (12 -ft ) median. The value of this treatment for 
application on narrow-median highways is most evident 
at locations where pavement widening or right-of-way 
acquisition would be required for the wider medians. 

Raised Median Divider With Left-Turn 
Deceleration Lanes 

The raised median divider with left-turn deceleration 
lanes, shown in Figure 4, promotes safety and through­
traffic service by preventing left turns and U-turns 
across the median except at a few designated locations . 
Access is provided by left-turn lanes at intersections 
and major driveways. In addition to preventing left 
turns at minor driveways, the raised median divider 
reduces friction in the traffic stream by separating 
opposing traffic. 

This technique reduces the frequenc y of total con­
flicts by reducing the number of basic conflict points 
at all minor driveways . More important it com­
pletely eliminates the more hazardous points of cross -
in.g conflict at these driveways. For intersections and 
major driveways, the frequency and severity of conflicts 

Figure 1. Two-way left-turn lane. J l ~-~J l ___ ___, J l ) 

Figure 2. Continuous left-turn lane. 

Figure 3. Alternating left-turn lane. 
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associated with left-turn vehicles are reduced by allow­
ing deceleration and shadowing of these vehicles in 
left-turn lanes. 

The median divider usually reduces the total number 
of driveway maneuvers. However, the maximum re­
duction in the frequency of conflicts is moderated by 
increases in right-turn volumes at minor driveways 
where desired left turns are accomplished through in­
direct, circuitous paths. 

The construction of a raised median divider often 
requires widening of the existing roadway. Where in­
sufficient right-of-way has been dedicated, additional 
right-of-way will need to be purchased. The minimum 
required roadway width is 16.8 m (56 ft). This width 
accommodates four 3.3-m (11-ft) through lanes and a 
3 .6-m (12-ft) median. A more desirable design allows 
four 3.6-m (12-ft) through lanes and a 4.8-m (16-ft) 
median for a total roadway width of 19.2 m (64 ft) (Fig­
ure 4). 

The most important design element for the raised 
median divider is the median width, which must be 
adequate to completely shadow left-turning vehicles 
from through vehicles. The desirable minimum median 
width is 4.2 m (14 ft). This width provides a 3.6-m 
(12-ft) deceleration storage lane and a 0.6-rn (2-ft) 
raised median at median openings. However, a 4.8-m 
(16-ft) median width is recommended, and a 6.6-m 
(22-ft) width is required if U-turns are permitted. 

The required minimum deceleration length is that 
distance required if a vehicle is to make a comfortable 
stop from the average running speed on the highway. 
The storage length should be sufficient to store the 
maximum expected vehicle queue. As a minimum, 
storage length for at least two passenger automobiles 
should be provided. The spacing of median openings 
is dictated by the length of the deceleration lane, which 

Figure 4. Raised median divider with left -turn 
deceleration lanes. 

Figure 5. Median barrier with indirect left-turn 
ramp (cloverleaf loop). 

Figure 6 . Median barrier with indirect left-turn 
ramp (jughandle). 
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varies from 90 to 300 m (300 to 1000 ft) for design 
speeds from 48 to 72 km / h (30 to 45 mph). 

Median Barrier With No Direct 
Left-Turn Access 

The final median treatment considered here is the 
median barrier with no direct left-turn access. This 
design has no left-turn deceleration lanes, but instead 
left turns are accomplished by means of indirect left­
turn ramps-cloverleaf loops or jughandles-at median 
openings. Figures 5 and 6 show these two basic designs . 
The cloverleaf design (Figure 5) is recommended when 
the distance between major driveways or intersections 
is less than 1.6 km (1 mile). The jughandle design 
(Figure 6) is recommended when major driveways or 
intersections are spaced at 1.6 km or more. This 
treatment incorporates a New Jersey type of bar­
rier or a simple barrier curb in the median and elim­
inates all direct left turns and U-turns along the high­
way. 

The median barrier with no direct left-turn access 
reduces the number of basic conflict points and totally 
eliminates the more hazardous crossing conflicts at 
driveways in much the same way the raised median 
divider does. Furthermore, the frequency of rear-end 
conflicts on the through lanes is expected to decrease 
as a result of the elimination of direct left turns. On 
the other hand, the frequency of right-turn conflicts at 
minor driveways will probably increase in proportion to 
the number of indirect left turns. The reduction in 
points of crossing conflict at driveways is partially 
offset by the creation of additional basic conflict points 
at indirect left-turn locations. However, this trade-
off is minimized if these locations are signalized. 

A much narrower median is required for this treat-
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ment than for the raised median divider because this 
treatment eliminates the left-turn deceleration lanes. 
The desirable median width for the barrier is 1.8 m 
(6 tt), which is sufficient to accommodate a 0.6-m 
(2-ft) wide barrier with a 0.6-m (2-ft) clearance on each 
side . However, a right-of-way width of more than 45 m 
(150 ft ) is needed at the jughandle or cloverleaf sites, 
and this requirement alone may render this design im­
practical at many locations. 

EFFECTIVENESS OF MEDIAN 
TREATMENTS 

The selection of the optimal median treatment should 
be based on its e[fectiveness in reducing both accidents 
and delay. Unfortunately, the effectiveness of most 
median treatments has not been evaluated consistently. 
This lack of proven evaluations does not eliminate the 
need to make rational choices among the available 
median treatments and should not deter the use of the 
best available information to compare alternatives . 
Estimates of elfectiveness can be developed from the 
available literature and reasonable assumptions. The 
effectiveness of the five median treatments in reducing 
both accidents and delay is considered below. 

Accident Reduction 

The effectiveness of median tre.atments in reducing 
accidents can be estimated by (a) estimating the acci­
dent experience of typical arteriai highways , com­
mercial driveways, and signalized intersections; (b) 
estimating the number of driveways and intersections 
per kilometer on typical arterial. highways ; and {c) de -
termining the number of accidents per kilometer per 
year that would be reduced by each median treatment. 
Level of development and highway driveway, and 
crossroad ADT-measurements used in the tables 
throughout this paper-are defined below: 

Item 

Level of development 
Low 
Medium 
High 

Highway ADT 
Low 
Medium 
High 

Driveway ADT 
Low 
Medium 
High 

Crossroad ADT 
Low 
Medium 
High 

Definition 

< 30 driveways 
30-60 driveways 
> 60 driveways 

< 5000 vehicles/d 
5 000-15 000 veh icles/d 
> 15 000 veh icles/d 

< 500 vehicles/d 
500-1500 veh icles/d 
> 1500 vehicles/d 

< 500 vehicles/d 
500-1500 vehicles/d 
> 1500 vehicles/d 

Table 1 gives expected annual accident frequenc y for 
~~ .6 -km 0-mile) section of arterial highway for three 

T levels and three levels of development The values 
a.t'e b d · Mulinase . on re~ession equations developed by 
\' alu azzi and Michael ('.!) - The derivation of these 
e es fr om the Mulinazzi and Michael regression 
quatlons is documented by Azzeh and others (1). 

d .Annual accident frequencies for typical commercial 
,::v~ways are given i11 Table 2 . A prediction equation 
sign 1~ expected accident experience of four-wa y, UJ1-

veto a ~z~d intersections on divided highways was de­
driv pe ma study by McDonald {5L A commercial 
h eway Is essentially a three-way intersection that 
ti~ °:a~ i2 conflict pol?ts whereas a four-wa y intersec -
In Table 2 conflict P? ints. The accident predictions 

were obtained by multiplying the ace ident 

Table 1. Annual accident frequency for 1.6 km 
(1 mile) of typical arterial highway. 

Accidents for Three Levels 
of Highway ADT 

Level of Development 

Low 
Medium 
High 

Low 

12 .6 
20.2 
27 .7 

Medium 

25 . 1 
39 . 7 
54.4 

High 

37.9 
59 . B 
81. 7 

Table 2. Annual accident frequency for a typical 
commercial driveway . 

Driveway ADT 

Low 
Medium 
High 

Accidents for Three Levels 
of Highway ADT 

Low 

0 .26 
0.63 
0 .97 

Medium 

0.45 
1.1 
1. 7 

High 

0.62 
1.5 
2 3 
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Table 3. Annual 
accident frequency 
for a typical four-

Accidents for Three Levels 
of Highway ADT 

way, signalized Crossroad ADT Low Medium High 
intersection. ----------------

Low 
Medium 
High 

1.1 
1.9 
2.5 

l. 9 
3.2 
4.2 

2.e 
4.4 
s.a 

frequencies from McDonald's equations by ghz. Acci­
dents probably do not correspond directly with the 
numbers of conflict points, and some particular ma­
neuvers definitely have a higher frequency of conflicts 
under certain conditions. However, the proce«ure is 
valuable in making comparisons. 

Annual accident frequencies for four-way signalized 
intersections on arterial highways are given in Table 3: 
These data are based on the work of Webb (6). 

For evaluation purposes, 1.6 km (1 mile} of a typical 
arterial highway is assumed to have two signalized in­
tersections. The assumed distribution of driveways 
per 1.6 km for each level of development is given be­
low: 

Number of Driveways 

Level of by Driveway Volume 

Development High Medium Low 

High 0 10 65 
Medium 2 8 35 
Low 2 5 8 

Two-way left-turn lanes have been evaluated by 
several agencies: Two studies have been conducted in 
Michigan (7, 8), one in Sacramento, California (9), one 
in Seattle [io), and one by a technical council oflhe 
Institute ofl'ransportation Engineers (11). The results 
of a before-and-after s tud y of 11 .6 km 16.6 miles ) of 
two -way left - turn lanes in Michigan {_g_l are gi \•en below: 

Number of 
Accidents Change 

Type of~ccident Before After (%) 

Left turn 94 52 -45 
Rear end 238 90 -62 
Right angle 92 105 +14 
Sideswipe 42 39 -7 
Other 66 70 +6 

Total 532 356 -33 
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This table illustrates the effectiveness of this treat­
ment in reducing left-turn and rear-end accidents. 
Although increases in head-on accidents might be ex­
pected in the median lane because of conflict with op­
posing vehicles, the literature discounts such occurrences 
as infrequent. Based on all of the studies identified 
above, the total number of ace idents on an arterial 
street can be expected to decrease by 35 percent after 
installation of a two-way left-turn lane on a four-lane 
arterial street. The expected accident reductions for 
1.6 km (1 mile) of an arterial street have been calculated 
from Table 1 and are given in Table 4. 

No operational studies on the continuous left-turn 
lane were found in the literature. Therefore, the two­
way left-turn lane was used as the basis for comparison, 
and two operational differences between the two-way 
left-turn lane and the continuous left-turn lane were 
considered. First, the continuous left-turn lane has a 
separate left-turn lane for each direction of travel, 
which should reduce some conflicts that result from 
opposing vehicles using the same lane. On the other 
hand, motorists turning left from the continuous left­
turn lane must cross the left-turn lane for the opposite 
direction, which therefore increases the conflict area. 
It seems reasonable to assume that these two effects 
cancel one another and therefore that the effectiveness 
for the continuous left-turn lane is the same as that for 
the two-way left -turn lane (Table 4). 

Alternating left-turn lanes operate somewhat dif­
ferently from two-way and continuous left-turn lanes. 
In addition to reducing rear-end and left-turn conflicts, 
alternating left-turn lanes may reduce the frequency of 
left-turn maneuvers by discouraging left-turn access 
at driveways where there are opposing left-turn de­
celeration lanes. One study (13) indicates a 28 percent 
decrease in accidents as a result of converting a _section 
of highway to alternating left-turn operation. To com­
pletely evaluate the effectiveness of this treatment, 
several assumptions were made about its operational 
characteristics. Included in these assumptions is 
that left-turn access will be provided to all medium-

Table 4. Annual reduction in accidents from median treatments for 
1.6 km (1 mile) of typical arterial highway. 

Annual Number of Accidents Reduced 
Level of 
Development ADT TWLTL CLTL ALTL RMD MB 

Low Low 4-4 4 4 !. 7 2.2 -2 1 
Medium 8 .8 8.8 3 .2 4 . 1 -4 .0 
High 13 .3 13 . 3 5. 1 6.3 -5. 0 

Medium Low 7. 1 7. 1 3. 5 5.8 1.8 
Medium 13 9 13 . 9 7.1 11.2 4.1 
High 20 9 20 9 11 6 17 .2 8. 1 

High Low 9. 7 9. 7 6. 4 10 .7 6. 3 
Medium 19.0 19.0 13 . 3 20 7 13 6 
High 2 8 6 2 8 6 21 0 31 2 21.J 

Table 5. Annual reduction in delay from median treatments for 1.6 km 
(1 mile) of typical arterial highway. 

Annual Reduct10n in Delay (hi 
Level of 
Development ADT TWLTL CLTL ALTL RMD MB 

Low Low 0 0 0 0 0 
Medium 0 0 0 0 0 
High 0 0 0 0 0 

Medium Low 0 0 0 0 0 
Medium 2 628 2 628 2 628 2 628 0 
High 6 935 6 93 5 6 93 5 6 935 0 

High Low 0 0 0 0 0 
Medium 6 059 6 059 6 059 6 059 0 
High 17 046 17 046 17 046 17 046 0 

and high-volume driveways but to only half of the low­
volume driveways. The installation of left-turn lanes 
for these driveways is assumed to reduce their accident 
experience by 50 percent. For half of the low-volume 
driveways where the left-turn access is denied, accident 
experience is assumed to be reduced by 60 percent. 
Finally, it is assumed that the installation of the median 
lane makes it possible to install left-turn lanes at two 
signalized intersections and that the accident experience 
at these intersections is reduced by 50 percent. De­
tailed explanation and justification of these assumptions 
are provided by Azzeh and others (1). The resulting 
estimates of accident reduction for this treatment are 
given in Table 4. 

The raised median divider is evaluated by using as­
sumptions similar to those made for the alternating 
left-turn lane, but this treatment is even more restric -
tive operationally. The treatment is assumed to pre­
vent left turns at all low-volume driveways and to re­
sult in a 60 percent accident reduction at these 
driveways. It is also assumed that left-turn deceleration 
lanes are installed at all medium- and high-volume 
driveways and at signalized intersections. This results 
in a 50 percent decrease in accidents at these locations. 
The overall accident reduction for the installation of a 
raised median divider is given in Table 4. 

The median barrier with no direct left-turn access 
is similarly evaluated. The barrier is assumed to 
eliminate left turns at all driveways. Although this re­
sults in a 50 percent reduction in driveway accidents, 
an accompanying increase in accidents is associated 
with the two signalized, indirect left-turn locations. 
The net accident reduction for installation of a median 
barrier is given in Table 4. 

Delay Reduction 

No comparative data on the effectiveness of the five 
median treatments in reducing delay are available. 
However, four of the treatments have a very similar 
effect on delay. The two-way left-turn lane, the con­
tinuous left-turn lane, the alternating left-turn lane, 
and the raised median divider with left-turn decelera­
tion lanes all reduce delay by removing left-turning ve­
hicles from the through lanes to a sheltered area in 
the median. This results in an increase of the average 
running speed of through traffic. The effectiveness of 
these treatments in reducing delay was estimated by 
assuming a value for this increase in average running 
speed. The following assumptions were made to esti­
mate reductions in delay for typical four-lane highways : 

1. Arterials with low traffic volumes or low levels 
of development would not experience any increase in 
rwming speed. 

2. Average running speeds on arterials without 
median treatments are assumed to be as given below 
(1 km/h= 0.62 mph): 

Highway ADT 

Medium 
Medium 
High 
High 

Level of 
Development 

Medium 
High 
Medium 
High 

Average Running 
Speed Jkm/_hl___ 

56 
48 
48 
40 

3. For a medium level of development, there is an 
increase of 8 km/h (5 mph) in average running speed 
during the 2 h of each day that show the highest traffic 
volume. These hours are assumed to include 20 per­
cent of all through vehicles. 

4. For a high level of development, there is an in-
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crease of 8 km/h (5 mph) in average running speed 
during the 4 h of each day when traffic volume is highest. 
These hours are assumed to include 3 5 percent of all 
through vehicles. 

The estimated effectiveness of reduction in dela y that 
results from these assumptions is given ln Table 5. 

Installation of the fifth median treatment-the median 
barrier with no direct leit-turn access-will also result 
in an increase in average running speed. However, 
this saving is probabl y offset by the increase in travel 
time for indirect left-turning vehicles and the increased 
delay if the indirect crossings are signalized. For 
evaluation purposes, these effects are assumed to be 
equal and offsetting so that the net reduction in delay 
is zero (this assumption may be unrealistic on ex-­
tremely high-volume highways where median barriers 
may be far more desirable than suggested by the follow­
ing analysis) . 

COST OF MEDIAN TREATMENTS 

The effectiveness of median treatments should be 
evaluated in relation to their costs. For this reason, 
construction costs have been estimated for the installa­
tion of each of the five median treatments for 1.6 km 
(1 mile ) of a typical existing arterial highwa y. Three 
construction options presented in order of increasing 
cost, are considered separately for each median treat­
ment: 

1. Option 1 assumes that the existing roadway is 
wide enough to permit installation of the median treat­
ment without additional widening. 

2. Option 2 assumes that pavement widening is 
necessary but that ·no additional right-of-way must be 
acquired. 

3. Option 3 assumes that both pavement widening 
and right-of-way acquisition are necessary to install 
the median treatment. 

The estimated construction costs for each median 
treatment and construction option are given below: 

Cost($) 

Option 1 Option 2 Option 3 

Median 
(existing (pavement (pavement widening 
paved widening and right-of-way 

Treatment median) required) acquisiti9_i:i_ req ~~ed) 

Two-way left- 8 200 280 200 501 ODO 
turn lane 

Continuous left- 12 BOO 403 200 783 600 
turn lane 

Alternating left- 10 200 282 200 503 ODO 
turn lane 

Raised median 97 600 369 600 590 400 
divider 

Median barrier 185 200 304 ODO 398 800 

These estimates were determined from the following 
unit costs (1 m = 3.3 ft, 1 m2 = 10.76 ft 2

, and 1 km= 
0.62 mile): 

£.onstruction I tern 

:a:::~ !reflective) 

0a~emem !0.3 m th icl<.J 
riveway patchback 

Curb and gutter 
Median b · 
R arr1er !New Jersey type) 

elocatio 1 R' h no struc tu res (one side of roadway) 
'9 t·Of ·way acqu isi t ion 

Unit Cost for 
Construction 
and Overhead IS) 

2.10/m 
24.70/ m2 

24.70/ m2 

26.70/m 
66 .70/ m 
6250/km 
33.30/m2 

75 

These unit costs are based on data gathered in 1975. 
Naturally, they are expected to rise as time passes, 
but the benefit-cost comparisons in the next section 
'should still be valid since the costs of accidents and 
delay time are presumably rising as well. The service 
lives of all capital items are estimated at 20 years 
except for pavement striping for which the life is esti­
mated at 2 years. 

BENEFIT-COST RATIOS FOR 
MEDIAN TREATMENTS 

The five median treatments have been compared on the 
basis of their benefit-cost ratios. For purposes of this 
study, the benefit-cost ratio (BC) is defined as 

BC= [(ARHAC) + (DR)(DCll /CC [CRF] ~ (I) 

where 

AR 
AC 
DR 
DC 

cc 
[CRF]~ 

n 

annual number of accidents reduced, 
average cost per accident= $2800 (14), 
annual hours of delay reduced, -
average cost per hour of delay= $4.50 (1, 
15), -
total construction cost, 
capital recovery factor at i percent for n 
years, 
minimum attractive rate of return = 7 per -
cent, and 
service life = 2 years for pavement striping 
and 20 years for other capital items. 

The benefit-cost ratio for each median treatment for 
each construction option is given in Table 6. Benefit­
cost ratios less than 1.0 are not shown because these 
median treatments are not warranted under the specified 
conditions. 

SELECTION OF MEDIAN 
TREATMENTS 

The benefit-cost analysis presented provides a basis for 
selecting appropriate median treatments for arterial 
highways. The objective should be to select a median 
treatment that is not merely warranted but optimal. 
This objective can be accomplished by using Table 7, 
which summarizes the results of the benefit-cost 
analysis in the form of a selection guide for median 
treatments and construction options. The table contains 
a series of median treatments and construction options 
for each possible combination of dail y traffic volume 
and level of development at the site under consideration . 
Treatment-option combinations are given in order of 
descendin g benefit-cost ratio. The optimal median 
treatment is the highest treatment on the list that is 
ope rationally warranted and physically feasible at the 
site under consideration. The width requirements of 
median treatments are very important in making a 
choice; for example, an alternating left-turn lane is 
preferable to a two-way left-turn lane only if con­
struction option 1 (no widening} can be used when the 
two-way left-turn lane would require construction option 
2 (widening). 

A great many useful general conclusions about the 
selection of median treatments can be drawn from 
Table 7. For instance, at sites that have 5000 (low) 
ADT and driveway density of <30 in 1.6 km (1 mile ). the 
only warranted median treatments are construction 
option l Ior the two-way and continuous left-turn lanes . 
By contrast, on hig hways that have:> 15 000 (high ) ADT 
and drivewa y densit y of >60 in 1.6 km, all median 



76 

Table 6. Benefit·cost ratios 
Level of Development 

for median treatments. 
Low 

Construction Low 
Median Treatment Option ADT 

TWLTL 1 2. 7 
CLTL 1 1.7 
ALTL 1 
RMD 1 
MB I 
TWLTL 2 
CLTL 2 
ALTL 2 
RMD 2 
MB 2 
TWLTL 3 
CLTL 3 
ALTL 3 
RMD 3 
MB 3 

Table 7. Selection guide for 
ADT 

median treatments. 
Low 

Level of Median Construction 
Development Treatment Option 

Low TWLTL 
CLTL 

Medium TWLTL 
CLTL 
RMD 
ALTL 

High TWLTL 
CLTL 
RMD 
ALTL 
MB 

t reatments and construction options are warranted . 
Generally, med.ian treatments that req uire pave­
ment widening are warranted only for highways 
that have traffic volumes >5000 vehicles d. Median 
treatments that require both pavement widen1ng and 
right-of-way acquisition are warranted for only two 
t ypes of sites : (a) highways that have traffic volumes 
>5000 vehicles 'd and drivewa y densities >60 in 1.6 
km and (b) highways that have traffic volumes > 15 000 
vehic les d and drh'ewa r densities >3 0 in 1.6 km. 

The two-way left-turn lane (option 1) is the most 
desirable median t r eatment in all cases considered. 
The median treatments decrease in benefit -cos t ratio 
in about the order t hat they have been presented 
throughout th is paper. The continuous left-turn lane 
is dominated b~· the two-way left-turn lane; i.e., in all 
cases where a continuous left-turn lane could be used , 
a two -way left-turn lane would be better . This finding 

Medium High 

Medium High Low Medium High Low Medium High 
ADT ADT ADT ADT ADT ADT ADT ADT 

5.4 8 .2 4.4 11.2 19. 8 6 .0 17. 7 34 .6 
3 .5 5.3 2 .8 7.2 12. 7 3 . 8 11.4 22.1 
1.6 2 . 5 1.7 5.6 11.3 3.2 11.4 24.0 
1.3 1.9 1 8 4. 7 8.6 3 ,3 9.3 17.9 

1.3 1.0 2 .2 3 .4 
1.2 I. 7 3.0 2. 7 5 .2 

1.2 2 .0 1.8 3 .6 
1.0 2 .0 2.1 4.3 
1.2 2 .3 2 .5 4. 7 

1.3 2.1 
1.8 1.6 3.1 
I. I 1.0 2.0 
1.2 1.2 2.6 
1.4 1.5 3.0 

1.0 1.6 

Medium High 

Median Construction Median Construction 
Treatment Option Treatment Option 

TWLTL TWLTL I 
CLTL CLTL I 
ALTL ALTL I 
RMD RMD 1 

TWLTL 2 

TWLTL 1 TWLTL I 
CLTL I CLTL 1 
ALTL 1 ALTL I 
RMD I RMD I 
TWLTL 2 TWLTL 2 
RMD 2 RMD 2 
CLTL 2 CLTL 2 
ALTL 2 ALTL 2 

TWLTL 3 
RMD 3 
MB 1 
ALTL 2 
CLTL 3 

TWLTL I TWLTL 
A LTL I ALTL 
CLTL I CLTL 
RMD I RMD 1 
TWLTL 2 TWLTL 2 
RMD 2 RMD 2 
MB I ALTL 2 
ALTL 2 CLTL 2 
C LTL 2 MB I 
TWLTL 3 TWLTL 3 
RMD 3 RMD 3 
MB 2 ALTL 3 
ALTL 3 MB 2 
MB 3 CLTL 3 
CLTL 3 MB 3 

results from the assumption that the continuous left­
turn lane has the same effectiveness as the two-way 
left-turn lane but a higher cost. Therefore, the con­
tinuous left-turn lane should not be used unless there 
is direct evidence that it is more effective than the 
two-way left-turn lane. 

The selection guide given in Table 7 provides an 
excellent basis for choosing among alternative median 
treatments when no better information is available. 
However, the user should be aware of the limitations 
of the guide imposed by the methods used in its de­
velopment. The benefit-cost ratios are based on t ypical 
values of construction cost, accident reduction, and 
delay reduction. The estimates for accident and delay 
reduction for several median treatments are based on 
assumptions that appear reasonable but cannot be com­
pletely supported by research results within the current 
state of the art. If the user can estimate these quanti-
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ties for a particular site, a more reliable evaluation 
will result. fn this case, however, the benefit-cost 
procedure or this paper provides a useful framework 
[or evaluating the available alternatives . 

The user should also recognize that some important 
considerations are beyond the scope of an economic 
analys is but may well have an important impact on the 
final dec ision. For example , the economic analysis 
does not completely reflect the role of operational 
flexibility In evaluating median treatments. An arteria l 
highway with a two-wa y left-tu r n lane is (ar more flexible 
operationally than a highway with a median barrier. 
Such flexibility makes r outine operation less restric ­
tive since left-turns are not prohibited, and the treat­
ment has better sel"Vice capability under transient con­
ditions such as roadway constr uction or a traffic 
accident. In this case, both the economic and opera­
tional cons iderations favor the same median treatment, 
but in other situations the re may be trade-offs to be 
made by the decis.ion maker. Tn short, the economic 
analysis is an ext r eme ly important part of t he selection 
of an optimal median treatment, but other less quan­
tifiable factors also deserve consideration. 
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Highway Design Consistency and 
Systematic Design Related to 
Highway Safety 
;ohn C. Glennon, Transportation Consulting Engineer, Overland Park, Kansas 

ouglas W. Harwood, Midwest Research Institute, Kansas City, Missouri 

Th' 
ac~s P~per proposes a more systematic approach to highway design for 
as a•eving consistent designs to meet the needs of driveTs . It is Intended 
ties. c~:alyn to"'.'ard promoting optimal improvements of existing facili · 
curre s natu~e •s conceptual. The topics covered fnclude (a) a critique of 
desi nt Practices; (bl the evolution of highway design ; (c) objectify ing the 

gn Process ; (d) consistency of design in relation to driver expectancy ; 

(el application to achieve design consistency; and (f) developing a cost· 
effectiveness methodology. 

For almost 4 decades, highway designers have relied on 
criteria presented in a series of design policies of the 
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American Association of State Highway and Transporta­
tion Officials (AASHTO). Although these publications 
provide a unique framework for geometric design, they 
neither treat geometric design as a systematic process 
nor provide any insights on designing highways to meet 
the critical needs of drivers. The AASHTO design poli­
cies have often led to inconsistently designed highways. 
Conceived as a way of communicating standards of good 
practice, these policies have often become the sole 
authorities. When asked about the adequacy of a design, 
some designers say "It's consistent with the AASHTO 
blue book" rather than "It meets the needs of the driver ." 

As the recent AASHTO "3R Guide" (1) shows, the 
basic scenario of the highway communifY is rapidly 
changing from a massive road-building campaign to a 
decided attempt to optimize the traffic safety and ser­
vice of existing highways. Although many design errors 
are "poured in concrete," this changing emphasis pro­
vides an outstanding opportunity to improve existing 
highways so they are more consistent with the needs of 
the driver. But this goal can only be accomplished if 
the design process is objectified to the extent that it 
maximizes the effectiveness of design improvements sub­
ject to funding constraints. 

EVOLUTION IN HIGHWAY DESIGN 

Between the inventions of the wheel and the automobile, 
the primary concern of road builders was "getting the 
road user out of the mud." Only the structural aspects 
of design were considered. In the 1920s, when a per­
sonal automobile became a reality for many people, 
there began the evolution of a highway design technology 
of which many remnants remain. Most of the early high­
way design engineers came from railroad engineering 
backgrounds. 

As highway transportation developed in the 1930s 
(aided particularly by government employment-support 
programs), more and more paved roads were built. By 
the late 1930s, the number and speeds of vehicles began 
to multiply. With these trends came frequent traffic 
jams and large increases in highway fatalities. 

In 1937, as a reaction to these highway transportation 
problems, the American Association of State Highway 
Officials (AASHO) organized the Special Committee on 
Administrative Design Policies. The purpose of this 
committee was the formulation of administrative policies 
aimed at stimulating uniform practices of good highway 
design that would result in maximum safety and useful­
ness . Between 1938 and 1944, this committee formu­
lated the following seven policy statements: A Policy 
on Highway Classification, September 16, 1938; A Pol­
icy on Highway Types (Geometric), February 13, 1940; 
A Policy on Sight Distance for Highways, February 17, 
1940; A Policy on Criteria for Marking and Signing No­
Passing Zones for Two- and Three-Lane Roads, Feb­
ruary 17, 1940; A Policy on Intersections at Grade, 
October 7, 1940; A Policy on Rotary Intersections, 
September 26, 1941; A Policy on Grade Separations for 
Intersecting Highways, June 19, 1944: and A Policy on 
Design Standards-Interstate, Primary and Secondary 
Systems. Many of the criteria presented in these pol­
icies still undergird current AASHTO design policy 
manuals. These criteria, of course, were based on 
the vehicle performance, highway design, and traffic 
operations of the 1930s. As a result, the validity of 
their application in current highway design technology 
may be questionable. 

As an example of the mismatch between design stan­
dards and current highway operations, consider the ex­
ample of the design and operation of passing zones. 
First, the design of passing sight distance (~) only in-

directly considers the design of usable passing zones. 
The second inconsistency is that the design for passing 
sight distance and the striping of highways for no-passing 
zones are based on entirely different criteria. The cur­
rent MUTCD (3) standards for no-passing zones (which 
indirectly set the dimensions for passing zones) are 
based on criteria presented in the 1940 AASHO policy 
(4). Unlike the current design for passing sight dis­
tance, which uses a constant 16.1-km/h (10-mph) speed 
difference between passing and passed vehicles for all 
design speeds, the sight distance for striping is based 
on speed differentials that range from 16.1 km/ h (10 mph) 
at a 43.3-km/ h (30-mph) design speed to 40.2 km/ h (25 
mph) at a design speed of 112. 7 km/ h (70 mph). These 
criteria are considerably more liberal (and more haz­
ardous) than the desig n criteria (5). 

Not only is the validity of current design standards 
in question but, more important, geometric design prob­
lems are also compounded by the lack of a systematic 
approach to highway design. Present methods of design 
are often based on solutions to old problems rather than 
the specific nature of the problem at hand. In addition, 
because of the complexity of highway design, the design 
tasks are generally assigned to seemingly independent 
teams, which ignores the basic principles of system de­
sign optimization. Although direct lines of communica­
tion may exist between task teams, the lack of defined 
responsibility and authority toward the total system de­
sign may prevent a solution close to the optimum. 

Recently, increasing emphasis has been given to the 
systems engineering approach to design. This is a cre­
ative form of problem solving that emphasizes the total 
design or task rather than merely considering the effi­
ciency of each component part. The primary principle 
in applying the systems approach to design is to maxi­
mize system performance for a given cost or to mini­
mize cost for a given performance. This general ap­
proach, of course, is not new. What is new is that the 
systems approach is completely rational rather than in­
tuitive and uses such formalized techniques as game 
theory, queuing theory, linear programming, dynamic 
programming, control theory, critical path methods, 
network theory, and various optimization techniques. 

In the past, the complexity of the highway systems 
design process often forced highway administrators to 
decompose the process unnaturally into noninteractive 
tasks, ignoring many of the necessary feedback aspects 
of the process. Unfortunately, the highway engineering 
community has not had the necessary tools to consider 
all of the interactions, let alone objectively weigh al­
ternative designs, in coordinating the data and perform­
ing the design. 

Now that the Interstate system is nearly complete and 
there is a trend toward improving the safety and useful­
ness of the 5 968 000 km (3 700 000 miles) of existing 
highway network, it is past time to develop an objective 
design process whereby the design engineer can both de­
sign new facilities and optimize future efforts to improve 
the performance of the existing system. 

OBJECTIFYING THE DESIGN PROCESS 

To avoid some of the highway design problems of the past 
requires a comprehensive description of the highway de­
sign process. In other words, the total process must be 
completely defined from setting goals to achieving the 
completed design (or redesign) of a highway. The en­
tire, conceptualized design process is shown in Figure 
1 and discussed below. An appreciation of the relations 
and interactions shown in Figure 1 is the first step to­
ward making each element of the idealized design pro­
cess concrete rather than abstract. A major research 
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figure 1. The highway d•ign process. 
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Figure 2. Conceptualized relation between driver performance and highway system demands in creation of 
accident circumstances. 
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effort is necessary to develop practical, yet valid, pro­
cedures and criteria for each element of the design pro­
cess. The following discussion of the design process 
suggests an approach that addresses the need [or spe­
cific design criteria, performance measures (measures 
of effectiveness), and decision-making tools . 

The apex of the objective design process is the re­
quirement that desired goals be defined and completely 
quantified. ln addition, of course, these goals must be 
defined within the framework of a functional classifica­
tion of highways. This points to a primary weakness of 
the AASHTO policies. Although they name the goals of 
safety, efficiency, economy, and comfort, they do not 
operationally define these goals. 

The first part of objectifying the design process, 
therefore, requires a format for functional classifica­
tion of highways and the formulation of a framework for 
operationally defining the goals of highway design in each 
functional class. The functional classification should 
consider the trade-offs between the functions of traffic 
service and land access, including rural or urban de­
velopment needs and the level and type of traffic to be 
served. 

The second major step in defining the design process 
shown in Figure 1 is an objective description of the basic 
constraints of driver, vehicle, traffic, and environ­
mental characteristics and the interactive relations 
among these characteristics and between them and road­
way characteristics. It is also important to identify how 
these constraints and their interactions set the require­
ments for the development of design criteria. 

In developing design criteria that are functionally re­
lated to the design constraints, the real solution is one 
of matching the limited sensory and motor capabilities 
of the driver to the requirements of the driving task for 
various combinations of vehicle, roadway, traffic, and 
environmental constraints. Figure 2 shows conceptually 
that the performance of most drivers is usually adequate 
to the demands of the highway system. Accidents occur 
when either (a) driver performance falls below the level 
required by the system at that time or (b) system de­
mands exceed driver performance at that time. In de­
veloping geometric design criteria, therefore, a basic 
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low Traffic 
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principle should be to avoid peaks in the system demand 
curve created by inconsistency in design. 

In the design process, a lack of understanding of basic 
design constraints and how they affect the solution con­
tributes to piecemeal s olutions that prevent optimiza­
tion. The current approach tends to ignore the consis­
tency of various combinations of design elements and 
thus oversimplify the process and limit the reliability 
of relations for most design purposes. But the primary 
reason for the lack of useful and definitive relations be­
tween design criteria and basic operational constraints 
is that these definitions depend on the complex interac­
tions between the components of the highway transporta­
tion system, between their attributes, and between these 
and their environment. Until the significant interactions 
in the system can be quantified, reliable design criteria 
cannot be established. 

The next major step in the design process (Figure 1) 
involves defining design speed as a function of design 
goals and constraints for each of the functional classes 
of highway. Without question, tbe "design equation" is 
most sensitive to vehicle speed-not only because the 
ability to stop or corner is a function of the square of 
speed but also because the impact forces of a collision 
are also a function of the square of speed. 

AASHO design policies define design speed as "the 
maximum safe speed that can be maintained over a spe­
cific section of highway when conditions are so favorable 
that the design features of the highway govern" (2) . This 
definition is abstract and does not lend itself to being an 
objective basis for design. It is difficult to imagine, 
under conditions "so favorable' ' and with modern design 
standards of 3.6-m (12-ft) lanes, flat cross slopes, and 
relatively flat grades, that any design feature other than 
horizontal curvature could govern maximum safe speed. 
Actually, in a physical sense, this is true. If driver, 
vehicle, traffic, and environmental coDstraints are 
eliminated from the design equation, the only design 
feature that physically governs maximum safe speed 
Uor modern highway designs) is horizontal curvature. II 
this were true in an operational sense, the speed for long, 
level, tangent sections would be unrestricted and, where 
horizontal curvature was introduced, the concept of an 



" 

overall design speed for that facility would be incon­
gruous. 

What is required is an operational definition of design 
speed that encompasses driver, vehicle, roadway, en­
vironmental, and traffic constraints and their relations 
to the design of an efficient, safe, and economical high­
way facility. To achieve this basis, for example, the 
designer requires knowledge of the characteristics of a 
"design vehicle" and how they relate to vehicle stability 
at various speeds-e.g., aerodynamics, suspension, 
weight, weight distribution, steer angle related to turn­
ing radius, accelerative capabilities, and braking capa­
bilities. 

The next major step is to define the design criteria 
objectively. The different kinds of criteria apply to the 
specification of the basic design elements, the longi­
tudinal variation of horizontal, vertical, and cross­
sectional elements, and the combinations of design ele­
ments (in general but also for special locations such as 
intersections, interchanges, and weaving sections). The 
process of developing design criteria involves analyzing 
the criticality of the interact ive relations between the 
design constraints and the design elements for various 
highway speeds and selecting that level of criticality that 
limits the probability of an undesirable event (e.g. , ac­
cident or congestion). 

Synthesis is an important and necessary part of this 
development. Complete and comprehensive documenta­
tion of data is of little use unless it can be synthesized 
into a usable body of knowledge. By means of this kind 
of synthesis, sensitivity analysis can be performed to 
identify the more significant parameters that affect the 
safety effectiveness of any design improvement. 

Figure 3 shows the general matrix of analysis. The 
necessary synthesis of data and information on inter-

Figure 3. General matrix for synthesis of interactive 
relations. 
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active relations involves the following five basic steps: 

1. Define a measure of hazard; 
2. Formulate multidimensional data matrixes; 
3. Statistically select an appropriate hazard value 

from data elements in each matrix cell; 
4. Apply statistical procedures to predict expected 

hazard values for empty matrix cells; and 
5. Reiterate the synthesis process, combining ma­

trixes for higher orders of development. 

First, we must define a measure of hazard so that 
the effect of varying dimensions of highway design ele­
ments, and combinations thereof, can be objectively 
evaluated (this step is desc:ribed further below). Second, 
for each value of a design element, multidimensional 
data matrixes of hazard measures are classified by in­
cremental values for the various combinations of the de­
sign constraints. The class range for each design ele­
ment or design constraint in the matrix is then deter­
mined by analyzing the sensitivity of the dependent hazard 
measures to variations in the values of the design ele­
ments and design constraints. Third, within each cell 
of each matrix, the data elements (U there are more than 
one) are statistically analyzed to select the appropriate 
hazard value for that cell. Fourth, statistical procedures 
(analysis of variance, multiple regression, and so on) 
are applied to each data matrix to predict the expected 
hazard values for any empty matrix cells. And, finally, 
the synthesis process is reiterated, and successively 
higher orders of development are achieved by Gombining 
appropriate matrixes (submodels) into more inclusive 
matrixes. 

A measure of hazard must be defined so that the ef­
fect of varying dimensions of highway design elements, 
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and combinations thereof, can be evaluated by some cri­
terion of "good." At any location, the degree of accident 
hazard is a function of two variables: accident frequency 
and accident severity. If two locations have the same 
accident frequency, the one that has the lower accident 
severity is less hazardous. If two locations have the 
same accident severity, the one that has the lower ac­
cident frequency is less hazardous. Thus, neither ac­
cident severity nor accident frequency can serve alone, 
but both must be integrated into one criterion. 

The degree of accident hazard can be defined in sev­
eral ways. It is a measure of the potential for a par­
ticular highway location to produce a given time rate of 
accidents with some average consequence (such as aver­
age cost or the number of fatalities, fatal accidents, or 
fatal plus injury accidents per total accidents). In short, 
the definition of accident hazard depends on the definition 
of accident severity, which, in turn, depends on the ob­
jective of the highway safety improvement program­
whether it is intended to maximize the reduction of total 
accidents, accident costs, fatalities, fatal accidents, or 
fatal and injury accidents. 

Because the process of relating all dimensional values 
of the design elements and the design constraints to par­
ticular values of hazard is a very complex task, it is ex­
tremely difficult to visualize the final product of the 
synthesis. But, for the sake of illustrating the proposed 
process of sensitivity analysis, let us assume that the 
product of the synthesis will take the form of a mathe­
matical model that relates the independent variables that 
dimension the design elements, the design constraints, 
and the many interactions thereof. Because of this com­
plexity, the practical application of the synthesis of in­
teractive relations may be highly questionable. Using 
this kind of formulation for a practical cost-effectiveness 
decision-making framework may be so cumbersome as 
to render it useless. 

The discussion above suggests that the model be tested 
for sensitivity to various levels of the independent vari­
ables. As the variables that contribute lesser sensitiv­
ity are discovered, they are dropped from the model, 
and the newer, simplified model is tested for predictive 
precision. This process is repeated, and the least sig­
nificant variables are successively dropped or combined 
until the trade-off between predictive precision and sim­
plification for practical application is optimized. The 
final form of the model will predict a large portion of 
the variation in the hazard measure by means of the 
simplest possible model of independent variables. 

Successful development of a comprehensive set of de­
sign criteria forms the basis for an objective design 
policy that will enable the highway engineer to design 
each highway close to optimum. These designs can be 
accomplished if the art and the science of decision mak­
ing are placed in the proper perspective, the tools of 
scientific decision making are brought advantageously 
to bear at the appropriate points in the design process, 
and engineering judgment is focused at the appropriate 
levels. In addition, the comprehensive and objective 
design policy will provide a framework for assimilating 
future improvements of design data and technology into 
the design process. 

CONSISTENCY OF GEOMETRIC DESIGN 
IN RELATION TO DRIVER 
EXPECTANCY 

Consistency has always been recognized as an underlying 
principle in highway design as exemplified by the follow­
ing rules of thumb contained in AASHTO design policies. 
From A Policy on Design Standards (1945): 

Sudden changes between curves of widely different radii or between long 
tangents and sharp curves shou ld be avoided. 

From A Policy on Geometric Design of Rural Highways 
(19 54): 

Horizontal and vertical alignment should not be designed indepen­
dently . They complement each other and poorly designed combina­
tions can spoil the good points and aggravate the deficiencies of each . 

From A Policy on Geometric Design of Rural Highways 
(1965) (2): 

The 'roller-coaster ' or 'hidden-dip' type of profi le shou ld be avoided . 
Such profiles generally occur on relat ively stra ight horizontal alignment 
where the roadway profile closely follows a rolling natural ground line. 
Examples of these undesirable profiles are still evident on many high ­
ways. 

From A Policy on Design of Urban Highways and Ar­
terial Streets (1973): 

Curvature and grade should be in proper balance. Tangent alignment 
or flat curvature with steep or long grades, and excessive curvature with 
flat grades, are both poor design . A logical design is a compromise be­
tween the two, which offers the most in safety, capacity, ease and uni­
formity of operat ion, and pleasing appearance within the practical limits 
of terrain and area traversed . Wherever feasible the roadway should 'roll 
with' rather than 'buck' the terrain. 

Although the concept of design consistency has been 
given substantial attention in the design policies, there 
is a general lack of explicit criteria for the contiguous 
combination of basic design elements or for the longi­
tudinal variations of such features as horizontal align­
ment, vertical alignment, and cross section. Without 
these explicit criteria, highway designers will continue 
to build inconsistent geometric details into highways. 

Recent attention has been focused on clesign consis­
tency through the development and widespread recogni­
tion of the concept of driver expectancy. The general 
term expectancy relates to a stimulus-response process 
in which a person with an established set of ideas and 
concepts is presented a stimulus (visual, auditory, tac­
tile, or other) and responds in some way to this stimu­
lus. Although the stimulus triggers the response, the 
response may be either directly related or totally un­
related to the stimulus. The person's set of ideas 
and concepts (predisposition), which greatly influences 
his or her response to the stimulus, is called ex­
pectancy. 

Driver expectancy relates to the readiness of the 
driver to respond to events, situations, or the presen­
tation of information. If an expectancy is met, driver 
performance tends to be error free. When an expec­
tancy is violated, longer response time and incorrect 
behavior usually result. Although driver expectancy is 
similar to the basic expectancy model given above, the 
expected situation is always changing and environmental 
factors are more evident, and thus the predictability of 
the response is reduced . That the response is to an ex­
pected situation rather than the actual situation is the 
vital distinction in understanding the use of driver ex­
pectancy in the design process. 

APPLICATION OF DESIGN CONSISTENCY 

In the most general sense, design consistency means 
that combination of design elements (and their dimen­
sional specification) that does not violate the abilities of 
the driver to guide and control the vehicle. Therefore, 
the concept of driver expectancy is wholly embodied in 
the general definition of design consistency. In a cer-
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tain sense, then, the term design consistency can almost 
be used interchangeably for driver expectancy. 

The term driver expectancy 1·elates a subjective ap­
praisal of the adequacy of driver behavioral responses 
to particular highway situations or conditions. From 
this general concept is derived the idea of design con­
sistency, which describes those combinations of geo­
metric design elements that do not violate driver ex­
pectancies. Thus, human factors engineers, psycholo­
gists, highway engineers, and the public for that matter 
can generally agree that certain extreme combinations 
of geometric design elements constitute inconsistent de­
sign. The·se are the design features that usually tend to 
induce noticeable discomfort in the driver. 

Using the concept of driver expectancy directly, how­
ever, to determine what is or is not consistent design 
(particularly for those design features that are close to 
a threshold value) presupposes that driver expectancy 
can be discretely quantified for a multitude of geometric 
design configurations. But the feasibility of this kind of 
quantification is questionable. There do not appear to be 
any studies that lend quantification (or for that matter 
even dimension) to the human aspect of driver expec­
tancy. When one looks at driver expectancy as a 
statistical description of the driving population, a pos­
sible basis for quantification might involve observations 
of overt behavior such as erratic maneuvers. But there 
are problems in the precision and statistical description 
of data not to mention the complexity of an experimental 
design to isolate the effects of design features from the 
confounding effects of diverse driver, vehicle, and en­
vironmental factors. In other words, it is unclear 
whether it is feasible to isolate the incremental effects 
of design elements and features on some measure of 
driver expectancy in empirical studies. 

An alternative is to develop criteria i.from state-of­
the-art syntheses) for performance elements of the driv­
ing task based on how critical they are to the safe and 
efficient operation of individual driver-vehicle compo­
nents subject to the constraints imposed by geometric 
design features. In other words, establish time­
distance-speed relations appropriate to maintain thresh­
old vehicular stability (both dynamically and in an object­
avoidance mode) dependent on the following limitations: 
driver perception, vehicle performance, driver-vehicle 
and vehicle-roadway interaction, and combinations of 
these. 

. In further describing this approach to evaluating de­
sign features for design consistency, it is easiest to talk 
about the countermeasures to driver guidance and con­
trol problems. These may be grouped into at least six 
general countermeasure approaches: 

1. Improve driver detection-These kinds of counter­
~~~su.res app~y mainly to design [eatures that do not fit 
d t erns of drive.r expectancy and are also difficult to 
e~ect bu~ cannot be improved by direct alteration. An 
. mple is to change the position of a lane drop that is 
~~st over a crest so that it is on an upgrade just down-
r~am from a sag_ vertical curve. 

The~e !~crease driver perception and response time­
that do kmds. of countermeasures apply to design features 

P ?ot fit patterns of driver expectancy and where 
ercept1on r1 ' i · i arnple is . me is 1m ted by sight obstructions. An ex-

tical to 1ncrease the distance between a crest ver-
3 cur~e ~nd a close downstream intersection. 

cou~t Eliminate "false cue" designs-These kinds of 
drive ermeasures apply to design features that violate 
acuo~ expecta.ncy and also misguide driver control 
lnate s . . : Prime. example is complete redesign to elim­
line ca si e-road intersection that is tangent to a main-

urve. 
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4. Decrease driver guidance and control demands­
These kinds of countermeasures apply to design features 
that violate driver expectancy in terms of perceiving the 
critical nature of required speed and path corrections. 
A typical example is providing a spi.ral transition to a 
sharp horizontal curve. Another example is increasing 
short taper lengths at lane drops or at lane- and 
shoulder-width transitions. 

5. Increase driver expectancy-These kinds of coun­
termeasures apply to design features that violate driver 
expectancies that are determined by immediately pre­
ceding trip experiences. An example here is building in 
horizontal curvature to "break up" an 8-km (5-mile) 
tangent section. 

6. Build "relief valve" designs-These kinds of 
countermeasures apply when all other countermeasures 
are unfeasible. For example, a lane drop can be ac­
complished by using a painted taper and carrying the full 
lane width an additional 61 to 121 m (200 to 400 ft) down­
stream. 

Developing this kind of basis requires that performance 
criteria answer the following kinds of questions: 

1. What are the threshold values of factors that limit 
perception of a geometry-e.g ., lateral rate of conver­
gence and flat line of vertical sight (parallax)? What is 
their relation to speed? 

2. What are realistic perception times for various 
design features? Is perception time related to speed? 

3. What maximum dynamic response (onset rate of 
lateral acceleration, br_aking deceleration, and so on) 
should be designed for? How does the critical nature of 
the responses of the driving population relate to various 
design features? 

4. What is the time-distance degradational effect of 
consistent design on driver expectancy when an incon­
sistent design feature is introduced? 

As a simple and straightforward illustration of this 
approach, consider the driver traversing from a tangent 
section to a circular horizontal curve. For horizontal 
curves, it is standard practice to provide a cross-slope 
transition from the normal crown on the tangent to full 
superelevation on the curve. Without a spiral transition, 
however, this cross-section transition appears to create 
a compound dilemma. This is most easily illustrated by 
the example shown in Figure 4. A driver approaching 
an unsplraled curve i s presented first with problem area 
1 i·n which the cross slope is less than 0.01 m/ m (ft/ ft). 
Because of this slight cross slope, the pavement does 
not drain well, and thus a section is created that has a 
high potential for hydroplaning. The driver no sooner 
gets through problem area 1 (where he or she may have 
experienced partial loss of control) than he or she is 
presented with problem area 2. In problem area 2, the 
driver may experience some steering difficulty because 
the cross slope requires steering opposite to the di­
rec.tion of the upcoming curve. When the vehicle passes 
from problem area 2 to problem area 3, the driver must 
reverse steering to follow the curve. At this point, if 
the driver steers the degree of highwa y curve, the lateral 
acceleration will be greater than that designed for since 
problem area 3 does not have full supeI'elevation. 

At design speed, for this example, the driver pro­
ceeds through the "compound dilemma area" in 2.6 s. 
Whether a driver can react adequately to these demands 
on his or her abilities of perception, guidance, and con­
trol in the time required is questionable . 

If the example is carried one step further, past re­
search (6) shows that drivers do not always expect ve­
hicle stability requirements to be critical on sharper 
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Figure 4. Crots·slope transition area and related 
maneuvering problems. 
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horizontal curves that do not have spiral transitions. As 
a result, lateral accelerations on sharper curves can 
exceed assumed design values by as much as 2.13 m/ s 2 

(7.0 ft/s 2
) . In addition, because of insufficient space to 

perform an adequate spiral maneuver (the natural path 
of the vehicle), the rate of change of lateral accelera­
tion can easily exceed 4.57 m/s2 ( 15.0 ft/s 2

). 

This onset rate is clearly in the range of dynamic in­
stability when one considers the extreme control require­
ments placed on the driver and the marginal ability of the 
tire-pavement interface to counteract such extremes. 

Why, then, not add spiral transition curves that du­
plicate the natural path of the vehicle in a noncritical 
maneuver mode? Even the spiral designs that provide 
a continuously decreasing radius over the nominal 
lengths suggested by AASHO (2) will hold the onset rate 
of lateral acceleration under 0:91 m/s 2 (3.0 ft / s 2)-a rate 
that is entirely within the stable control range. 

The basis of design that is apparent here is that those 
curves that generate more than some minimum onset 
rates should have spiral transitions . Although the 
AASHO "blue book" (2) and most state highway design 
manuals suggest using spiral transitions, the astute ob­
server is hard-pressed to find a spiral curve in most 
states. What is apparently needed is a clearer descrip­
tion (sales job) for designers of the critical nature of 
driver control needs in the absence of the spiral. 

DEVELOPING A COST-EFFECTIVENESS 
METHODOLOGY 

Although the development of valid cost-effectiveness 
evaluation techniques is difficult without the kinds of in­
puts discussed earlier, these inputs are of little use 
without the development of an objective cost-effectiveness 

methodology for the implementation of appropriate de­
sign alternatives. 

The administrator of a highway department, faced 
with the task of reducing accident hazard on a jurisdic­
tional basis, must make decisions on the nature of the 
roadway and desired roadside designs while subject to 
constraints that affect those decisions. Normally, the 
principal constraint is limited funds. If there were no 
funding limitations, certainly the administrator would 
provide adequate lane widths, large-radius curves, long 
vertical curves, flat grades, and flat roadsides free of 
fixed objects close to the roadway. In this situation, the 
administrator has few decision-making problems. But, 
in reality, the administrator rarely works with un­
limited funds and therefore strives for a strategy that 
allows the greatest benefits for available funds . 

The basis of a cost-effectiveness analysis is that al­
ternative methods are available for reaching an objective 
and each alternative requires resources and produces 
benefits. A cost-effectiveness analysis systematically 
examines the cost and effectiveness (by using some di­
mensional measures) of alternative methods for ac­
complishing an objective. 

The desired cost-effectiveness methodology requires 
a complete decision framework for (a) computing the ac­
cident hazard associated with any highway location, de­
pendent on the dimensions of its design elements and op­
erational parameters; (b) computing the relative hazard 
reduction of alternative designs; (c) computing the total 
cost of a design improvement, including initial costs and 
differential operational and maintenance costs; (d) com­
puting the relative cost-effectiveness of alternative de­
signs;· and (e) choos ing tl;le appropriate alternative. 

The cost-effectiveness formulation has two basic 
components, the hazard evaluation and the cost evalu­
ation, as shown below: 

(I) 

where 

C/ E = cost-effectiveness, 
C1 =cost of improvement, 
He =hazard before improvement, and 
H, = hazard after improvement. 

As seen in this basic formulation, the hazard evaluation 
is used twice to compute the hazard reduction. The basic 
form of the hazard evaluation was discussed earlier. A 
brief description of the cost evaluation is given below. 

In many highway situations, the difference in hazard 
between des ign alternat ives may be mar g!nal. If this is 
t rue , then at least ln some cases the cost-effectivenes s 
compar ison will be most sens itive to the cost differences 
between des ign alternatives. The most important aspect 
of this sensitivity is the trade-off between the differen­
tials of initial installation costs and maintenance costs. 
A generalized form of the cost- evaluation model is given 
below. Although a much more comprehensive fo r m of 
the model can be anticipated, this example shows the 
overall concept: 

(2) 

where 

CA = total net annual cost of des ign imp rovement ; 
C, = total initial cost of desig11 improve ment in­

cluding costs of design, right of way, r emoval , 
gr ading, paving, and structur e and highway­
user cost differ entials during construction 
(dollars); 
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CRF = capital recovery factor; 
t = Uie of design improvement (years): 
l = investment return rate (percent/year); 

c ... =annual normal maintenance cost after improve­
ment including surface repair and resurfacing, 
repainting traffic markings, mowing, snow and 
ice removal, and so on (dollars/ year); 

C.6 =annual normal maintenance cost before im­
provement (dollars/ year): 

c .. = annual accident repair costs (to guardrails, 
bridges, signs, light poles) after improvement 
(dollars / year); 

c.1 = annual accident repair costs before improve­
ment (dollars/ year): 

N, = annual number of collisions with highway struc­
tures after improvement: and 

Na =annual number of collisions with highway struc­
tures before improvement. 

1'he cost-effectiveness meth.odology developed should 
by design, lead directly to implementation. The meth­
odology, of course, must be applied within the technical­
economic-political decision-making framework of each 
highway agency, which ranges from the rural township 
highway department to the slate hicrhway department in 
the most urbanized stare. Therefore, the methodology 
requires a flexible optimization strategy that is respon­
sive to program inputs that vary according to the highway 
design goals oI individual agencies. 

The complete cost-effectiveness methodology should 
have several built - in decision processes other than the 
basic cost-effectiveness computation. The best use 
should be made of decision tools such as game theory, 
linear programming, dynamic programming, control 
theory, network theory, and various optimization tech­
niques. Furthermore, the methodology should be "com­
partmentalized" so that subelements can be appropriately 
altered according to user needs without having to alter 
the entire methodology. 

The development of the description of the design pro­
~ess, which was discussed earlier, will be valuable in 
identifying many aspects of the complete decision pro­
cess. These include 

1. The integration of the design goals and the highway 
funcllonal classification into the decision process; 

2. The ability to compare design improvements with 
alternat.ive traffic operational improvements (for ex­
ample, in many cases the application of "positive guid­
~nc~" devices lZ) may be much more cost-effective than 
esign alternatives such as widening bridges}· 

h 3· Incorporation of decision-theory techniques to 
andle factors of uncertainty· 

ces~· b Met~ods for developin~ a simpler decision pro­
e(f / using a particular set of solutions of the cost-
r eo tveness methodology for a given set of input pa­
ameters· 

P 5· Th~ ability to optimize "earmarked" improvement 
i:~tgrams that are based on subjective decisions or ob-

ives other than safety· 
6· The fie "b·1·t ' Preci . X1 I l Y to accept future refinements in the 
7 sion of the interactive relation: and 

cisi~ The ability to balance the trade-off between pre­
n and generalization for any particular user. 

In relati t · . 
techniq _ on ° item 3-inoorporating decision-theory 
of unce~~s. to handle factors of uncertainty-some degree 
binect in :in~y usually affec~s most of the variables com­
uncertalnt~\u~ing alt_ernative de~i~ns. Sometimes this 
Values 1 s ealt with by combining "conservative" 
I · n other ca -ected for each _ses, the best estimate value is se-

variable. The decision-theory approach 
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recognizes that the choice has to be made and seeks to 
structure the problem to lncorporate estimates of un­
certain factors rather than ignoring them. 

In relation to item 7-balancing the trade-off between 
precision and generalization for any particular user­
there is always a trade-off between the degree of pre­
cision and the degree or generalization in programming 
highway safety improvements. Maximum precision re­
quires identifying exact values or all parameters that in­
fluence accident hazard. Implementation requires that 
insignificant parameters be ignored and significant pa­
rameters be categorized to minimize the collection of 
input qata. The methodology, therefore, necessarily 
includes sensitivity analysis at several points in the 
evaluation. This analysis tests the sensitivity of the 
decision variable to proposed omissions and generaliza­
tions of the input parameters and provides a framework 
for balancing precision and generalization. 

Another integral part of the proposed methodology is 
outlining the ways and means of implementing the total 
highway improvement prog ram, as desc ribed below. 

Implementing the predictive cost-effectiveness pro­
gram does not mean that a spot-improvement program 
that uses high-acc.ident-frequency identification pro­
cedures should be discarded . Both programs are de­
sirable. The cost-effectiveness program identifies po­
tentially hazardous locations; the hlgh-accident­
frequency identification program identifies locations 
that have demonstrated a high degree of hazard that may 
or may not be identified in the cost-effectiveness pro­
gram. Because the cost-effectiveness program cannot 
precisely account for every single variable that con­
tributes to accident hazard at every particular highway 
site, certain locations may actually have a higher de­
gree of hazard than that assigned by the cost­
effectiveness program. To identify these specific 
locations, the spot-improvement program may be more 
appropriate. Then, too, the cost-effectiveness method­
ology should be helpful in determining the best alterna­
tive improvement for sites identified in the spot­
improvement program. 

Unlike the spot-improvement program, which re­
quires a comprehensive inventory of accident records, 
the predictive hazard approach requires a comprehen­
sive inventory of site parameters to identify and rank 
potential improvement sites. Although this inventory 
could be the most difficult aspect of th1~ implementation 
program, it may not be as difficult as it first appears. 
This is where the trade-off between precision and gen­
eralization comes into play. The kinds and precision 
of inventory items should be generalized (simplified) to 
a degree consistent with the desired level of program 
precision. It is not nec·essary to invEmtory all highways 
in a jurisdiction before implementing the program. A 
priority inventory plan can be adopted that accounts for 
the most sensitive variables in the hazard evaluation. In 
other words, the inventory plan would assign higher 
priorities (and hence earlier scheduling) for inventory­
ing high-volume highways, high-speE~d highways, and 
high-hazard locations such as intersections. 

To determine the general requirements ror program 
funding, statistical procedures can be applied to obtain 
a representative sample inventory of hazardous locations. 
By using this sample to generate an e·s timate for the total 
population of cost-effective site improvements, the total 
program funding requirement can be estimated. This 
indicates to the administrator the general levels of fund­
ing that will be needed to meet various program ob­
jectives (e.g., the degree of safety payoff over specific 
periods of time). 
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SUMMARY 

This paper suggests the development of a very compre­
hensive systems analysis for quantifying the relations 
between highway design elements (and their combinations) 
and highway safety. It also suggests the need for de­
veloping a rational cost-effectiveness methodology for 
optimizing the safety payoff of geometric design improve­
ments. 

The paper is critical of current AASHTO design pol­
icies and, at the same time, is "idealistic" about the po­
tential improvement of these policies. This stance is 
not intended to sound pretentious but to encourage op­
timism toward future improvements in the design pro­
cess. Only by a critical review of current practices can 
we ever hope to identify the missing links in achieving 
design consistency. On the other hand, with an idealistic 
attitude, we can set the highest possible goals for the 
future, goals that will only be modified by real (and not 
imaginary) constraints. The antithesis-setting short­
sighted goals-would prevent the achievement of solu­
tions that are even close to optimal. 

This paper has stressed the need for more sophisti­
cated analysis and decision-making procedures. There 
is little question of this need for, as the highway com­
munity strives more and more for optimality, the tools 
must necessarily become more objective and complex. 
This paper, however, does not subscribe to the "black­
box" philosophy. The methodology proposed is only a 
tool and as such must be comprehensible and responsive 
to the needs of a wide variety of users. 

Future design guides must "sell" themselves to the 
design engineer. Traditionally, the highway design en­
gineer has not directly accounted for the critical nature 
of the driver's guidance and control needs. The engi­
neer needs to be convinced that this approach to design 
is not only rational but highly justified. This requires 
a clear and concise justification of the human-factors 
criteria that are used in design procedures. 

The proposed methodology should be of great value 
in the design of new facilities as well as in the upgrading 
or redesign of existing highways and streets. When 
funds are not available for extensive upgrading of an 
existing facility, the methodology should aid in demon­
strating the cost-effectiveness of upgrading by replace­
ment during normal maintenance procedures. For ex­
ample, for roadside hazards, as these elements wear 
out or are damaged or destroyed, they can be replaced 
by their more cost-effective counterparts. 

In these times of increasing litigation against highway 
departments on the basis of their safety responsibility 
in highway accidents, a comprehensive and active pro­
gram of implementing the most cost-effective improve­
ments in order of priority should be a very convincing 
argument against liability for the government unit. 
Furthermore, this comprehensive and active implemen­
tation program should demonstrate to legislatures and 
the public the wise use of public funds and thus help 
avert the predicted deterioration of the existing system 
because of increasingly inadequate maintenance funds. 
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Discussion 
Sally Free, Center for Auto Safety, Washington, D.C. 

The Center for Auto Safety agrees that the procedures 
now used to formulate highway design standards are not 
only inadequate and obsolete but also detrimental to the 
safety of the traveling public . Present standard-setting 
methodologies have failed to reduce the annual highway 
death toll below the staggering 40 000 mark. It is ap­
parent that radical decreases in accident and fatality 
rates can no longer be realized by simply applying "com­
mon sense" solutions to old problems. 

The system now in effect is one of flexible standards­
that is, standards that are subject to negotiation between 
the Federal Highway Administration (FHW A) and the 
states. Vague terminology, so-called engineering judg­
ment, and exhortatory language are poor substitutes for 
clear, mandatory performance criteria and objectives. 

Instead of independently establishing objective per­
formance criteria to ensure the safe design and con­
struction of the nation's roads, FHW A has simply in­
corporated by reference many AASHTO design policies. 
One need only look at the Code of Federal Regulations, 
Volume 23, Part 625, to see the influence of AASHTO. 
The close involvement between FHW A and AASHTO dur­
ing all stages of the decision-making process has had a 
tremendous effect on how agency decisions are made­
important decisions that affect the public's safety, pock­
etbook, health, and environment. Indeed, this unique 
partnership has allowed AASHTO to shape the direction 
of federal standards and policies, the content of rule­
making, and even the enforcement capabilities of the 
regulating agency- FHW A. 

This represents a rather disturbing situation since 
the state highway departments as a result have remained 
largely self-regulated, writing their own standards 
through AASHTO. These standards are far from optimal: 
much of the time the needs and safety of the driver are 
neglected in favor of wording that is excessively ad­
vantageous to and protective of highway officials and de­
partments. The principal motives and objectives behind 
many of these design standards are the hopes of highway 
officials that the policies will lessen liability, decrease 
costs, and increase state discretionary use of federal 
money. These standards ~nd policies are often simply 
a collection of suggestions and recommendations that 
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are lacking in detail, are highly qualified and ambigu­
ous, and provide so-called technical guidelines that have 
not always been substantiated by research or field ex­
perience. In reference to the imprecise use of termi­
nology, one FHWA attorney bas noted that "the 'stan­
dards' are so easily ci.rcumvented th.at they have become 
essentially meaningless." 

The National Transportation Safety Board (NTSB) has 
characterized highway design standards as having origi­
nated from a "fragmented remedial approach" to safety. 
That is , isolated safety improvements are made based 
on "post mortem investigations" rather than initiating a 
systems approach to accident prevention at the design 
stage. The 1969 NTSB study, Compatibility of Standards 
for Drivers, Vehicles, and Highways, points to everyday 
traffic situations that illustrate the interrelationships of 
all elements in the highway system. The study malntains 
that the highway community has not adequately considered 
these interrelationships in the development and issuance 
of highway design standards. As a consequence, many 
design standards for different surface transportation sub­
systems are incompatible, and highway operating and 
design problems result. The development of performance ­
based design standards accompanied by a rational ex­
planation of the function of these standards is recom­
mended. 

Although the concept of systems compatibility or sys­
tems engineering has been advanced since the 1960s, 
there has been little acceptance of the idea by highway 
departments. This lack of success stems not from a 
faulty methodology but rather from the need to change 
old policies and attitudes. First and foremost among 
the policy changes needed as a condition for the imple­
mentation of an effective systems engineering approach 
is for FHW A to establish itself firmly as a regulator and 
promulgate its own standards. FHWA can no longer be 
simply a mechanism for resource transfers. In addition, 
FHWA and other standard-setting agencies such as the 
National Highway Traffic Safety Administration (NHTSA) 
must better coordinate and communicate their policies, 
standards, and rulemaking procedures. A responsible 
approach to improving the process must include an ex­
tensive review and evaluation of all standards to deter­
mine their relevance and compatibility. For systems 
engineering to succeed, design engineers must begin 
thlnking in holistic terms about the highway environ-
ment rather than just reacting to isolated problems that 
surface as a result of the present piecemeal design ap­
proach. 
. The systems engineering approach is advantageous 
~~ that it forces highway engineers to think in new and 
ifferent terms. Isolated improvements and short-term 

~olutions as a basic approach may be shown to be the 
east cost-effective alternatives over the long term. In­

stall t' a d a ton expenses, maintenance costs, safety benefits, 
n operational efficiency can be more meaningfully 
:v~uated when the transportation system is viewed and 
1;ts:igned as a functi.onal ':"hole. An understanding of the 
'td system operation will enable engineers to better 

emuy and di · · and. pre ct problems, evaluate alternatives, 
· unplement solutions. 
In ~:s t ems engineering should help reduce tort liability. 
high cent years, the willingness of the courts to hold 
high:ay age~c1es and officials accountable for faulty 
conce~y design has caused tort liability to be of major 
and fau~; In a.n attempt to justify highway deficiencies 
agencie/ desi~n as accepted practice, many highway 
is the ' 

1 
are Ul ging the adoption of lower standards. It 

agenc~r iope that courts will no longer hold the highway 
""ill ~s accountable to the higher standards and that this 

r~~s stantiall~ reduce their exposure to tort liability. L . ottompt" ilt->dvi"d '"'!•gaily miog,td•d. Th• 
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cause of liability suits is not the standards but hazardous 
roadway conditions. A lowering of standards can only 
serve to increase fatalities and injuries a.nd thereby cor­
respondingly increase the number of claims made against 
highway departments. Incompatible and inadequate 
standards will give the lawyer the opportunity to "pick 
and choose" the standard that best suits the needs of a 
client. At a conference session on the compatibility of 
standards at the Fifty- sixth Annual Meeting of the Trans­
portation Research Board, FHW A trial lawyer David 
Oliver reached the following conclusion: 

Without standards, accidents will occur and legal judgments will ensue. 
Without compatibility, standards will be not only unenforceable but 
also indefensible. Without cooperation there will be no 'standards.' 
The driver, vehicle, highway design functions must be integrated or the 
legal function will bare its teeth . 

C. William Gray, Ohio Department of Transportation 

The subject of this paper is timely, and its purpose-to 
promote a more systematic approach to highway design­
will be enthusiastically supported by highway designers 
when the concept has been developed to a usable level. 
I have read the paper from the outlook of a designer in­
stead of that of a researcher, since design is my back­
ground, and I believe this paper will have little impact 
on design until more research is performed and the sys­
tem is much more thoroughly developed. The urgent 
need and motivation for design policy changes are clearly 
and accurately stated in the introduction in the statement 
that we are rapidly changing from a massive road­
building campaign to one of improving the traffic safety 
and service of existing highways. 

Those of us who have studied AASHTO design policies 
and applied them to highway design consider them to be 
excellent publications. If the use of AASHTO design 
policies has failed to meet the needs of today's drivers, 
perhaps the blame rests with the people who have not 
used these policies as a basic foundation for design and 
then added to that foundation from the vast store of in­
formation available from operational data and experience 
and current research findings. That is a very difficult 
task in today's rapidly changing world, and I think that 
is really what this paper is trying to do, 

I might observe here that even our language is rapidly 
changing and that perhaps it does not need to change so 
much. Practicing highway design engineers would more 
readily understand and adopt new concepts and design 
policies if they were expressed in more commonly under­
stood words. The last statement of the introduction is 
an example of how words can be hard to understand. In 
discussing design for the needs of the driver, it says, 
"But this goal can only -be accomplished if the design 
process is objectified to the extent that it maximizes the 
effectiveness of design improvements subject to funding 
constraints." I think that says spend your money where 
it will do the most good. Having said that either way, 
we now need to go much beyond what this paper does to 
explain to the highway designer how to maximize design 
effectiveness or how to do the most good with our money. 

The paper does recognize communication problems by 
stating the following in the summary: "The methodology 
.. . must be comprehensible and responsive to the needs 
of a wide variety of users." We could also say that the 
policies must be understood by highway designers so that 
they can apply them to all types of highway projects. 

The paper recognizes, in its discussion of the evolu-
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tion of highway design, the recent application to design 
of the systems engineering approach, which uses game 
theory, queuing theory, linear programming, dynamic 
programming, control theory, critical path methods , 
network theory, and various optimization techniques . 
Just the statement that all those things have recently 
evolved pinpoints the difficulty designers have in keep­
ing current. I do not really understand some of these 
techniques, and I believe that many designers share my 
view . (Note that none of the theories named are in­
cluded in the list of references at the end of the paper .) 

Harwood and Glennon' s discussion of objectifying the 
design process is based on Figure 1 but does not convey 
a clear understanding of the figure . At that point, it is 
clear that the paper will not provide a designer with an 
objective design process to use today, but, as the paper 
states, a- major research effort is needed to produce a 
design process that will achieve safe, consistent highway 
designs. 

The statement that "the only design feature that phys ­
ically governs maximum safe speed (for modern highway 
designs) is horizontal curvature" should be modified to 
add sight distance. Maybe only horizontal curvature 
governs maximum speed but, in considering maximum 
safe speed, sight distance is a very important design 
feature and must be included with horizontal curvature 
as a governing feature. 

Figure 3 shows an involved concept-a matrix for the 
synthesis of interactive relations-without a clear ex­
planation. 

The discussions of the consistency of geometric de­
sign in relation to driver expectancy and application of 
design consistency are appropriate. These subjects are 
of much greater concern to designers today than they 
were a decade ago, and they should be a major influence 
in future design policies. 

In discussing the cost-effectiveness methodology, the 
authors have recognized the realistic nature of highway 
improvements by stating the following: "The method­
ology, · of course, must be applied within the technical­
economic-political decision-making framework of each 
highwa y agency .. .. " That has been true in the past and 
I am sure it will continue to be true in the future. 

In view of the ever-increasing demand to improve our 
highways for greater traffic service and safety, it is a 
necessity that the highway designer have cost-effective 
design decision tools as proposed in this paper. I hope 
the paper will result in subsequent research and progress 
toward an early achievement of usable modern design 
policies, and I would encourage the authors and others 
to continue to work toward that objective. 

Authors' Closure 
We want to thank both Free and Gray for their discus­
sions. Both of their viewpoints- Free's as a highway 
safety advocate and Gray's as a state highwa y designer­
are different from our own, but their discussions help 
to both clarify and add depth to the intent of our paper . 

Much of Free's discussion highlights the points made 
in our paper. She says, "The development of 
performance-based design standards accompanied 
by a rational explanation of the function of these stan­
dards is recommended," and we agree. She says, "Iso­
lated safety improvements are made based on 'post 
mortem investigations' rather than initiating a s ystems 
approach to accident prevention at the design stage," and 
we agree. She says, "Systems engineering should help 
reduce tort liability," and we agree. She also says, "In­
stallation expenses, maintenance costs, safety benefits, 
and operational efficiency can be more meaningfully 

evaluated when the transportation system is viewed and 
designed as a functional whole," and again we agree. 

Although almost half of Free's discussion is in tune 
with our technical thesis, the other half gets into a far­
reaching indictment of the process of setting national de­
sign standards. We definitely disagree with Free's opin­
ion that the FHW A-AASHTO partnership has been some 
sort of back-room conspiracy aimed at protecting some 
vested interests of the state highway agencies at the ex­
pense of the motoring public. Both FHW A and AASHTO 
obviously share Free's deep concern for highway safety 
because they have (independently and jointly) sponsored 
many of the technological developments that have led to 
the improved safety performance of our highways. The 
roles of FHWA and the states as the major supporters of 
the Transportation Research Board belie Free's argument. 

Free states that present standard-setting methodolo­
gies have failed to reduce the annual highway death toll 
below the staggering 40 000 figure. Our question is, 
Who ever deduced that highway design practices are the 
major contributor to highway accidents? Then, too, how 
can "present standard-setting practices" themselves 
ever make a measurable impact without the political 
recognition of the very large funding allocations needed? 
We must keep in perspective that it is difficult to change 
quickly the momentum created by hundreds of thousands 
of kilometers of highway that were designed and built be­
fore the advent of modern highway design technology. 

What we have attempted in our paper is not to sug­
gest discarding the present methodologies that Free 
claims are obsolete and detrimental but rather to recog­
nize that the scenario of highway development has 
changed dramatically and that it is time to fine-tune 
our design methodologies so that highway agencies can 
reach a better balance between their safety responsi­
bility and their fiscal responsibility. This balance can­
not be achieved by using Free's "more is better" philos­
ophy. This is why cost-effectiveness analysis is im­
portant to the design process . Although many highways 
could justify even high-cost safety improvements, there 
are other highways-particularly in the category of low­
volume local roads-that cannot justify any safety im­
provements at all. 

Gray has also highlighted many of the points in our 
paper but from a different perspective than Free's or 
ours . In addition, Gray's discussion is more a direct 
critique of the paper. We welcome his h>:>mespun lan­
guage. He has rightly pointed to our flaws in clearly 
communicating our thesis. Communication is a con­
stant problem in any profession. Idea papers often go 
for years without being understood by practitioners. 
This is mostly the fault of the authors, but then, too, 
the process of adapting abstract concepts so that they 
fit concrete and practical applications is naturally dif­
ficult and always requires considerable input by the 
practitioner, who usually is not paid to deal with con­
cepts. 

We also appreciate Gray's confession that he knows 
very little about most of the established systems engi­
neering tools of optimization. This, of course, does 
not reflect on his stature as a highly respected member 
of the highway engineering community. Gray's state­
ment, however, does r aise a question: Why is highway 
design one of the few engineeri ng pr ofessions that does 
not know of and r egularly use these systems technlques ? 

In closing, we again thank the dis cussants for their 
respons ive inputs. It was exactly this kind of open dia­
logue that we were trying to generate . Our only hope is 
that the dialogue will continue. 

Publication of this paper sponsored by Committee on Operational Effects 
of Geometrics and Committee on Geometric Design. 
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Abridgment 

Analysis of the Problem of Urban 
Utility-Pole Accidents 
Ian S. Jones and A. Stephen Baum, Calspan Corporation, Buffalo, New York 

An investigation of the problem of urban utility-pole 
accidents was undertaken by using 1975 data from 
utility-pole accidents and a sample of other urban run­
off-road accidents . These data were obtained by 
visiting and inventorying each accident site identified 
in a search of police accident files in 20 urban-suburban 
areas included in the study . 

To put the_problem in perspective, the table below 
gives the distribution of first object struck in all single­
vehic le run-off-road accidents: 

Number Percentage 
First Object Struck of Acc idents of Total ----
Utility pole 1291 21.1 
Fence, guardrail 825 13.5 
Sign, mailbox, parking meter, guy wire 728 11 .9 
Culvert, ditch, embankment 714 11 .7 
Tree 682 11.1 
light, signal pole 466 7.6 
Fire hydrant 223 3.6 
Building 215 3.5 
Ground (generally rollover) 187 3.1 
Wall 175 2.9 
Shrubbery 120 • 2.0 
Bridge 116 1.9 
None 79 1.3 
Other 303 4 .9 

Total 6124 100.0 

Ut!Uty poles were by far the most frequent source of 
impact, accounting for 21.1 percent of all objects struck. 
Combining this figure with the fact that single-vehicle 
accidents accounted for 10.4 percent of all urban acci­
dents (.!)suggested that 2.2 percent of all accidents in 
urban areas involve impacts with utility poles . 

Although it is clear that utility poles were the most 
frequent object struck in urban single-veh.icle acc idents, 
this is of little consequence unless the severity of sue h 
accidents relative to other fixed-object accidents is 
known. Distributions of injury for different objects 
struck in single-vehicle accidents are given below 
(total accidents excludes those where injury was un­
known): 

Percentage 
of Total 

o~!ect 
Total Injury Accidents Injury 
Accidents Number Percent Accidents 

Utility pole 1166 589 50.5 31.4 
Fence, guardrail 740 171 23.1 9.1 Sign, parking 668 133 19.9 7.1 meter, mail · 
box , guy wire 

Culvert, ditch em . 674 300 44.5 16.0 bankrnent ' 
Tree 

598 
Light. signal pole 257 43 .0 13.7 

Fire hydrant 
365 77 21 .1 4 .1 

Build ing 179 32 17 .9 1.7 

Ground !generally 
163 33 21 .2 1.8 

rollover) 175 92 52.6 4.9 
Wa11 

147 Shrubbery 53 36.1 2.8 
Bridge 100 7 7.0 0.4 

115 47 40.9 2.5 

Percentage 
of Total 

Total Injury Accidents Injury 
Object Accidents Number Percent Accidents 

None 79 12 15.2 0.6 
Other 202 72 35 .6 3.8 

Total 5371 1875 34.9 100.0 

Except for vehicles striking the ground (52 .6 percent), 
which were general ly rollover accidents, utility-pole 
ace idents had the highest percentage of injury (50. 5 
percent ). To illustrate the overall effect of frequency 
and severity this table also gives the probability of in­
jury associated with each type of object, i.e., the likeli­
hood of being injured by that particular object in a 
single-vehicle accident . It can be seen that utility poles 
were by far the most frequent source of injury. 

The second table also shows that, in general, the 
proportion of injury accidents decreases as the rigidity 
·of the object decreases . Exceptions are the categories 
of ground and culverts, ditches, and embankments­
objects one would not necessarily associate with severe 
injury . However, these obstacles had a high incidence 
of rollover (96 .3 and 20 .2 percent respectively), which 
most likely caused the injury . Collisions that involve 
culverts, ditches, or embankments also had a high 
probability (23.6 percent) of contacting a second ob­
st::.cle, which contributed to their above-average 
severitv. The same was true for collisions with signs, 
mailbo~s. parking meters, and guy wires; 53. 8 per­
cent of these accidents involved a second impact. 

After it was established that utility poles were the 
most frequently struck and one of the most aggressive 
roadside objects, factors that differentiated utility­
pole accidents from other single-vehicle accidents were 
examined. Few differences were noted in the variables 
that describe the vehic le the driver, or environmental 
conditions : however, differences were detected in the 
variables that describe road characteristics, vehicle 
departure attitude, and characteristics of pole place­
ment. 

ROAD CHARACTERISTICS 

It is not surprising that there was a strong cross cor­
relation among road type, road width, speed limit, and 
average daily traffic (ADT). By using the combined 
sample of utility-pole plus run-off-road accidents, 
mean speed limit, mean road width, and mean ADT 
were calculated for each r oad type as given below (1 
km / h= 0.62 mph and 1 m = 3.3 ft): 

Item Arterial Collector local 

Mean speed limit (km /h) 68 .7 59.2 51 .5 
Mean road width (m ) 9.4 9.5 7.9 
Mean ADT (OOOs) 13.4 6.9 5.2 

It is clear that road type can be characterized by using 
road width, speed limit, or ADT. In pursuing this fur­
ther, it was also shown that ADT can be _predicted from 
road width and speed limit so that road width and speed 
limit are sufficient to characterize the road system. 
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Figure 1. Proportion of single-vehicle accidents Speed Limit (km/hi 
involving utility poles by road width and speed Road Width (ml 24 32 40 48 56 65 73 81 89 Overall 
limit. 

0- 5.9 @) .105 .105 @_) .104 ® .120 .074 ~ .179 

6.0. 8.9 [206) ~ [.2001 @ (~o} ® .168 j.205 1 1.1121 .230 
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16. 1. 21.1 [206} .129 (360} @) ~ .143 .214 

21.2. 24. 1 @) @ .043 .083 .091 .122 

~24.2 [soo) . 120 @) (330) @) .066 

Overall .236 .209 .180 1. 210 1 [.280j [.314 1 .186 .185 .146 .239 

D Utility pole accidents overrepresented within speed limit 

Q Utility pole accidents overrepresented within road width 

Note: 1 km= 0.62 mile; 1 m = 3.3 ft. 

Figure 2. Proportion of single-vehicle accidents involving 
utility poles versus proportion of run-off-road accidents 
where there were no poles. 
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To show the effect of these two parameters on the 
frequency of utility-pole accidents, Figure 1 shows 
data for utility-pole accidents as a proportion of single­
vehicle accidents jointly for road width and speed limit. 
The figures that are circled are cells in which utility­
pole accidents are overrepresented compared with the 
overall speed-limit figure, and the figures that are 
boxed are cells in which utility-pole accidents are 
overrepresented compared with the overall road-width 
figure. For example, for roads that have a speed limit 
of 56 km/h (35 mph) and a width of 6 to 9 m (20 to 29 ft), 
the figure 0.320 shows that utility-pole accidents were 
overrepresented compared with the overall road-width 
figure of 0.230 and the overall speed-limit figure of 
0.280. This suggests that, although there is a cor­
relation between speed limit and road width, both 
variables contribute to the overrepresentation. The 
interaction is clear in that overrepresentation of utility 
poles occurs for roads with speed limits of 48 to 64 
km lh (30 to 40 mph) and widths of 9 to 15 m (30 to 
50 ft). This was shown to be the result of higher than 

average pole densities; also, roads of <9-m (<30-ft) 
width had high pole densities but did not have high fre­
quencies of pole accidents, possibly because of lower 
travel speeds. 

VEHICLE DEPARTURE ATTITUDE 

The percentages of single-vehicle accidents that are 
utility-pole accidents are given below by travel speed 
(1 km/h= 0.62 mph): 

Range of . Utility-Pole Range of Utility-Pole 
Travel Speed Accidents Travel Speed Accidents 
(km/h) (%) (km/h) (%) 

0-15 13.9 64-80 15.3 
16-31 16.2 81-96 22.6 
32-48 23.6 97-112 26.2 
49-64 24.9 113-119 41.7 

The data suggest that as travel speed increases the 
proportion of pole accidents increases. This can be 
explained by a decreasing departure angle with in­
creasing speed, which, correspondingly, increases 
the probability of pole contact; i.e., a vehicle exiting 
at a very shallow angle will have a trajectory that will 
expose it to more utility poles than the trajectory of a 
vehicle that exited at a much greater angle. A further 
indication of this effect is in the side-of-road-exited 
and road-path variables. utility-pole accidents com­
pared with run-off-road accidents in general had more 
departures to the right side of the road and a higher 
proportion of vehicles exiting from a straight road-
s ituations in which one would expect a lower than aver­
age departure angle. 

CHARACTERISTICS OF POLE 
PLACEMENT 

The percentages of single-vehicle accidents that are 
utility-pole accidents are given below for each data 
collection area: 

Collection Area 

Macon, Georgia 
Knoxville, Tennessee 
Columbus, Ohio 
Nashville, Tennessee 
Erie and Niagara counties, New York 
San Diego, California 

Utility-Pole 
Accidents 
(%) 

44.8 
34:8 
30.9 
24.4 
21.9 
17.5 



rt can be seen that there is a significant variation be­
tween areas that, if one assumes that the characteris­
tics of the driving population are approximatel y the 
same·, must result from different roadway and pole­
placement characteristics. Characteristics of pole 
placement inc Jude pole spacing, pole offset, and the 
number of poles within 183 m (600 ft ) of either side of 
the struck pole or position of final rest. The latter 
parameter is particularly useful in that it can descr ibe 
areas that have one or fewer poles . 

One would expect the overall frequency of utility­
pole accidents for a given area to be a function of the 
relative density of utility poles in that area. To test 
this, Figure 2 shows the proportion of utility-pole 
accidents in single-vehicle accidents plotted against 
the percentage of run-off-road accidents that occurred 
where there were no utility poles. Fitting a logarithmic 
curve through the data points shows a very strong cor­
relation (r = 0.96) and suggests that the majority of the 
between-area variation is explained by the relative 
density of poles in each area. 

Figure 3 shows the proportion of utility-pole acci­
dents in run-off-road accidents plotted as a function of 
pole spacing. Fitting a regression line through the 

Figure 3. Proportion of single-vehicle accidents involving 
utility poles versus pole spacing . 
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Table 1. 

step 
Number 

-

• 
• 

Note: 

30 61 

Stepwise regression. 

y = 0.56 · 0.003x 
r = 0.96 

91 121 

POLE SPACING (m) 

152 

Coefficients of Regression Equation 

Variable Number 
Entered Constant of Poles Offset 

Number -0 .055 0.0689 
of poles t 0.002 

Offset -0 . 105 0.0686 0.0075 

Road 
< 0 .002 % 0 ,0014 

-0 .030 0.0682 0.0093 
grade c 0.002 ~ 0 0014 

Road 0.0093 0.0676 0 .0094 
path - 0 .002 % 0 0014 

Speed 0, 103 0.0672 0 .0077 
limit ' 0.002 ± 0.0015 

Road 0.088 0 ,0677 0 ,0067 
Width : 0.002 ~ o.oo 15 

Number 0 , 107 0 .0681 0 0067 
of lanes • 0 .002 % 0 ,0015 

Median 0.075 0.0678 0.0070 
Width t 0.002 • 0 0016 

182 

Road 
Grade 

-0.059 
% 0.013 

-0.054 
~ 0.013 

-0 .053 
~0 . 013 

-0.05.'l 
~0 . 013 

-0 052 
% 0.013 

-0.052 
% 0.013 

L """ 1"ra1,1e1 spe<ecj A 
• Di, pole spacing, and shoulder width deleted. 3371 data points 

Road 
Path 

-0 .027 
.. 0 .008 

-0 026 
'0 ,008 

-0 .023 
" 0.008 

-0 024 
• 0.008 

-0.022 
• 0 008 
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data points shows that there is a high degree of correla­
tion (r = 0.96); i.e., as pole spacing increases, the 
frequency of utility-pole accidents decreases. This re­
sult complements that of Figure 2 because, from the 
evidence on pole spacing, sites where there were less 
than two utility poles had to be excluded. 

Pole offset completed the definition of pole place­
ment. Figure 4 shows the proportion of utility-pole 
accidents in single-vehicle accidents plotted against 
lateral offset at the final rest position of the pole. It 
can be seen that the proportion of utility-pole accidents 
is high at low offsets, which is where the utility poles 
are located. Once the mean pole offset [1.7 m (5.5 ft)J 
is reached, the frequency of utility-pole accidents 
starts to flatten out although there is still a downward 
trend. 

REGRESSION ANALYSIS 

After the factors that affect the frequency of utility­
pole contact have been identified, the next step is to 
assess the relative importance of these parameters. 
This was done by using stepwise multiple regression 
(Table 1). At each step of the regression, the constant 
and coefficients of the regression equation are given 
together with the 95 percent confidence interval; the 
square of the multiple correlation coefficient is also 

Figure 4. Proportion of single-vehicle accidents 
involving utility poles versus final rest position of pole. 

"' I- .5 2 
w 
0 
;:; 
u 
< .4 w _, 

y = 0.344 - 0.0981nx (,J 

l: 
r • 0.86 w 

> .3 w .. 
(!I 
2 4 4 

€ 
"' .2 I-
2 
w 
0 
u u . 1 < 
w Note: 1m=3.3ft . _, 
2 
> 0 I-
~ 0 3,0 6.1 
;:: FINAL REST (m) 
::> 

Speed Road Number Median 
Limit Width of Lanes Width R' 

0 .257 

0 ,263 

0 ,268 

0 .270 
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± 0.0007 .. 0 .001 % 0 .013 t 0.0015 
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given. The first variable entered is the number of 
poles, which explains 25.7 percent of the variation. 
Offset is then entered at step 2 and explains a further 
0.6 percent of the variance. Road grade is entered at 
step 3, road path at step 4, and speed limit at step 5, 
and each explains an additional 0.5, 0.2, and 0.3 percent 
of the variance respectively. The remaining three steps 
given in the table each contributed another 0.1 percent 
to the total variation explained. 

It is clear from this regression analysis that the 
overriding factor in predicting utility-pole accidents 
is the number of poles. Note that this variable not only 
identifies that a line of poles exists but also indicates 
average pole spacing since poles that were within 183 m 
(600 ft) of either side of the struck pole (or the rest 
position of the vehicle in run-off-road accidents) were 
counted. Furthermore, it is encouraging that offset is 

Abridgmenr 

entered as step 2 because it complements the number­
of-poles parameter by providing a more complete defini­
tion of pole placement. 

The remaining parameters that are entered describe 
the type of road-i.e., road grade-or are related to the 
vehicle departure angle-i.e., road path and speed limit. 
This suggests that, if better measures of departure 
attitude were available-e.g., angle and speed-a higher 
proportion of variation might be explained. 
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Mathematical Models That Describe 
Lateral Displacement Phenomena 
Ali A. Selim, South Dakota State University 
James L. Josey, Clemson University 

In this research, a unique technique was used to collect 
a reliable and permanent type of data (1). Data were 
collected by using two super 8-mm movie cameras to 
study the behavior of traffic in the right lane of free­
ways as it approaches a vehicle parked on the right 
shoulder. The general tendency of vehicles as they 
near a parked vehicle is to swerve away from it. The 
path of the average vehicle at the test location is ex­
pressed by a predictive model in terms of independent 
variables related to geometric parameters and traffic 
characteristics. By using the model, the magnitude of 
lateral displacement at any location can be determined 
as the difference between the paths of the average ve -
hicle in the presence of a side obstruction (parked ve­
hicle) and under normal conditions (no side obstruction). 

In this research, vehicles of different sizes were 
used and placed on the right shoulder at various dis­
tances from the freeway edge of the pavement. Ve­
hicles were used since they are the most common type 
of side obstruction. A full description of the process 
of data collection and methods used to extract different 
parameters is beyond the scope of this paper but is 
available elsewhere (1). A brief summary of the re­
search methodology used is presented be low. 

For each experiment run, a vehicle of known width 
was placed on the right shoulder, and the clear distance 
between the most remote left point of the vehicle and 
the edge of the pavement was measured and recorded. 
Two observers, each operating a camera, were signaled 
by a third observer by way of portable CB units to start 
running approximately 7.6 m (25.0 ft) of film at a speed 
of 8 frames! s. Three minutes of filming were designed 
for each experiment (1). The camera speed of 8 frames / 

s permitted the running of two experiments with a 15.2-
m (50.0-ft) roll of film. A digital stopwatch was placed 
about 15 cm (6 in) in front of each camera's objective 
lens: these stopwatches read to '.1100 of a second and ap­
peared in the unused portion of the frame. 

The first observer was stationed on a crossover 
(pedestrian or crossroad) and above the center of the 
right lane of the freeway. The observer's line of sight 
during filming was parallel to the traffic flow, and the 
edge of the pavement was ensured to be in view. The 
observer was completely concealed from motorists to 
ensure that lateral displacement did not occur because 
of any outside distraction but was a normal reaction of 
the driver when approaching the parked vehicle at the 
test section. A second observer, stationed evenly with 
the parked vehicle and on the other side of the highway, 
was generally outside the right-of-way; this allowed 
visual coverage of about 35 to 45 m (120 to 150 ft) of 
the roadway with the parked (test) vehicle in the middle 
of the observer's view. 

Both films were later advanced simultaneously 
through stop-action projectors, and several parameters 
were extracted either by visual counting or by con­
structing special scales that were placed on the screen 
to measure distances. Time was read from the photo­
graphed stopwatches. 

Movies taken by the first observer were used to 
extract parameters such as the total volume of vehicles 
in the right lane, including trucks and buses, and dis­
tance between the edge of the pavement and the center 
of a vehicle as it passed next to the parked (test) ve­
hicle. The speeds of individual vehicles in the right 
lane and in the adjacent lane, headways in the right 
lane, and other parameters were extracted from the 
movie taken by the second observer. 

Data from each experiment were classified as either 
geometric parameters (such as degree of curvature at 
the test location and grades in the direction of traffic 
flow) or traffic characteristics (such as those param­
eters extracted from movie films). Data were col­
lected from two large metropolitan areas (St. Louis 
and Chicago) to study whether a general model could 
be developed that would apply to more than one met-
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Figure 1. Path of average vehicle in relation to 
test vehicle . 
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Table 1. Numerical values of variables and their ranges in each 
metropolitan area. 

St . Louis Chicago 
Vari· Unit of 
able Maximum Minimum Maximum Minimum Measurement 

y• 2. 18 1. 64 2. 17 1.85 Meters 
XI 10.00 0.58 10 .00 0.59 Meters 
X2 I 60 -2 .66 2.50 -0 .50 Percent 
XJ 3.00 -2.00 0 ,00 -2 75 Degrees 
X4 14.30 0. 00 26 20 4 60 Percent 
X5 11. 10 0. 00 2 7.30 0 00 Percent 
X6 Bl 29 69 22 Vehicles per 

3 min 
X7 103 10 86 .80 104 ,30 87 . 50 Kilometers 

per hour 
XB 16 13 Vehicles per 

kilometer 
X9 2 06 I 55 1.95 1.68 Meters 
XlO 0 0 I I Dimension-

less 

l\jo1i. 1 m = 3 3 t1 1 km 00 0 62 mile 

·oe11encen1 variable 

ropolitan area. Multiple regression analysis was then 
applied, and independently predictive models were ob­
tained for each area as well as for the combined data 
to obtain a general model . 

DEFINITION OF VARIABLES 

One or more of the following variables appeared in the 
predictive models: 

I 

Y = path of the average vehicle or mean distance 
from the edge of the pavement to the center of 
the vehicle as it crosses the test location (m ) 
(Figure 1), 

Xl 

X2 

X3 

X4 
XS 

X6 

distance between the most remote left point of 
the parked vehicle and the edge of the pave­
ment (m) (Figure 1), 
highway grade in the ·lirection of traffic flow 
(percent ), 
degree of curvature in the direction of traffic 
flow, 
trucks in the ri !("ht lane (percent ), 
trucks in the adjacent lane (lane 2 in high­
wa y terminology) (percent), 
Volume of traffic in the right lane (vehicles 13 
min ), 

5 

y • 

Passing 
vehicle 

' 

Xl 

0 

! I I I 

5 

2 3 meters 
I I 

I 

10 feet 

X7 average speed of traffic in adjacent lane (km/ 
h), 

XB density of traffic in the right lane (vehicles / 
km), 

X9 width of the test vehicle placed on the shoulder 
(m), and 

XlO dummy variable (only used in the general 
model) = 0 for St. Louis area and 1 for Chicago 
area. 

The Y variable is de pendent, and all other variables 
lis ted are independent. Xl , X2 , and X3 are geometric 
var iables , and t he rest of the X variables are traffic 
var iables . Othe r parameters, such as the total number 
of lanes , lane width, and volume of traffic in the median 
lane (except for four -lane divided highway), appeared 
to be insignificant. 

Table 1 gives all variables involved in the analysis 
and their range of occurrence in each metropolitan area . 

REGRESSION AND CORRELATION 
ANALYSIS 

Several techniques in multiple regression analysis are 
widely used by statistic ians and engineers. The follow­
ing two techniques we r e used bec ause of their proven 
worth in the field of trans por tation research and 
especia ll y in traffic flow analysis: (a) s tepwis e regres­
s ion proc edure @) and (b) maximum R2 improve ment (!) . 
The fi nal se lection of the pr edictive models by either 
technique was bas ed sole ly on obtaining t he best value 
for the multiple correlation c oefficient R2

• A sum­
mar y of the value of R2 obtained by both tec hn iques for 
each metropolitan a r ea as we ll as for t he combined data 
is given below (in t he general model, a dummy var iable 
is used for area identification): 

Stepwise Ma ximum R2 

Model Procedure Improvement 

St. Louis 0.92 0.92 
Chicago 0.88 0.91 
General 0.74 0 .82 

St. Louis Models 

The stepwise regression procedure yielded model 1, 
mathematically described by Equation 1: 
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y = 1.7084 - 0.0123 (XS) + O.Ol 68(X2)3 - 0.0256 (X9/XI )2 

+ 0.5736(X9*Xl)-0.s (I) 

Model 2 was given by the maximum R2 improvements 
technique as 

Y = 2.5031+X5[0.0014(X5)-0.0284]+0.016(X2)3 

- O. I 804(X9) - 0.1023 (XI )0·5 (2) 

This model was the best five-variable model foWld 
by the technique. The best six-variable model has a 
higher value for R2

• As the number of variables in the 
model increases, the R2 value also increases. The 
best five-variable model was chosen so that the number 
of observations is about four times the number of vari­
ables in the model (~). 

Chicago Models 

The stepwise regression procedure yielded model 3, 
which is expressed by the following equation: 

Y = 2.5165-0.6188 • 104 (X7! 2 -0.0034(X2)3 

-0.1216* 10'3 (X5)2 +0.2065(X9*Xlf05 

The maximum R2 improvement yielded model 4 for 
the Chicago area: 

Y = 2.6165 + X2[0.073 7 - 0.0194(X2)2 ] - 0.0453 (XI )o 5 

(3) 

-0.1083(X6/X8) (4) 

This model was the best four-variable model foWld by 
the technique. All variables in the models above were 
foWld to be significant at the 0.1 level. 

Regardless of the multiple regression technique used, 
the models obtained for each area were found to be dif­
ferent in nature either in the beta coefficients or in the 
set of independent variables involved (X1 ). 

DISCUSSION OF RESULTS 

In our view, the variations were mainly attributed to the 
following causes: 

1. Unequal sample sizes were collected from each 
metropolitan area bee a use of restrictions on site selec -
tion (1). Twenty sites were tested in st. Louis whereas 
only i6 were tested in Chicago. 

2. Each metropolitan area has its own geometric and 
traffic characteristics that make it different from others; 
for example, Chicago has the following traffic and roadway 
features that st. Louis does not have: (a) The percent­
age of trucks is much higher (see Table 1); (b) there are 
more kilometers of depressed freeways with retaining 
walls; and (c) local traffic regulations, enforced by the 
state of Illinois, forbid trucks from using the median 
lanes on some sections of freeways. 

An attempt was made to develop a general model by 
combining the data from both locations. The multiple 
correlation coefficient obtained by using the stepwise 
procedure for the combined data was 0.694. Maximum 
R2 improvements resulted in a multiple correlation 
coefficient of 0.805 for the best eight-variable model. 

The significant reduction in the multiple correlation 
coefficient when data were combined (compared with 
the R2 value for each area separately) was expected. 
The reduction was mainly attributed to combining data 
from two different metropolitan statistical areas that 
are not compatible in traffic and geometric characteris­
tics. However, an appreciable increase in the multiple 
correlation coefficient was obtained by using dummy 
variables. Dummy variables are used to accoWlt for 
the fact that the various areas might have separate de-

terministic effects on the response (dependent variable). 
The dummy variable (XlO) had a zero value when used 
with st. Louis data and a value one when used with 
Chicago data. When dummy variables were used, the 
following models were obtained: 

Y = 3.4867 + 0.0354(X2) - 0.0050(X4) - O. I 78(X7)o.s 

+0.1491(X10)+0.3127(X9*Xl)-O.s (5) 

Model 5 is given by the stepwise procedure, and model 
6 is given by the method of maximum R2 improvements: 

Y = 1.9932 - 0.0070(X4) - 0.05 ! 8(X I )o.s - 0.3986 • 104 (X7) 2 

-0.022l(X3) + 0.0058(X2)3 + 0.4006(XJt1 

-0.0117(X9/X1)3 +0.1728(XIO) (6) 

In using these predictive models, the average path 
of vehicles Wlder normal conditions (no side obstruction) 
can be determined by assuming a fictitious vehicle of 
average width [X9 = 1.68 m (5. 5 ft)] placed at a large 
distance from the edge of the pavement [Xl = 10.0 m 
(3 .3 ft)]. 

CONCLUSIONS 

The findings reached in this research are based solely 
on data collected from the metropolitan areas of St. 
Louis and Chicago: 

1. From the analysis of data, it appeared that gen­
eral models are not recommended for the following 
reasons: (a) Each metropolitan area has different char­
acteristics related to the type of local traffic regulations, 
location, size, land use, social and economical status, 
and so on; and (b) the multiple correlation coefficients 
for individual area models were higher than those for 
the general models because the assumption that all data 
came from the same population holds true only for in­
dividual models. 

2. In comparison with other common methods, the 
data collection procedure used in this study is con­
sidered one of the most economical for collecting a 
reliable, permanent type of data (1). 

3. In our view, the maximum IF improvement tech­
nique was advantageous over the stepwise procedure in 
developing predictive models. 

4. The developed models can be presented graphically 
through a series of nomographs to show the effect of each 
independent variable on the amoWlt of lateral displace­
ment. These nomographs can provide the designer with 
an additional tool for analysis and comparison of 
proposed alternative designs. 

ACKNOWLEDGMENTS 

We wish to express our sincere appreciation to the in­
dividuals who devoted their time to the data collection 
process and analysis that made the completion of this 
research possible. The Civil Engineering Department 
of •'Je University of Missouri at Rolla is to be especially 
no:ed for its financial support of the research. 

REFERENCES 

1. A. A. Selim. A Study of the Lateral Displacement 
Phenomena, for Uninterrupted Traffic Flow in 
Freeways. Univ. of Missouri at Rolla, PhD dis­
sertation, Dec. 1976. 

2. N. Draper and H. Smith. Applied Regression 
Analysis. Wiley, New York, 1967. 

3. A. J. Barr and J. H. Goodnight. A User's Guide 
to the Statistical Analysis System. Department of 
Statistics, North Carolina state Univ., Aug. 1972. 

Publication of this paper sponsored by Committee on Operational Effects 
of Geometrics. 


