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FOREWORD 

The work reported herein was conducted under Contract DOT-FH-11-8824 
to the Federal Highway Administration with Dr. Donald Gordon, of the Traffic 
Systems Division, Office of Research, serving as Contract Technical Manager. 
This study was part of the Delineation Task of a much broader FHWA effort, 
Project 1L, "Improved Traffic Operations During Adverse Environmental Con
ditions," managed by Mr. Richard N. Schwab of the Environmental Design and 
Control Division. 

Systems Technology, Inc., served as the prime contractor on this study, 
with a major subcontract handled by Human Factors Research, Inc. R. Wade 
Allen served as Principal Investigator for STI and James F. O'Hanlon served 
in the same capacity for HFR. 

The research reported herein was conducted during the time period of 
July 1975 through October 1977 and is documented in two volumes. Volume I 
covers the simulation and field test work conducted to define optimum and 
minimum visual roadway delineation treatments. Volume II documents a study 
to establish the lower saturation limit of yellow/white paint mixture that 
can still be distinguished from white. 

The authors would like to extend their appreciation to the reports groups 
at both STI and HFR for a fine job in the production of these documents. 
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~ __ df~/~ 
Charles F. Schei¥"#" 
Director, Office of Research 

This document is disseminated under the sponsorship of the Department 
of Transportation in the interest of information exchange. The United 
States Government assumes no liability for its contents or use thereof. 

The contents of this report reflect the views of Systems Technology, 
Inc., and Human Factors Research, Inc."who are responsible for the facts 
and the accuracy of the data presented herein. The contents do not neces
sarily reflect the official views or policy of the Department of Trans
portation. 

This report does not constitute a standard, specification, or regu
lation. 

The United States Government does not endorse products or manufacturers. 
Trademarks or manufacturers' names appear herein only because they are eeR~ 
sidered essential to the object of this document 
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EXECUTIVE SUMMARY 

The overall purpose of this multiphased research study was to estab

lish visibility requirements for roadway delineation that can be used as 

an element in the determination of the cost-effectiveness of a variety of 

delineation treatments. Given the visibility requirements developed here 

and subsequent cost/benefit analysis, a rational approach can be taken for 

the development, design, and maintenance of roadway delineation. 

Two basic contract objectives were addressed in this research study: 

• Experimentally determine the optimum and minimum 
visual roadway delineation treatments. 

• Establish the lower saturation limit of yellow/ 
white paint mixture that can still be distinguished 
from white. 

These two objectives are somewhat independent and were pursued in two 

different research efforts which are documented in separate volumes of 

this report. A summary of each of the research studies is given below. 

EFFECTS OF CONTRAST AND CONFIGURATION ON DRIVER 
PERFORMANCE AND BEHAVIOR (VOLUME I) 

Background and Objectives 

Two issues are addressed in this volume: 1) the human factors require

ments for adequate delineation visibility under adverse visual conditions 

of night, rain, and fog; and 2) the development of functional specifica

tions for a methodology to assess highway marking contrast. The research 

on the above issues documented in Volume I of this report will provide 

some guidance for delineation design and maintenance and quantification 

of driver performance and can be used in subsequent cost/benefit analysis 

studies. 
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The specific objectives addressed in this first volume are as follows: 

• Develop dependent variables sensitive to roadway 
delineation treatments. 

• Establish visibility requirements for roadway 
delineation. 

• Determine luminance-contrast requirements for 
delineation. 

• Develop functional specifications for a practical 
test methodology suitable for assessing roadway 
marking contrast. 

Approach 

The above objectives were achieved through three phases of work: 

1) literature review and development of a theory for delineation visi

bility and driver perceptual requirements; 2) driving simulator tests 

designed to validate the previously developed theory over a wide range 

of visibility and delineation configuration conditions; and 3) in-vehicle 

field tests designed to measure driver performance during actual open high

way driving. The theory and experiments are based on sound human factors 

principles associated with driver visual characteristics, perception, and 

vehicle steering control behavior. The work on each phase may be summa

rized as follows. 

Theory. A theory for delineation visibility was developed based on 

human visual characteristics, atmospheric visibility properties, and the 

photometric properties of light sourceS and road surface conditions. Dri

ver visual characteristics require minimum (i.e., threshold) contrast 

levels for detecting delineation targets (e.g., line segments). Delinea

tion visual range is limited under adverse 'visibility conditions due to 

increasing contrast thresholds with distance and decreasing apparent con

trast due to environmental effects. Perceptual theory and past research 

indicate that driver's require a minimum visual range for adequate steer

ing control, and the visibility theory developed here quantifies the 

manner in which various adverse visibility factors limit this visual 

range. 
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Simulation. A driving simulation experiment was conducted to establish 

the relationship between performance, visual range, and delineation con

figuration. The simulation study resulted in the derivation of a configu

ration visibility parameter which is able to quantify the combined effect 

of limited visual range and delineation configuration (i.e., line segment 

and gap size) on driver steering control. 

Field Test. In-vehicle tests on the open highway employed an instru

mented van. These tests measured driver performance capabilities in an 

actual driving scenario over a range of adverse visibility and delineation 

conditions. Driver steering performance was established as a function of 

road marking contrast under clear night driving conditions. Under night 

rain conditions the efficacy of raised pavement markers on driver perfor

man~e was also demonstrated. 

Conclusions and Recommendations 

The simulation and field test results were compared and connected analy

tically through the use of the visibility theory developed earlier. A model 

was developed to quantify steering performance in terms of delineation con

trast and configuration, and conclusions and recommendations resulting from 

the research and analysis were as follows.* 

Dependent Variables Sensitive to Roadway Delineation. In the simulator 

tests lane position variability, preferred speed, and driver rating were 

all found to be similarly sensitive to delineation configuration and visual 

range. In the field tests lateral lane position variability was found to 

be sensitive to delineation contrast. Driver physiological response was 

also found to be sensitive to rain conditions which affect delineation 

visibility. 

*It should be noted that these results relate primarily to the driver's 
ability to laterally control his vehicle along a delineated pathway (steer
ing control), as opposed to speed control and/or stopping which is pri
marily evoked by signing, signals, traffic and other obstacles on the 
roadway. 
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In addition to the above variables, various measures of the driver's 

dynamic response obtained in the simulation have given a great deal of 

insight into the manner in which adverse visibility restricts the driver's 

perception of automobile path and motion information required for steering 

control. These perceptual restrictions have been quantified in terms of 

the driver's dynamic steering behavior in response to random disturbances 

and path commands (i.e., road curvature). Combinations of reduced visi

bility and delineation configuration (i.e., intermittent dashed or dotted 

lines) tend to induce increased time delay in the driver and impair his 

perception of road curvature. 

The above effects appear to be related to the apparent intermittent or 

sampled nature of delineation under reduced 'visibility conditions. Driver 

time delay increases at slower speeds, due to decreased sampling frequency, 

even though vehicle dynamic lags decrease with speed. This effect induced 

a somewhat compelling urge in some subjects to speed up in order to increase 

their information rate, which is a rather insidious phenomenon if true for 

real-world driving, since it might encourage drivers to maintain speeds with 

associated stopping distances exceeding their visual range. 

Visibility Requirements for Roadway Delineation. The driver's ability 

to steer his vehicle along a delineated pathway is dependent on the visual 

range and configuration of the delineation, vehicle speed, and road geo

metry. Delineation provides the visual perceptual input for driver steer

ing control actions. Driver steering performance depends on the quality 

and extent of the perceptual input. Steering performance degrades with 

decreased visual range. Steering performance also degrades as the segment

to-gap ratio of delineation is reduced, and the cycle length is increased. 

Under adverse visibility conditions of night and/or fog, steering per

formance can be improved by increasing delineation contrast to achieve a 

longer visual range, and by improving the quality of the delineation con

figuration by increasing segment-to-gap ratio and decreasing the segment 

cycle length. Adding a solid right edge line gives a rather dramatic 

improvement in performance under adverse visibility conditions. 
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Steering performance also is affected by roadway geometry. In some 

cases delineation visual range may be restricted simply by roadway curva

ture, and in these cases, combined with prevalent adverse visibility con

ditions, high quality delineation configuration (i.e., higher segment-to

gap ratios and shorter cycle lengths) is indicated. 

Rain effectively obscures painted delineation, and raised pavement 

markers which penetrate the water surface provide the only effective 

countermeasures. 

Cost/benefit analysis must be performed in order to determine the 

cost effectiveness of various delineation treatments and maintenance 

schedules. Frequent restriping and high segment-to-gap ratios will maxi

mize driver steering performance but are costly. A compromise must be 

struck between cost and performance, and this tradeoff can be determined 

through cost/benefit analysis using the performance models developed in 

this report and maintenance and wear data provided in previous research. 

Further simulator and field test research and visibility analysis 

should also be conducted to determine if improved delineatiun visibility 

under adverse visibility conditions might actually degrade traffic safety 

by inducing higher vehicle speeds. Optimum delineation, while improving 

steering performance, might induce vehicle speeds with associatea stopping 

distances which are in excess of typical obstacle detection ranges. This 

problem could be analyzed through a combination of simulator tests and 

"visibility analysis, and verified with field measures of vehicle speeds 

under various visibility and delineation contrast and confi~~ration 

conditions. 

Further simulation research could be fruitfully cond'.1cted on varia

tions of segment-to-gap ratios and delineation cycle lengt.hs. Only certain 

selected cases were considered here, specifically the California Department 

of Transportation standard [9 ft (2.7 m) segments and 15 ft (!.i.S :n) gaps] 

and the old Manual on Dr.iform Traffic. Control nevices guiJe '.ine : 15 ft 

(4.8 m) segments and 25 ft (7.6 m) gaps]. Furt(ler rese2,rch should include 

the new FHViTA guideline [10 ft (3.0 m) segments and 30 i'+. (9."1 m) gaps). 
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Luminance-Contrast Requirements for Delineation. Results of this study 

indicate that delineation contrast should be maintained above a value of 2 

(dimensionless) for adequate steering performance under clear night driving 

conditions. Contrast is defined by the relationship 

C 

where iT is the target (delineation) luminance and LB is the background 

(road surface) luminance. Contrast is a dimensionless quantity because of 

the cancellation of numerator and denominator quantities. 

For areas with frequent additional adverse visibility conditions (i.e., 

fog), delineation contrast should be maintained at even higher values. There 

is a tradeoff here between maintenance costs and improved driver performance, 

however, and a specific contrast increase cannot be stated without appro

priate cost/benefit analysis. This research has shown that practically 

achievable levels of road-to-delineation contrast are not much greater than 

12, however, so the contrast range is somewhat limited. 

A cost/benefit analysis should be conducted on the cost effectiveness 

of maintaining given levels of delineation contrast. The performance models 

developed in this study can be used as metrics of steering performance, and 

maintenance data and costs can be derived from previous research. Also, as 

suggested above, further simulator and field research and visibility analy

sis should be conducted to determine whether improved visibility range due 

to higher contrast will induce higher vehicle speeds, which in fact could 

reduce traffic safety. 

Measuring Roadway Marking Contrast. The above recommended lower bound 

on contrast of 2 implies a practical measurement problem that can probably 

be handled vlith a hand-held instrument. Another possibility involves a 

vehicle-mounted scanning diode array device. The details and qualifica

tions on these measurements are discussed in the main report text. 

A study should be conducted to compare the contrast measurements of 

various practical field photometers with the precision spectra photometer 
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uced in this study. Various commercially available hand-held spot photo

meters and possibly a prototype diode scanning device suggested in the 

text should be compared under actual field conditions with a laboratory 

photometer used as the standard of comparison. The study should consider 

a range of road surfaces and markings in various stages of wear. The 

measurements should be made with and without artificial illumination sources 

and include variations in source and measurement angle in order to evolve 

the simplest acceptable technique for conducting a field maintenance test. 

Finally, it might be possible to develop a crude observational technique 

under night conditions with a headlight illumination source. This approach 

would involve simply counting visible delineation segments and using a cri

terion based on th~ configuration visibility parameter developed in the 

simulation experiment. 

COLOR IDENTIFICATION OF YELLOW HIGHWAY DELINEATION 
PAINT AS A FUNCTION OF YELUM /WHITE PIGMENT 
MIXTURE RATIO (VOLUMEl II) 

The Yellow Paint Problem 

It is now standard practice in the United States to color-code highway 

lane delineation so that vehicles moving in the same direction are separated 

by white lines, and vehicles moving in opposite directions are separated by 

yellow lines. 

The yellow paint in current use has several drawbacks which would be 

alleviated by dilution of the yellow lead chromate pigment content. Due 

to its lower reflectanc~ and more rapid darkening with age, yellow paint 

is usually less visible than white paint, especially at night and in adverse 

weather; yellow pigment is also more toxic and more expensive than white 

pigment. 

The purpose of this research was to determine how much the yellow paint 

can be diluted by white without causing drivers to misperceive it as white 

under actual driving conditions. 
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The results of this study indicate that yellow paint can be diluted 

with white paint up to 50 percent white pigment (by weight) without losing 

yellow color identity under lighting conditions where color is usually 

visible.* 

By replacing half of the yellow pigment in yellow highway paint with 

white pigment, a cost savings of more than one million dollars could be 

realized annually in the U. S., while also improving visibility and redu

cing toxicity of the paint. 

Cost Savings 

Dilution of yellow paint would substantially reduce the extra cost of 

yellow painting, since yellow paint is approximately 15 percent more expen

sive than white. For example, assuming 50 percent white dilution, 15 percent 

higher cost for yellow paint, and an annual use of 5 million gallons for 

yellow delineation, the current extra cost for yellow delineation (as opposed 

to all-white delineation) is $2,250,000 per year. By adding 2 gallons of 

white paint (containing lb/gal titanium dioxide pigment) for each gallon 

of yellow (containing 2 lb/gal lead chromate pigment), the extra cost of 

yellow delineation would be only $750,000, a 67 percent direct cost savings 

of $1,500,000 per year in the United states. Other indirect savings would 

result from better visibility and safer driver performance. 

Improved Contrast and Visibility 

By replacing 50 percent of the yellow pigment with white pigment, the 

visibility problems inherent in current yellow paint can be reduced. Yellow 

delineation is initially less reflective than white, and darkens more rapidly 

with exposure after painting. Due to lower brightness contrast with the 

~There are many instances of adverse viewing conditions in which even 
100 percent yellow delineation cannot be discriminated from white. Drivers 
recognize that delineation color coding may not be functionally visible under 
conditions of night lighting, glare from oncoming headlights, rainfall, and 
so on. The degree of dilution becomes academic under adverse conditions 
where even 100 percent yellow could not be identified. In night rain con
ditions this is almost always the case. 
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pavement, yellow markings are typically not as visible as white under· 

adverse driving conditions such as night lighting, rain, and with wind

shield degradation due to road film, veiling luminance, icing, interior 

fogging, glare, and so on. (Only in exceptional cases would the addi

tional color contrast of yellow markings improve visibility. For example, 

under snow conditions, fog conditions, or with very light colored pave

ment, the contrast of color as well as the contrast of brightness may give 

a yellow line greater visibility than a neutral white line.) 

Experimental Details 

Absolute color judgment is much more difficult than judgments of one 

color compared with another. Thus, in some cases a white reference strip 

was placed in the field of view to make the perception of yellow easier, 

as on a highway with a white edge line at the shoulder. Color perception 

varies greatly with distance and with the type of illumination available; 

a sample which looks distinctly yellow in one light may look pure white in 

another, in the presence of glare, etc. Thus there was the need to test 

color naming under a variety of lighting conditions and viewing distances. 

The maximum white dilution which can still be reliably distinguished 

as yellow was determined under conditions which closely approximated the 

driving situation. A graduated series of paint mixtures ranging from 

100 percent yellow to 100 percent white (yellow/white pigment weight ratios) 

were applied to 8 ft x 4 in. (4.2 m X 10.2 cm) strips of thin sheet metal, 

simulating highway delineation stripes. These test strips were painted 

with the assistance of California Department of Transportation paint crews, 

using standard airless spray equipment and glass-bead blower. Yellow/white 

color judgments were made by 20 subjects observing the sample strips from 

the driver's seat of a parked vehicle at distances of 30, 60, and 90 ft 

(9.1, 18.3, and 27.4 m), both with and without a 100 percent white refer

ence sample in the field of view, under Various day and night lighting 

conditions: high sun, low sun, headlights only, headlights plus mercury 

vapor, headlights plus sodium vapor, headlights plus tungsten illumination, 

headlights plus oncoming headlight glare. 
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The visual distance and angular size of the samples, the optical effect 

of the retroreflective glass beads, and the use of actual luminaires in an 

outdoor setting provided field test validity in the data. 

The experimenter presented samples in an exploratory sequence to find 

the breakpoint at which the subject would switch from a white response to 

a yellow response. When this threshold or breakpoint was found, it was 

confirmed by repeated presentation of test strips on either side of the 

breakpoint. The threshold or breakpoint value recorded for each combina

tion (reference/distance/lighting) was the percent white pigment in the 

most diluted test strip which was reliably identified as yellow. 

Individual subjects' thresholds were remarkably consistent for most 

combinations of reference, distance, and lighting. In the main experiment, 

a total of 556 threshold values were obtained, 480 with night lighting 

conditions and 76 with daylight conditions. 

Summary of Results 

For each dry weather lighting condition, the average values of maximl® 

permissible white dilution (percent) which can be reliably identified as 

yellow were: high sun = 93 percent white dilution, low sun = 90 percent, 

headlights plus mercury vapor luminaire = 61 percent, headlights plus tung

sten luminaire = 57 percent, headlights alone = 51 percent, headlights plus 

sodium vapor luminaire = 46 percent, headlights with oncoming headlight 

glare = 38 percent. The night lighting averages were each based on 96 thresh

old determinations (6 thresholds each by 16 subjects). The mean value for 

all five night conditions (N = 480 threshold values) was 50 percent white 

dilution, with 0.95 confidence limits between 47 percent and 53 percent dilu

tion. None of the judgments obtained at 30 ft (9.1 m) viewing distance fell 

below 50 percent dilution; thus even under the most difficult conditions 

(glare), subjects could reliably identify a 50 percent diluted yellow/white 

mixture at a 30 ft distance. 

The summary averages for each night lighting condition are conserva

tively weighted by inclusion of data obtained at the more difficult 60 ft 
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(18.3 m) and 90 ft (27.4 m) viewing distances. The 50 percent mean value 

of 480 thresholds for all five night conditions combined is a conservative 

general guideline for maximum white dilution since it includes the more 

difficult sodium vapor and glare data. 

Recommendations 

As a general guideline for dilution of yellow paint with white, use a 

50:50 yellow/white pigment weight ratio. To provide at least 1.3 Ib/gal ,. 

(.156 kg/I) total pigment for hiding power and protection of the paint, use 

at least (.078 kg/I) 0.65 Ib/gal yellow (medium lead chromate) and at least 

0.65 Ib/gal (.078 kg/I) white (titanium dioxide). For example, this pigment 

content can be obtained by mixing 2 gal (7.6 liters) white paint (lIb/gal 

(.12 kg/I) pigment with each 1 gal (3.8 liters) of yellow paint (2 Ib/gal 

(1.24 kg/I) pigment); alternatively, paint with premixed pigment specifica-

tions may be obtained from the manufacturer. 

For maximum white dilution, tailor yellow mixture dilutions for each 

section of highway as a function of the lighting conditions and the presence 

of other white delineation. For maximum delineation visibility, increase 

contrast by underpainting with black. 

Conduct color identification testing of highway delineation materials 

with fully reflectorized samples at viewing angles which will occur in the 

actual driving environment. Use of non-reflectorized samples at higher than 

normal viewing angles may tend to underestimate the pigmentation requirect 

for correct color identification in night driving conditions, since the 

desaturating effect of glass bead reflection is an important factor. 
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SECTION I 

INTRODUCTION 

This report documents a multi-phased study concerned with a human factors 

analytical-experimental investigation of the visibility requirements of road

way delineation. The nature of the delineation experiments is inevitably 

keyed to the driver's needs and to the measurement of quantities sensitive to 

the satisfaction of those needs. In principle, the driver requires delinea

tion for both long and short distance viewing, the first to provide adequate 

warning for stopping, obstacle avoidance, merging lanes, etc., and the second 

to provide for guidance and control. The guidance and control requirements 

are of primary concern here and are perhaps the most difficult to define. 

This is because of the many complex interactions between the elements of the 

driver's visual field and the environment and because of the vagaries of the 

driver's perception of appropriate cues from the surround and their application 

to vehicle control. 

The specific objectives of this research were as follows: 

• Develop dependent variables sensitive to roadway 
delineation treatments. 

• Establish visibility requirements for roadway 
delineation. 

• Determine luminance-contrast requirements for 
delineation treatments. 

• DevelOp functional specifications for a practical test 
methodology suitable for assessing roadway marking 
contrast. 

In order to achieve these objectives we performed a series of driving simu

lator and in-vehicle field tests designed to measure driver behavior, driver 

reaction and driver/vehicle system performance over a wide range of delinea

tion treatments. The experiments were based on sound human factors principles 

associated with driver visual characteristics, perception, and vehicle steering 

control behavior. 
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In the following section (II) we discuss the various human factors prin

ciples used to guide the experimental design and interpret results. Visual 

characteristics and perception are reviewed in order to establish a rational 

basis for evaluating delineation visibility, and the effect of adverse visi

bility factors such as rain and fog is discussed. Section II concludes with 

a review of driver steering control behavior and a model which is subse

quently used for measurement and analysis of simulator data. 

A simulator experiment was conducted to measure driver steering perfor

mance under a wide range of delineation configurations and visibility con

ditions. The approach, methods, and results are discussed in Section III. 

A detailed description of the simulator is given in Appendix A, and the 

measurement technique and some detailed results on driver steering control 

behavior are further elaborated in Appendix B. The simulator allowed a wide 

variety of test conditions and measurements to be accomplished that could not 

otherwise have been accommodated. As discussed in Section III, the effects 

of delineation configuration and visual range on driver steering behavior and 

performance have been established, and a metric has been developed that seems 

capable of describing these effects. 

Field test experiments were performed to complement and validate the 

simulator study and to include various effects that could not practically or 

reliably be duplicated in the simulation. The methods and results for these 

tests are-described in Section IV. Details of the instrumented test vehicle 

are presented in Appendix C; further detailed field results and statistical 

analysis are given in Appendix D and photometry performed to document field 

visibility conditions is reviewed in Appendix E. The field tests gave good 

reliable results on the effects of delineation contrast change due to both 

wear and rain, and allow some definitive statements to be made about contrast 

requirements. 

In Section V we compare the simulation and field test results in order 

to develop requirements for delineation configuration and contrast. Good 

tie-in between the two experiments is established which then leads to a 

potential contrast specification. Section V is then concluded with a 
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discussion of functional requirements for field photometry approaches that 

would allow delineation contrast to be determined in a practical manner. 

Finally, Section VI provides a compact and integrated summary of the 

conclusions of all phases of the study. 
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SECTION II 

F'tJN'DAMENTALS 

A. OVERVIEW 

Visual perception is critical in automobile driving to define the 

desired path and current status of the vehicle and the surround. Roadways 

are marked or delineated in order to enhance the driver's visual percep

tion, and vehicle and roadway lighting systems are provided to counteract 

the effects of adverse visibility conditions (i.e., night, rain, fog, etc.). 

In designing delineation and lighting systems, key considerations are the 

driver's perceptual requirements for vehicle navigation and control, and 

the effect of various environmental factors on the visibility of required 

visual cues. This section addresses the above considerations, with pri

mary concern with the visual cues required for steering control along an 

unobstructed path, as opposed to factors associated with speed control or 

stopping distance. 

Under reduced visibility conditions there are a variety of factors 

that can influence driver performance. The important considerations are 

illustrated in Fig. 1. Illumination sources (sun, headlights, etc.) and 

elements of interest in the visual field (roadway delineation, signs, 

traffic, etc.) determine the characteristics of the visual field. The 

important features from the driver's viewpoint are geometric properties 

of size, shape and texture, and photometric properties such as luminance, 

reflectance, and color. The visual scene photometric properties are 

altered by atmospheric attenuation and scattering. Scattering is the 

more important effect, which acts to reduce contrast and desaturate 

colors.1 Both effects increase with the density of atmospheric parti

cles (e.g., fog, rain) and the distance over which an observation is made. 

1Middleton, W. E., Vision Through the Atmosphere, University of 
Toronto Press, 1952. 
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Driver Factors: 
vision, perception, 
psychomotor skill 

Windshield 
Properties 

0
111/ 

-..,. -
Illumination Sources: - , 

/ "-
natural (sun, moon) I 1 \ 

artificial (headlights, fixed luminaires) 

AtmosRheric Characteristics: 
attenuation, scattering 

Figure 1. Factors Influencing Driver Steering Control 
Under Adverse Visibility Conditions 

Driver psychophysical and behavioral characteristics are, of course, 

the final link in the chain of effects which determine steering perfor

mance. The pertinent driver characteristics can be broken down into three 

categories: 1) visual sensitivity; 2) recognition and perception; and 

3) control. The visibility or detectability of scene elements depends on 

the psychophysical properties of the eye and the photometric and geometric 

properties of the elements of interest. Visibility factors are further 

elaborated on in Article B. Given that a feature, say a dashed line, is 

visible, the driver's perceptual processes can then derive useful infor

mation from which to control the car. Perceptual possibilities and require

ments are discussed in Article C. Finally, driver control requirements, 

characteristics, and models useful for data measurement and analysis are 

considered in Article D at the end of this section. 

B. VISUAL CHARACTERISTICS 

Visibility of highway delineation depends upon the fundamental sensi

tivity of the driver's visual system to luminance and contrast. Only when 

the luminance and contrast of a delineation exceeds threshold values can 

the driver use his perception of form, motion, and distance as the input 
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basis for control of a vehicle on a roadway. The purpose of this article 

is to discuss luminance and contrast sensitivity, the general luminance 

characteristics of delineation in roadways, and their implications for 

laboratory simulation and on-the-road testing of the adequacy of delinea

tion treatment visibility. To detect an object or roadway characteristic, 

the luminance of the detail of interest must be sufficiently lower or 

greater than the general background luminance to create a detectable con

trast with the background. Because,of the capability of the eye to adapt 

to a luminance range of 109 times (!), the detection of contrast at a given 

luminance level becomes the most important characteristic for specifying 

the visibility of an object. 

The contrast of an object is defined as the difference between target 

and background luminance divided by background luminance: 

c ( 1 ) 

which is a dimensionless quantity due to the cancellation of numerator 

and denominator units. Visual contrast thresholds (i.e., minimum detect

able contrast) depend on background or adaptation luminance and target 

size. The relationship between these variables was empirically determined 

in a series of classical experiments,2 and the results are summarized in 

Fig. 2. As noted, contrast threshold decreases with greater background 

luminance (better detection during the day) and increases with target size 

(bigger targets are easier to detect). In the lower right-hand corner of 

Fig. 2a the threshold contrast curves become straight lines such that the 

product of contrast and stimulus area is constant for a given background 

luminance. In this region target detection is a function of target inten

sity only and is independent of target size. 1 This is the "point source" 

region which is pertinent to the detection of retroreflectors. 

2Blackwell, H. R., and J. H. Taylor, "Survey of Laboratory Studies of 
Visual Detection," presented at the NATO Seminar on Detection, Recogni
tion, and Identification of Line-of-Sight Targets, The Hague, The Nether
lands, 25-29 Aug. 1969. 

1Middleton, Vision Through the Atmosphere. 
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Some gross boundary conditions of interest for this research study 

have been blocked out in Fig. 2. Target size boundaries are derived from 

apparent lane stripe dimensions shown in Table 1. The near view (20 ft; 

6.1 m) size is limited by car hood obstruction, and contrast thresholds 

are not very sensitive to target size beyond this level anyway. For the 

small end of the target size scale, seeing distances of much greater than 

300 ft (91.4 m) are not important for steering control as will be discussed 

subsequently (Article D). 

The range of interest for background luminance can be bounded on the 

low end by prevailing night illumination conditions. At night the road

way illuminated by headlights and fixed luminaires has a luminance range 

TABLE 1. VISUAL ANGLE SIZE OF A LANE STRIPE, 4 in. x 15 ft (.10 x 5.56 m) 
AT VARIOUS ROAIl DISTANCES FOR he =: 4 ft (1.22 m) 

DOWN-THE-ROAD DISTANCE, ft (m) 

MEASURE 
25 50 100 200 300 400 

(7.62) (15. 2) (30.5) (61.0) (91. 5) ( 122) 

Vertical -- 8v (min) 330 82 21 5·2 2·3 1.3 

Horizontal -- Wv (min) 46 23 11 I 5·7 3.8 2·9 

! 

I 

Equivalent Diametera I I 
I 139 49 

I 
17 6.1 

I 
3.3 (min) I 

2.2 

aThe diameter of a circle of equivalent area to the delineation element. 

Apparent angular size: 

Vertical 

Horizontal 

8 
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from 0.003 to 4 ft-L (foot-Lamberts), with an average luminance in the 

range from 0.1 to 0.3 ft_L. 3 Note in Fig. 2 that, at the upper end of the 

luminance range, visual characteristics change only slightly beyond 10 ft-L. 

This background luminance level is a practical upper limit of simulation 

projection displays of interest in this study. The Blackwell data 2 sug

gest that simulation work can be conducted in the 10 ft-L range and still 

apply to daytime road luminances in the range of 100-1000 ft-L which would 

occur under fog or rain conditions. 

The Fig. 2 data were collected in an ideal laboratory environment with 

young observers. For our application there are several real-world factors 

that tend to influence contrast thresholds. Driver-related factors include 

alertness in performing the detection task, target expectancy, and reduced 

acuity and contrast sensitivity with age. 3 Target-related factors include 

exposure time and apparent motion. In the case of delineation such as a 

dashed line, closely spaced elements would tend to point towards succeed

ing elements, thus increasing target expectancy. 

Forward velocity results in apparent delineation motion and research 

with moving sine wave gratings have shown that contrast thresholds are 

actually at a minimum when the apparent frequency of motion (i.e., pattern 

elements/unit time past a fixed point) is in the region of 1-5 Hz.4 If we 

consider the suggested national delineation cycle length guideline of 

40 ft (12.2 m),5 we can see that visual contrast sensitivity would be 

maximized in the speed range above 40 ft/sec (27 mph or 43.4 kph). The 

minimum threshold occurs somewhere in the region of 2.5 Hz [68 mph or 

109 kph for the 40 ft (12.2 m) delineation cycle length! J. In conjunction 

3Richards, O. W., "Vision at Levels of Night Road Illumination. XII. 
Changes of Acuity and Contrast Sensitivity with Age, IT American Journal of 
optometry and Archives of the American Academy of optometry, Vol. 43, 
No.5, 1966, pp. 313-319. 

2Blackwell and Taylor, "Survey of Laboratory Studies." 

4pantle, Allan, Research on the Recognition and Analysis of Complex and 
Dynamic Imagery, Aerospace Medical Research Lab., AMRL-TR-7J-61, Oct. 1975. 

5Manual on Uniform Traffic Control Devices for Streets and Highways, 
Federal Highway Administration, 1971. 
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with other factors this could possibly contribute to the relatively small 

speed reductions observed in fog. 6 Shorter dashed line cycle lengths, 

such as the California 24 ft (7.3 m) standard7 would appear to be an effec

tive countermeasure to excessive speed under reduced visibility conditions; 

the simulation experimental results in Section III seem to bear this out. 

The contrast threshold levels given in Fig. 2 are very optimistic, 

being established for 50 percent target detection with expected targets 

under unlimited viewing conditions. Much higher levels are found in prac

tice, however. For meteorological purposes, the minimum contrast threshold 

is normally taken as 0.02,1 while the minimum threshold in Fig. 2 is noted 

to be approximately 0.003. In order to account for various practical or 

!!field" viewing conditions, previous investigators have applied contrast 

multipliers to the Fig. 2 data. Since the vertical scale is logarithmic, 

the curves can simply be translated up (i.e., higher contrast threshold) 

to account for various effects. Blackwell, et al.,8 have recommended a 

field factor of 15 for the roadway visual task. Hills9 found a factor of 

4 appropriate for the detection of taillights, disk objects, and pedestrian 

dummies. In more directly relevant research, Bhise, et al., 10 found the 

detection of delineation-like targets (i.e., horizontal lines) to be 

directly predictable from the Fig. 2 Blackwell data. 

6Kocmond, W. C., and K. Perchonok, Highway Fog, National Cooperative 
Highway Research Program Report 95, 1970. 

1Middleton, Vision Through the Atmosphere. 

7Traffic Manual, State of California, Business and Transportation 
Agency, Department of Public Works, 1971. 

8Blackwell, H. R., B. S. Pritchard, and R. N. Schwab, !!Illumination 
Requirements for Roadway Visual Tasks,!! Highway Research Board Bulletin 
No. 255, 1960, pp. 117-1 27 . 

9HillS, B. L., Visibility Under Night Driving Conditions, Australian 
Road Research Board, Report 29, Nov. 1975. 

1 0Bhise, V. D., P. B. McMahan, and E. 1. Farber, "Predicting Target 
Detection Distance with Headlights,!! presented at the Annual Meeting of 
the Transportation Research Board, Washington, D. C., Jan. 1976. 
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The definitive psychophysical experiment to determine delineation 

detection under various configurations (i.e., dash to gap ratios, cycle 

lengths, widths, solid edge lines, etc.), speeds, and visibility conditions 

still remains to be accomplished. However, based on the above discussion, 

appropriate delineation contrast threshold multiplying factors for the 

Fig. 2 data probably lie in the region of 1-4 times. Given these threshold 

characteristics we can now discuss the effect of adverse visibility on 

delineation visual range. This is presented in the next article. 

C. DELlNEATION VISIBILITY 

Under adverse visibility conditions we know that various environmental 

and/or lighting properties restrict down-the-road visibility due to con

trast reduction, and this restricted "preview" has been shown to affect 

drive steering performance. 11 It is instructive to consider the nature of 

this restricted preview which occurs under various conditions. 

For a uniform aerosol distribution (e.g., rain, fog) under daylight 

conditions, contrast decreases with range and particle density according 

to the simple Koschrnieder law 1: 

where 

Co = Inherent target (delineation) contrast, 
dimensionless 

a = Atmospheric extinction coefficient in 
inverse units of R (range) 

CR = Observed contrast at range R, dimensionless 

( 2) 

11McLean, J. R., and E. R. Hoffmann, "The Effects of Restricted Preview 
on Driver Steering Control and Performance," Human Factors, Vol. 15, No.4, 
Aug. 1973, pp. 421-430. 

1Middleton, Vision Through the Atmosphere. 
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In Fig. 3, extinction coefficients are 'shown for various environmental con

ditions 1, 12, 13 to give some appreciation for th1s parameter. The data are 

plotted as a function of meteorological range, V2,1 which is a standard 

visual range calculation defined as the distance at which target contrast 

is reduced to 2 percent of the inherent target/background value: 

0.02 

Therefore 

3.912/0 

This measure does not take into account the Blackwell visual sensitivity 

data, but does provide a standard measure of visual range. As will be 

discussed subsequently, visual ranges on the order of 100 ft (30.5 m) and 

greater are adequate for good steering control,* so we are concerned with 

the lower right-hand corner region of Fig. 3. 

*We must reiterate here that the primary concern of this study is with 
the lateral guidance or steering control of vehicles along delineated path
ways. The seeing distances required for delineation use in steering con
trol 11 are much less than those typically required for minimum stopping 
distance. 14 Stopping is typically evoked either by traffic control.devices 
such as signals or signs or by obstacles in the pathway. It is possible 
under conditions of low delineation-to-roadway contrast that delineation 
visual range might be on the order of 100 ft (30.5 m) or less, while the 
sight distance of signals or stoplights (illumination sources) could be 
much longer and perfectly adequate for the required stopping distance at 
a given speed. Here we will concern ourselves with the contrast and con
figuration of delineation required to permit adequate path guidance. 

1Middleton, Vision Through the Atmosphere. 

12Ivey, D. L., E. K. Lehtipuu, and J. W. Button, "Rainfall and Visi
bility - The View from Behind the Wheel," Journal of Safety Research, 
Vol. 7, No.4, Dec. 1975, pp. 156-169. 

13Eldridge, R. G., "Haze and Fog Aerosol Distributions," Journal of 
Atmospheric Science, Vol. 23, Sept. 1966, pp. 605-613. 

11McLean and Hoffmann, "The Effects of Restricted Preview." 

14A Policy on Geometric Design of Rural Highways - 1965, American 
Association of State Highway Officials, 1967. 
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Effects under nighttime conditions are somewhat more complicated. 

Illumination is then extremely non-uniform, being provided both by head

lights and fixed luminaires which have complex distributions. Also, 

scattering, particularly backscatter from headlights, provides a complex 

distribution of veiling luminance in the visual scene. In general, the 

contrast of an object at night which determines visual detection is given 

by the expression: 

where 

Dr,B 

~s 

= Target and background luminance determined 
by headlight pattern and roadway and delinea
tion reflectance 

= Backscatter luminance which is a function of 
atmospheric scattering 

La = General background luminance or glare due to 
other illumination sources 

(4) 

The effects of backscatter and non-uniform glare sources act as an equiva

lent extinction coefficient which is a function of range, such that contrast 

attentuation at night will be greater than that associated with Koschmieder's 

law. 

The luminance terms in Eq. 4 can be expressed in terms of various inde

pendent variables depending on a given situation. For target luminance 

at the driver's eye: 

where 

p(~)Io(*, 8)e-2crR 

R2 

p(~) = Target reflectivity as a function of the 
illumination incidence angle, ~ 

• 

Headlight illuminance as a function of 
displacement from the horizontal (*) and 
vertical (8) optical axes 
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In this case light is scattered both going to and returning from the target, 

accounting for the doubled exponent in Eq. 5 over Eq. 3. 

The addition of the headlighting has also added another photometric 

effect as illustrated in Fig. 4. The headlight illuminates the fog, thus 

causing a veiling luminance in front of the target. The total backscatter 

(LBS) must be computed by accumulating (i.e., integrating) the backscatter 

contributions along the driver's line of sight to the target of interest. 

The amount of scattering is a function of the scattering angle and the head

light illuminance characteristic. The scattering function is fairly stable 

over a range of fog types 15 ,16 and the function given in Ref. 15 is prob

ably adequate for the current discussion. 

Scatterinll 
Function, 

F(8) 

.1 

.01 

Scattering Angle ,8 (deg I 

Figure 4. Veiling Luminance Due to Headlight Backscatter 

Target 

15Spencer, D. E., "Scattering Function for Fogs," Journal of the Opti
cal Society of America, Vol. 50, No.6, June 1960, pp. 584-585. 

16Winstanley, J. V., and M. J. Adams, "Point Visibility Meter: A For
ward Scatter Instrument for the Measurement of Aerosol Extinction Coeffi
cient," Applied Optics, Vol. 14, No.9, Sept. 1975, pp. 2151-2157. 
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A final photometric effect which is of importance is that of glare 

sources such as those created by the headlights of oncoming traffic. The 

effect of such glare sources is to add a veiling luminance to the visual 

field. Building on the work of previous researchers, Schmidt-Clausen and 

Bindels'7 have established a refined model for the equivalent brightness 

of a number of glare sources: 

where 

~ Glare source illuminance 

~ Glare source angle from the 
line of sight 

Kc Constant 

The above expression describes a "disability" glare in that it acts to 

reduce visual performance. 

(6) 

The Blackwell contrast detection threshold data of Fig. 2 can be 

interpreted in delineation visibility terms by defining an equivalent 

target size for delineation elements as given in Table 1. If equivalent 

delineation target size is computed as a function of range and a given 

background brightness is assumed, the required contrast for detection of 

typical delineation elements can be determined. Examples of these for 

delineation element lengths of 9 and 15 ft (2.7 and 4.6 m) are plotted 

in Fig. 5. Because the equivalent target size decreases with range, the 

contrast threshold increases with distance as shown. The magnitude of the 

effects is somewhat different, however, depending on the source of illu

mination as discussed below. 

Consider first the situation with natural illumination which is rela

tively constant over the visibility distances of concern here. In Fig. 5a 

17Schmidt-Clausen, H. J., and J. T. H. Bindels, I1Assessment of Discom
fort Glare in Motor Vehicle Lighting, TT Lighting Research and Technology, 
Vol. 6, No.2, 1974, pp. 79-88. 
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driver detection thresholds have been plotted for a worst-case daytime 

road luminance level (5 ft-L). (This level would occur at sunset on an 

overcast day1 or even earlier in heavy fog conditions.) Koschmieder's law 

(Eq. 2) plots as a straight line on the logarithmic coordinate of Fig. 5a 

as shown, and the point at which the apparent delineation contrast recedes 

below the driver's detection threshold defines the delineation visibility 

range. 

Now let us consider visibility conditions at night under headlighting 

conditions. Headlights provide extremely non-uniform illumination which 

results in decreasing pavement luminance as a function of distance down 

the road as shown for typical conditions in Fig. 6. We can USe these 

...J 
I --

Q.J 
U 
C 
o 
c 
'E 
::J 

...J 
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- Asphalt Measurements 
(Appendix E) 
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Luminance Curve 

Rain l water film) Effect 
On Pavement Luminance 

\ 
\ 
\ 

.00I~----~--~---L------~------L-----~-
o 50 100 150 200 250 

Rar.qe(ft) 

Figure 6. Roadway Luminance for Typical Headlighting Characteristics 

1Middleton, Vision Through the Atmosphere. 
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levels as background luminance in order to determine Blackwell contrast 

threshold levels for delineation as shown in Fig. 5b. Note the appreciable 

increased differential threshold relative to daytime conditions because of 

the rapidly receding level of pavement luminance under headlighting condi

tions. Apparent delineation contrast will decrease even more rapidly with 

range than Koschmieder's law, due to backscatter and glare effects as given 

in Eq. 4. The various night visibility effects then combine to give delinea

tion visibility ranges well below those under similar daytime conditions as 

shown in Fig. 5. 

One final consideration that is important here as background for our 

field experiments (Section IV) is the effect of rain. The air/water inter

face on an inundated road causes high Fresnel reflection of the headlight 

illuminance as shown in Fig. 7. 18 This effect drastically reduces the 

amount of roadway luminance returned to the driver as shown in Fig. 6, 
which then leads to increased contrast thresholds as shown in Fig. 5b. 

Of course, the wet roadway also increases the reflected glare from oppos

ing headlights, luminaires, etc., and during the day causes reflections of 

the visual surround. These additional factors cause equivalent glare and/or 

veiling luminance effects and are not easily illustrated in the Fig. 5 plot. 

Although the visibility factors illustrated in Fig. 5 are plotted for 

some specific conditions, they do lead to some general conclusions about 

delineation visibility. First, a combination of factors determines visi

bility range, including inherent contrast (Co), atmospheric extinction (0), 
illumination source, and size of road marking. Thus, a variety of condi

tions could yield the same visibility range; for example, low contrast road 

markings and moderate fog compared to high contrast markings and dense fog. 

Second, the intersection of delineation contrast with the inferred Blacl\:

well contrast threshold implies a fairly sharp cutoff in visibility range 

which may not be unduly sensitive to variability factors such as between

driver differences, etc. Third, because of the logarithmic contrast scale 

18Grieser, D. R., C. E. Moeller, M. M. Epstein, and J. R. Preston, 
"Performance of High Visibility Wet-Night Highway Lane Dividers," Optical 
Engineering, Vol. 15, No.1, Jan.-Feb. 1976, pp. 52-55. 
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in Fig. 5, the plots can be translated vertically to determine the sensi

tivity of various effects. For example, moving the atmospheric attenua

tion plot up and down corresponds to changing the inherent contrast of 

the delineation (Co), while translating the contrast threshold curve cor

responds to multiplying factors applied to Blackwell laboratory data 

(Fig. 2) to account for real-world conditions such as observer attention, 

exposure time, age, etc. 19 A relative displacement of the atmospheric 

and threshold curves by a factor of 2 changes the visibility range by 

18Grieser, " ... Wet-Night Highway Lane Dividers." 

19nuntley, S. Q., J. I. Gordon, J. H. Taylor, et al., "Visibility," 
Applied Optics, Vol. 3, No.5, May 1964. 
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about 10 percent, while a similar change in the atmospheric extinction 

coefficient (i.e., the slope of the Koschrnieder relationship) would lead 

to approximately a 50 percent change in visibility range. This gives some 

feeling for the sensitivity of various parameters which influence delinea

tion visibility. 

It is obvious from the above discussion that delineation detection is 

affected by a myriad of factors, far too many to be considered in any con

sistent manner in a single study. This dilemma was obvious early in this 

program, and a concerted effort was made to uncover those few independent 

variables that directly affect the driver's steering control capability. 

As will be discussed further in the next article, one key variable is the 

apparent visual range of the delineation as perceived by the driver. Pre

vious research has found that during daylight subjects tend to fixate and 

scan in areas about 75 ft forward of the vehicle. CO Using lamps illumina

ting small areas at several distances from the driver, the same study also 

reported that a lamp aimed at about 75 ft (23 m) resulted in the best main

tenance of velocity and lane position. 

The concept of a delineation visual range is quite appealing, parti

cularly under conditions of severe reduction in atmospheric transmission 

where this visual range would be quite definite as suggested by the Fig. 5 

analysis. Based on these observations, simulator work in this study was 

conducted with visual range as an independent variable under the premise 

that delineation above detection threshold would result in adequate per

ception of available information content. In the field tests, driver 

observations were combined with photometry to determine delineation visual 

ranges. This avoided the subtleties and well-known experimental difficul

ties of various photometric conditions which combine to give equivalent 

visual ranges. The extremely complex psychophysical problem of delinea

tion photometric thresholds must be left for future studies. 

20 Rockwell, T. H., R. L. Ernst, and M. J. Rulon, "Visual Requirements 
in Night Driving," NCHRP Report 99, 1970. 
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D. PERCEPrION AND DRIVER/VEHICLE 
SYSTEM GUIDANCE REQUIREMENTS 

Given that a feature (e.g., dashed line) is detected, the driver's per

ceptual processes can extract information from the feature. As discussed 

in the previous article, adverse visibility conditions can reduce visual 

range, and the question now to be considered is how reduced visibility 

might affect driver perception of vehicle path and subsequent control 

actions. 

An abstraction of the driver's perceptual task is illustrated in Fig. 8, 
a perspective view of a single lane bounded by dashed lines. With forward 

motion in a straight line the driver's visual scene appears to expand from 

a perspective vanishing point at infinity. Theories have been advanced for 

a focus or center of expansion perception of motion. 21 The center of expan

sion is the only point in the visual field that is apparently stationary, 

and it would provide a direct cue for the car's path angle. Thus, when 

II ft = .3048m 

Vanishing Point 
Horizon and Driver 
Eye Height (ft) 

12 ft Lane Width -""~\<"'~ _____ "Aim Point': Possible 
I' i\ \n/-......... Feedback for Driver 60 ft ___ L ___ \ "<:;D "" St . C t I 

1 \ ,'Lane eermg on ro 
'\ , 
1 \ 1 \ r. 
, \ I \ 't.. 
I~ 
1 \ 1 Y , 
~ 
, lJI \1 

Car Displaced 
2.5 ft to Left of tt 

Car / Driver Line of 5 ight 

Figure 8. Driver's Perspective View of a Single Delineated 
Path Illustrating an Aim Point Control Law 

21Gibson, J. J., ''What Gives Rise to the Perception of Motion," 
Psychology RevieVI, Vol. 75, 1968, pp. 335-346. 
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forward view is reduced by adverse visibility, direct perception of path 

angle is denied the driver according to the focus of expansion theory. 

This theory has some problems, however. As Gordon 22 notes, for curved 

paths the center of expansion lies at the center of curvature, which is 

at right angles to the path of the vehicle. Furthermore, Palmer 23 has 

found that the center of expansion in visual fields expanding at various 

constant rates of expansion can only be perceived with 1-6 degrees of 

visual angle, which is much too coarse for vehicular control. 

In a perspective motion field the streamers themselves playa more 

important role in the views of Calvert,24 who emphasized their role in 

both directional and longitudinal control of aircraft on the final 

approach, and of Gordon,22 who considered terrestrial vehicles. The 

streamer theory states in essence that the driver perceives motion from 

objects in the visual field streaming across his field of view. Although 

the streamers emanate from the center of expansion, Gordon believes that 

it is the streamers themselves, particularly those provided by roadway 

boundaries and lane markings, that underlie the directional cue rather 

than the center of expansion itself. He notes that all parts of the 

visual field, road borders, and lane markers move when the wheel is turned 

but no one part is essential for tracking and that the driver responds 

to a total situation (a gestalt concept), not to isolated or ranked cues. 

streamer perception should be fairly robust in the face of reduced visi

bility, although reduced contrast would eliminate many subtle cues (e.g., 

road roughness, edge texture), particularly those available outside foveal 

vision where contrast sensitivity and acuity degrade. 25 

22Gordon, D. A., "Perceptual Basis of Vehicular Guidance," Public 
Roads, Vol. 34, No.3, Aug. 1966, pp. 53-68. 

23Palmer, E. A., "Experimental Determination of Human Ability to Per
ceive Aircraft Aimpoint from Expanding Grad,ient Cues," Aerospace Medical 
Meeting, Preprint of Scientific Program, San Francisco, May 1969, pp. 176-
177 . 

24Calvert, E. S., "Visual Judgments in Motion," J::mrnal of the Institute 
of Navigation, Vol. 7, 1957. 

25Haines, R. F., "A Review of Peripheral Vision Capabilities for Display 
Layout Designers," Proceedings of the sm, Vol. 16/4, Fourth Quarter, 1975, 
pp. 238- 249. 
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Control theory analysis and research into land vehicle steering control 

have identified cues that must be perceived either explicitly or implicitly 

in order to give good, stable performance. The car's position relative to 

the delineated path is the most obvious of these. Various studies have 

also demonstrated that heading or path angle is essential to achieving 

stable control (as reviewed in Ref. 26). Thus, properly weighted compo

nents proportional to lateral position and heading must be present in the 

driver's steering wheel deflection if the car's path is to be regulated in 

the lane. 

One intuitively appealing model for driver lateral control involves 

steering inputs based on an aim point down the road as illustrated in 

Fig. 8. The aim point angle is one way to combine lateral position and 

preview-range-weighted heading into a single control quantity. The dyna

mics of this simple control model, among others, have been analyzed pre

viously.27 For an aim point at a distance, xa, a look-ahead or preview 

time constant dependent on vehicle speed, Uo, can be defined as follows: 

McLean 11 has reviewed a number of driving experiments involving variations 

in restricted forward view and vehicle speed which found preview times (Ta) 

of 2 sec or greater. The results were quite variable, however, and it 

would be hard to conclude an average or typical preview time constant. 

If there is a preferred look-ahead distance or time constant, then 

restricted visual range due to adverse visibility could interfere with 

this cue, and the visual ranges shorter than the preferred look-ahead dis

tance would be expected to deteriorate performance. 

2~cRuer, D. T., R. W. Allen, D. H. Weir, and R. H. Klein, "New Results 
in Driver Steering Control :t-bdels," Human Factors, Vo"'-. 19, No.4, Aug. 
1977, pp. 381-397. 

27McRuer, D. T., D. H. Weir, H. R. Jex, et al., "Measurement of Driver/ 
Vehicle Multiloop Response Properties with a Single Disturbance Inputs, II 
IEEE Transactions, Vol. SMC-5, No.5, Sept. 1975, pp. 490-497. 

l1Mc1ean and Hoffmanl1, liThe Effects of Restricted Preview. II 
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Lane position and heading cues do not necessarily have to be perceived 

at a combined aim point, however. Referring again to Fig. 8, simple geo

metric analysis shows that for small angles the car's heading angle devia

tions with respect to the lane appear as horizontal translations of the 

visual scene. For car lateral position deviations with respect to the lane 

the road appears to rotate about its vanishing point at the horizon. Thus 

heading and lateral position are separately available from the perspective 

view if a sufficient segment of this view is visible. 

To gain further insight into driver perceptual requirements, consider 

the detailed driver/vehicle system dynamic model illustrated in Fig. 9. Here 

the vehicle model gives heading angle and lateral lane deviations (~ and y) 

in response to driver steering commands (ow). The driver develops steering 

commands based on his perception of lane position and heading angle errors 

(Ye, ~e) plus an additional term proportional to perceived road curvature 

(l/c). The Ye and ~e perceptions and associated gains (Ky , K~) are basi

cally involved in regulation-only driver control, which is handled in a 

compensatory fashion. The added curvature term (KRc) is a pursuit or feed

forward element needed to account for driver behavior on curved roads. It 

basically assumes the driver inserts an open-loop steering wheel command 

proportional to perceived path curvature. Some anticipation or driver lead 

(TL) is applied to these perceptions to offset vehicle lag, and a time delay 

penalty (,..) is incurred by the, driver due to basic neuromuscular character

istics and perceptual processing load. A final component of the driver's 

steering action is composed of remnant (n) which is basically noise or 

random variation in the driver's output uncorrelated with perceptual inputs. 

The regulation or error corre~ting portion of the Fig. 9 model, involv

ing only lane position and heading error feedbacks (Ye 3.nd,j;e' respectively) 

has been shown to have good, stable control properties 28 and to be consistent 

2Bweir, D. H., and D. T. McRuer, "Dynamics of Drive::lVehicle Steering 
Control)" Automatic3, Vol. 6, No.1, Jan. 1970; pp. 87-92. 

25 

• 



• 

I\
) 

0
\ 

IT
l 

, .
.. 

+
 l

Ie
-T

''
''
 

C
A

R
 

D
Y

N
A

M
IC

S 

R
O

A
D

 
C

U
R

V
A

T
U

R
E

 
C

O
M

M
A

N
D

, 
li

e 

i -;
;R

--
; R~

D~
;;

;;
O-

; K
-;

;E
~ -

;;
;;

;-
-
j 

v 
I I I I 

.p
. 

L
, _

_
_

 _
 

H
EA

D
IN

G
 

A
N

G
L

E
 

D
E

V
IA

T
IO

N
 

y
. 

I 
lA

N
E

 
I 

D
EV

IA
TI

O
N

 
I 

_
_

_
_

 • _
_

 ...
.J 

V
IS

U
A

L
 

S
C

E
N

E
/S

IM
U

L
A

T
IO

N
 D

IS
P

L
A

Y
 .

....
. _

-
-
-
.<

1
-
-
-
-
-
-
-
-
-
-
-
' 

R
E

L
A

T
IV

E
 

H
E

A
D

IN
G

 
A

N
G

L
E

, 
.p

. 

R
E

L
A

T
IV

E
 

lA
N

E
 

D
E

V
IA

T
IO

N
, 

h 

;
'
 

--
( 

V
eh

ic
le

 N
o

ti
o

n
s 

an
d 

R
oa

dw
ay

 
C

om
m

an
ds

: 

v 
V

eh
ic

le
 
la

te
ra

l 
v

e
lo

c
it

y
 n

or
m

al
 t

o
 v

e
h

ic
le

 p
a
th

 
r 

V
eh

ic
le

 
in

e
rt

ia
l 

h
ea

d
in

g
 r

a
te

 
rc

 
E

q
u

iv
al

en
t 

ro
ad

w
ay

 h
ea

d
in

g
 r

a
te

 
a
t 

v
eh

ic
le

 
sp

ee
d

 U
o 

re
 

V
eh

ic
le

 
h

ea
d

in
g

 r
a
te

 e
rr

o
r 

w
it

h
 r

e
sp

e
c
t 

to
 

th
e
 

ro
ad

w
ay

 
od

 
=

 
E

q
u

iv
al

en
t 

d
is

tu
rb

e;
n

ce
s 

to
 v

e
h

ic
le

 l
a
te

ra
l 

m
o

ti
o

n
 

P
er

ce
iv

ed
 Q

u
a
n

ti
ti

e
s:

 

Y
e 

=
 
L

a
te

ra
l 

la
n

e 
p

o
si

ti
o

n
 e

rr
o

r 
w

e 
=

 
V

eh
ic

le
 

h
ea

d
in

g
 e

rr
o

r 
w

it
h

 r
e
sp

e
c
t 

to
 t

h
e 

ro
ad

w
ay

 
l/

c
 

=
 
R

oa
d 

cu
rv

at
u

re
 

(i
n

v
e
rs

e
 

ra
d

iu
s 

o
f 

c
u

rv
a
tu

re
) 

D
ri

v
er

 D
yn

am
ic

 
B

eh
av

io
r:

 

K
y 

D
ri

v
er

 g
ai

n
 a

p
p

li
e
d

 t
o

 Y
e 

Kw
 

D
ri

v
er

 g
ai

n
 
ap

p
li

ed
 t

o
 t

h
e
 

co
m

p
o

si
te

 
h

ea
d

in
g

 
e
rr

o
r 

w
e 

+
 

K
yY

e 
K

Rc
 

=
 
D

ri
v

er
 g

ai
n

 a
p

p
li

e
d

 t
o

 
ro

ad
 c

u
rv

at
u

re
 p

e
rc

e
p

ti
o

n
 

TL
 

D
ri

v
er

 
le

a
d

 o
r 

a
n

ti
c
ip

a
ti

o
n

 
ti

m
e 

c
o

n
st

a
n

t 
a
p

p
li

e
d

 
to

 p
e
rc

e
p

tu
a
ll

y
 d

er
iv

ed
 s

te
e
ri

n
g

 c
om

m
an

ds
 

to
 

c
o

u
n

te
ra

c
t 

v
e
h

ic
le

 
re

sp
o

n
se

 
la

g
s 

T
 

D
ri

v
er

 v
is

u
al

/m
o

to
r 

ti
m

e 
d

el
ay

 o
r 

re
sp

o
n

se
 

ti
m

e 
os

w
 

R
e
su

lt
in

g
 d

ri
v

e
r 

st
e
e
ri

n
g

 w
h

ee
l 

d
e
fl

e
c
ti

o
n

 
n 

R
em

na
nt

 
(n

o
is

e
) 

o
r 

ra
nd

om
 t

im
e 

v
a
ri

a
ti

o
n

s 
in

 
d

ri
v

e
r 

st
e
e
ri

n
g

 a
c
ti

o
n

 

F
ig

u
re

 
9.

 
A

 D
ri

v
e
r/

V
e
h

ic
le

 
D

yn
am

ic
 

S
y

st
em

 M
8d

el
 

fo
r 

A
n

al
y

zi
n

g
 A

d
v

er
se

 
V

is
ib

il
it

y
 E

ff
e
c
ts

 
on

 
S

te
e
ri

n
g

 C
o

n
tr

o
l 



with experimental measurements. 27 ,29 The road curvature perception was 

added specifically for this research study, and results in Section III will 

demonstrate its efficacy. 

The Fig. 9 model can serve as the basis for some observations about 

driver visual perception requirements and potential effects of degraded 

visibility. Consider first the driver's use of the aim point concept 

illustrated in Fig. 8. Here reductions in visual range under adverse 

visibility conditions can eliminate the cues required to directly perceive 

the aim point. In this case the driver can extrapolate from the available 

cues or, alternatively, separately perceive lateral and heading error devia

tions. In either case, however, the driver is faced with an increased per

ceptual load. Past research has shown that increased perceptual load leads 

to increases in time delay (T) and noise or remnant. 30 ,3 1 These effects 

should increase with decreased visual range. 

When reduced visual range interferes with direct perception of the aim 

point, the lane delineation configuration then should become an important 

factor. Consider Fig. 8 with restricted preview. The driver needs ade

quate information to perceive ~e' Ye' and road curvature. If several 

delineation elements are visible, or single elements are of sufficient 

length, these variables should be directly perceivable. If element length 

is reduced, however, so that path direction is not readily indicated by a 

single element, then two components are needed to define direction and three 

to indicate curvature. In terms of the Fig. 9 model, a visual segment which 

27McRuer, et al., "Measurement of Driver/Vehicle .... Response Properties." 

29McRuer, D. T., R. H. Klein, et al., Automobile Controllability--
Driver Vehicle Res onse for Steering Control. Vol. I: Summary Report. 
Vol. II: Supporting Experimental Results, DOT HS- 1 07 and HS- 01 06, 
Feb. 1975. 

30McRuer, D. T., and E. S. Krendel, Mathematical Models of Human Pilot 
Behavior, AGARDograph 188, Jan. 1974. 

31Allen, R. W., W. F. Clement, and H. R. Jex, Research on Display Scan
ning, Sampling, and Reconstruction Using Separate Main and Seconda~J 
Tracking Tasks, NASA CR-1569, July 1970. 
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contains at least three elements is needed for development of the KRc feed

forward, while at least two elements are needed for Ye and ~e to be esti

mated. Thus, the driver/vehicle system dynamics will depend strongly on 

the dimensions of the visual segment. As it is reduced, performance on 

curves will be degraded first (KRc reduced), followed by deterioration in 

lane position control (Ky), etc. For segmented delineation the driver's 

input information also becomes perceptually intermittent as the visual seg

ment is reduced, and intermittency has been shown to lead to increased time 

delay (T) and remnant (n) in the human operator. 31 

Besides providing insight into degraded visibility effects, the Fig. 9 

model also serves as a paradigm for data measurement and analysis, as will 

be discussed in Section III and Appendix B. The driver control strategy 

parameters in Fig. 9 can be determined through Fourier analysis techniques 27 

during driving tests involving regulation against disturbances, and follow

ing winding roads. This technique allows the perceptual/behavioral effects 

of adverse visibility to be determined simultaneously during a single 

realistic task (in situ as it were) rather than requiring a series of 

artificial tests to isolate each effect. 

31Allen , et al., Research on Display Scannin~. 

27 McRuer, et al., "Measurement of Driver/Vehicle ... Response Properties." 
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SECTION III 

S JMULATION EXPERIMENT 

A. OVERVIEW 

A simulation approach was taken to study the effects of adVerse visi

bility on steering control over a range of conditions that simply could 

not be tested in the real world due to safety, economic, and logistic con

siderations. Because the effects under consideration are visual in nature, 

a fixed-base simulator with a relatively sophisticated visual roadway dis

play was felt to be adequate for the purposes at hand. An existing fixed

base simulator32 was upgraded with a projected roadway display and intensity 

control features required to simulate the adverse visibility effects dis

cussed in Section II. 

A variety of tasks and measures, some specifically developed for this 

study, was included in order to determine the effects of adverse visibility 

on driver/vehicle system performance (e.g., .lane de·viations), driver 

behavior, and driver subjective reaction. The performance measures tell 

us the consequences of adverse visibility and can be related to accident 

risk. Driver behavior is quantified by such model parameters as illustrated 

in Fig. 9. These behavioral measures give us insight into effects (e.g., 

perceptual, workload) on the driver which will allow the results to be 

generalized and extrapolated to cases not tested. Because of the human's 

adaptive capabilities, some conditions may not elicit measurable changes 

in performance. Increased adaptation demands invariably lead to some 

driver behavioral changes and increased workload, however, and workload 

changes can be measured with subjective ratings. 

In the following article (B) the experimental method, setup, procedures, 

etc., are described. This is followed by results and discussion (C) and 

32Allen, R. W., J R. H:::lgge, and S. H. Schwartz, "An Interactive Driving 
Simulation for Driver Control·and Decision-Making Research," Proceedings 
of the Eleventh Annual Conference on Manual Control, NASA TM X-62,464, 
May 1975, pp. 396-407. 
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concluded with a summary and discussion of the simulator results in Arti

cle D. The simulator itself is described in more detail in Appendix A, 

and the control model measurement and data analysis are elaborated in 

Appendix B. 

B. METHODS 

,. setup 

A fixed-base driving simulator was used to test the concepts discussed 

previously. The physical arrangement of the simulator is illustrated in 

Fig. 10. The simulator had a high quality, wide angle video projection 

display of roadway markings as illustrated. Display perspective and motion 

were correctly represented with respect to the driver's eye position, and 

the electronic display generator was designed to allow a variety of delinea

tion configurations and visibility conditions. Apparent road motion rela

tive to the cab was controlled by driver steering, acceleration} and braking 

actions through equations of motion mechanized on an analog computer. 

Delineation configurat1on and visual range could easily be controlled 

from an experimenter's console. The mark and cycle lengths of dashed 

delineation lines could be independently selected in discrete steps. The 

range extent of the visual segment could be set continuously from zero to 

a maximum display generator range of 300 ft (91.4 m). Visual range was 

controlled by an electronic intensity function which smoothly decreased 

display delineation line luminance as a function of distance down the road. 

Desired visual range was set subjectively as described later. This gave 

the desired physical results directly and minimized the need to control or 

account for all the subtle photometric and subjective effects which deter

mine threshold contrast. 

2. Exploratory Tests 

Before a formal design and test procedures were set up, a preliminary 

study was conducted to determine the various conditions and tasks which 

would cause measurable effects and to develop measures that would be 

30 
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sensitive to these effects. Five subjects were given a short period to 

accommodate to the driving simulator under nominal conditions, then admin

istered a variety of conditions including various visibility ranges and 

delineation configurations. Driving tasks involved steering around obsta

cles and through curves, and regulating against step input disturbances 

applied at the front wheel. Measurements included preferred driving speed 

and subjective comments, and the photometric (atmospheric) conditions were 

operationally defined by the maximum range at which the subject could 

detect the delineation. The following results were summarized from these 

tests: 

a. As visibility range is reduced, delineation configuration 
or pattern becomes increasingly more important. Solid edge 
lines, longer dashes, and shorter cycle length can counter
act some of the effect of reduced visibility. 

b. Dashed lines lead to an interesting sampled data problem 
under reduced visibility conditions. The car hood restricts 
minimum forward view to approximately 20 ft (6.06 m) ahead 
of the driver's position; and when one dash disappears below 
the hoodline before a succeeding dash is visible through 
the fog, steering performance becomes very erratic. Thus, 
delineation gap length is a key delineation variable. 

c. Long dashes can give some indication of road curvature 
even though only one dash is visible. Raised pavement 
markers are a limiting case and do not provide any inher
ent curvature information unless more than one element is 
visible. 

d. Preferred speed decreases with reduced visibility, or at 
constant speed steering performance degrades. Both pre
ferred and constant speed runs give sensitive measures of 
adverse visibility effects as does driver reaction or 
subjective opinion. 

3. Experimenta.l Design 

Based on the exploratory tests we evolved the test matrix shown in 

Fig. 11. The matrix includes the important range of the three major vari

ables of interest: visibility range, delineation configuration, and speed. 

The visibility range extends from close to the minimum possible for steer

ing control (35 ft or 10.7 m) out to a distance beyond that re~uired for 
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1ft = .3048m 
I mile Ihr = 1.61 km/hr 

9125 

15/40 

Delineation Dashed Left 

Configuration Solid Right 

(mar k 1 cycle length) ~----+----+----+----t' 

2140 
Dashed Left 

Dashed Right 

Dashed Left 

Blank Right 

35 50 100 300 

Visibility Range (ft) 

Figure 11. Simulator Test Condition MatrlX 
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good control. Speed variations are covered from very slow to the current 

nationwide speed limit. Delineation configuration applies to a single lane 

delineated with left and right boundaries and covers a California standard 

with 9 ft (2.7 m) marks and 25 ft (7.6 m) cycle,7 the national recommenda

tion of 15 ft (4.6 m) marks and 40 ft (12.2 m) cycles*,5 and a very short 

element spaced at 40 ft (12.2 m) meant to simulate retroreflective RPM's 

(raised pavement markers) which individually offer no directional cues. A 

further variation was applied to the right boundary of the RPM delineation 

which included either a solid, dashed, or blank (no right edge line) con

figuration. A solid edge line would presumably improve performance over 

that with dashed elements, while the lack of any edge line at all would 

degrade performance under adverse visibility. It was impractical to run 

all combinations of the factors shown in Fig. 11, so the combinations listed 

in Table 2 were selected to span the major dimensions, with emphasis on com

binations likely to show degraded performance (i.e., higher speeds, shorter 

visibility ranges, and shorter delineation elements). 

Based on the exploratory experiment results a configuration visibility 

parameter listed in Table 2 was developed to quantify differences between 

various combinations of delineation configuration and visual range. As 

illustrated in Fig. 12 the configuration visibility parameter has two com

ponents. The first, (Xg + xo)/xv, is related to the number of delineation 

elements visible. For (xg + xo)/xv > 1 we see from Fig. 12 that delineation 

elements close to the car are obscured by the hood before the next element 

becomes visible down the road (hood visibility obstruction in the simulator 

was 19 ft or 5.8 m). The second factor, xg/xc , roughly quantifies the 

*The Federal Highway Administration has since issued a new recommenda
tion of 1:3 gment-to-gap ratio for broken line longitudinal pavement 
markings, 33 ich supersedes the MUTCD5 recommendation for a 3:5 segment
to-gap ratio. The current recommendation for rural highways is 10 ft 
(3.05 m) ser -nts and 30 ft (9.1 m) gaps. 

7Traffic Manual, State of California. 

5Manual on Uniform Traffic Control Devices for Streets and Highways. 

33"Change in Recommended Segment to Gap Ratio for Pavement Markings," 
FHWA Bulletin, Office of Traffic Operations, 31 May 1977. 
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TABLE 2. SIMULATION EXPERIMENTAL CONDITIONS 

CONFIGURATION CONFIGURAT ION 
VISIBILITY SPEED 

MARK/CYCLE LEFT/RIGHT 
VISIBILITY PLOTTllJG 

RANGE PARAMETER, Cv SYMBOLc 
mph LENGTH LANE EWE 

ft (m) (kph) ft (m) CONFIGURAT ION b (Dimensionless) 

300a 30 15/40 D/D 0.09 ~ 

100 30 15/40 D/D 0.28 W 

100 55 15/40 D/D 0.28 • 
100 30 2/40 D/D 0.54 ~ 

100 55 2/40 D/D 0.54 • 
50 15 9/25 D/D 0.44 0 

50 30 9/25 D/D 0.44 ~ 

50 55 9/25 D/D 0.44 • 
50 15 15/40 D/D 0.55 <J 

50a 30 15/40 D/D 0.55 ~ 

50 55 15/40 D/D 0.55 • 
50 15 2/40 D/D 1.08 <> 
~O 15 2/40 DiS l.08 <I> 

4 

50 15 2/40 D/N l.08 ~ 

50 30 2/40 D/D l.08 0 

50 30 2/40 D/N l.08 ~ 

50 30 2/40 D/S 1.08 <) 

35 15 15/40 D/D 0.79 8 

35 30 15/40 DID 0.79 ~ 

Note: 1ft = 0.3048 mj 1 mi/hr = 1.61 krn/hr. 

aBase line conditions repeated periodically throughout the experiment for each subject. 

bn = dashed; S ~ solid; N = none. 

CCategorized as follows: 
3-sided symbols used for 15/40 (MUTCD Standard). 
6-sided symbols used for 9/25 (California Standard). 
4-sided symbols used for 2/40 (MUTCD Standard cycle length with short marks or RPM's). 
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II ft = .3048 m I Xg + Xo Xg 
Cv = .-

Xv Xc 

(d imension less) 
~----

r-xc 
-------

0 , ----+---, . Xo ft 
I 

Driver E ye I----+---~--------- XV -------il_ 

Position ~ ) (Visibility Range) 

-' 
<:oad Surface View Obstructed / 

by Car Outline ( 19 ft for simulator) 

Figure 12. Configuration Visibility Parameter for Quantifying the 
Combined Effects of Delineation Configuration and Visual Range 

proportion of available information when delineation elements are visible. 

These two factors are then combined into the visibility configuration 

parameter: 

(8) 

Cv gives large values for poor visibility, large gaps, and large propor

tions of gap-to-cycle length ratio, and driver performance would be 

expected to deteriorate under these conditions. The configuration para

meter therefore quantifies both the visual segment and intermittency 

aspects of the driver's visual scene. This parameter thus far only 

accounts for symmetrical delineation, however, and we will have to con

sider the performance effects to determine what influence the right edge 

line variations will have. 



"""---

4. Procedures 

Six licensed drivers with normal vision were selected as test subjects. 

Background on the subjects is given in Table 3. Prior to the forma~ testing/ 

data-gathering experiments, each subject was given a brief introductory ses

sion that consisted of driving the test scenario twice through two baseline 

configurations involving visibility ranges of 50 and 300 ft (15.2 and 

91.4 m). The purpose of this session was twofold: 1) to transition sub

jects' skills of everyday automobile driving to the fixed-base simulator 

environment; and 2) to introduce the subject to the general nature of the 

test plan and procedures. These initial sessions were intentionally short 

in order to minimize training efforts and avoid overlearning. By repeating 

the baseline configurations throughout the program, however, as discussed 

below, both short and long term training effects, if any, could be analyzed. 

TABLE 3. SUBJECT BACKGROUNJ) 

DR IVmG 
SUBJECT SEX AGE EXPERIENCE EDUCATION 

(IN YEARS) 

A M 29 17 B.S. 

B M 21 5 A.A. 

C M 33 17 A.S. 

D M 29 13 A.A. 

E F 41 24 H.S. 

F F 17 1 H.S. 

Typically, each subject drove the entire test scenario in two or three 

days of concentrated testing. Each day was broken into four test sessions 

of one to one and a half hours each separated by a rest period. At the 

beginning and end of each day, the 300 ft (91.4 m) visibility baseline 

configuration was tested. At the beginning and end of each session, a 

baseline configuration was administered, either the 300 ft (91.4 m) or 

50 ft (15.2 m) visibility condition. Baseline conditions were also 
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periodically interspersed within the sessions. All configurations in the 

experiment were given to the subjects in a pseudo-random order. At no time 

was a subject aware of what conditions would be driven next. 

In order to control for within- and between-subject variations in con

trast thresholds and equipment variations, visibility distance was indi

vidually set for each condition according to the following procedure. The 

experimenter would initially set the visibility range, then ask the subject 

to position a line, which appeared across the roadway, to the point at which 

the delineation disappeared. The line position was controlled with a ten

turn potentiometer and was returned to zero between estimates. The experi

menter would repeat this procedure several times, readjusting the visibility 

range between estimates in an iterative procedure until the desired visi

bility range, as indicated by the subject, was achieved. 

5. Tasks and Measures 

Three driving tasks and associated measurements were conducted for each 

experimental condition. One task required regulating against a random wind 

gust-like disturbance added in at the steering Signal input to the vehicle 

equations of motion as illustrated in Fig. 9. This task required compensa

tory control behavior as the input could not be observed other than in its 

effect on vehicle motions. A second task involved following a winding road 

which allowed for pursuit control behavior if the visual scene provided for 

adequate curvature perception. Objective measures on the above tasks covered 

both driver dynamic behavior and driver/vehicle system performance. The 

details of the task inputs and measurements are discussed in Appendix B. 

A third task required the subjects to follow an occasionally curving 

road as fast as they felt comfortable without having an accident. The 

measure in this situation was the driver's average or "preferred" speed. 

For all three tasks, -the instructions to'the subjects were to drive care

fully,much as they would under actual adverse visibility conditions. The 

subjects were instructed to maintain a nominal position in the lane as well 

as pOSSible, and in the case of the preferred speed run to slow down until 

they were able to achieve acceptable performance. 
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On all the above tasks, drivers were asked to express their reaction 

to, or subjective rating of, the various conditions encountered. Ratings 

were obtained via a scale marking technique34 using the form shown in 

Fig. 13. These scales were designed to emphasize driver workload, com

pensation, and attentional demands. Each scale is fundamentally open ended 

and intended to be interval. No numbers are shown. When using the scale 

the subject shows his assessment by simply marking a location along the 

left-hand side. The adjectives and descriptive phrases are located to the 

right. It will be noted that these are not at equal intervals. Instead, 

their location along the equally spaced scale is nonlinearly adjusted in 

accordance with the techniques outlined by McDonnell. 35 This is the rela

tive location of these words and phrases on an underlying interval psycho

logical continuum. To the extent that this procedure is successful, rating 

data can then be treated as being on an interval scale. Means and variances 

of the numerical ratings are then unbiased estimates of driver opinions. 

In rating a test configuration the subject was instructed not to rate 

the dynamics of the vehicle or of the display field, but instead to rate the 

present condition relative to a best condition. This procedu~e ensured that 

the ratings were directly related to changes in the visual scene. 

C. RESULTS 

,. Baseline Conditions 

In order to observe any time trends (due to, e.g., learning, fatigue) 

during the experimental time frame, two conditions from the test scenario 

were chosen as "baseline" configurations and were repeated periodically 

throughout the experiment. These configurations were identical in roadway 

delineation, the MUTCD5 recommended 15 ft (4.6 m) segments and 25 ft (7.6 m) 

34Guilford, J. P., Psychometric Methods·, New York, MCGraw-Hill, 1954. 

35McDonnell, J. D., Pilot Rating Techniques' for the Estimation and 
Evaluation of Handling Qualities, Air Force Flight Dynamics Lab., AFFDL
TR-68-76, Dec. 1968. 

5Manual on Uniform Traffic Control Devices. 
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DATE/TIME I RUN NUMBER I SUBJECT 

CROSSWINDS 

CONTROL COMPENSATION 
AND ANTICIPATION 

I- EXCELLENT- Minimum compensation 
(e Ifart, anticipation) required to maintain 

- desired (attainable) performance 

_I- GOOD - Mild compensation required 

-
I- FAIR - Moderate compensation required 

-r- POOR - Significant compensation required 

NEARLY UNCONTROLLABLE - E xceS5ive 
control demands., cannot maintain 
adequate control 

WINDING ROAD 

CONTROL 

I- EXCELLENT 

GOOD 

FAIR 

POOR 

NEARLY 
UNCONTROLLABLE 

COMMENTS: 

ATTENTION 

COMPLETELY 
UNDEMANDING 

• MOSTLY 
UNDEMANDING 

MILDLY 
DEMANDING 

DEMANDING 

VERY 
I- DEMANDING 

COMPLETELY 
DEMANDING 

I CONFIGURATION 

ATTENTION DEMANDS AND 
CONCENTRATION REQUIREMENTS 

-

COMPLETELY UNDEMANDING - Very 
relaxed I comfortable 

MOSTLY UNDEMANDING - Relaxed 

MILDLY DEMANDING 

DEMANDING 

I- VERY DEMANDING 

COMPLETELY DEMANDING-Maximum 
concentration 

ROAD WITH CURVES 

CONTROL 

I- EXCELLENT 

GOOD 

FAIR 

POOR 

NEARLY 
UNCONTROLLABLE 

ATTENTION 

COMPLETELY 
UNDEMANDING 

MOSTLY 
UNDEMANDING 

MILDLY 
DEMANDING 

DEMANDING 

VERY 
DEMANDING 

COMPLETELY 
DEMANDING 

Figure 13. Subjective Rating Form 
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gaps, but differed in visibility range. One simulated clear viewing con

ditions (300 ft or 91.4 m of displayed roadway in our simulator), while the 

second had a visibility range of 50 ft (15.2 m). 

In Fig. 14 rms lane deviations during the wind gust and winding road 

tasks are plotted for four repetitions of the good (300 ft or 91.4 m) and 

poor (50 ft or 15.2 m) baseline visibility conditions. Statistical analy

sis of the experimental design shown in Table 4 was performed using Analy

sis of Variance (ANOV) procedures. Trends between the repeated baseline 

trials were not significant, thus indicating stable performance throughout 

the test sessions. This could be interpreted as little or no learning, 

fatigue, set changes, etc. The visibility effect on cry was only signifi

cant for the winding road data (p < 0.05). The standard deviation for the 

variance component of the highest order interaction (configuration X subject 

x replication) is plotted in Fig. 14 ("cr from ANOV") and indicates good 

run-to-run repeatability both within and between subjects. 

The wind gust task occurs on a straight road, and the lack of signifi

cant effect of visibility on lane deviations is consistent with previous 

field research. 11 On the winding road the reduced preview causes increased 

TABLE 4. EXPERDfENTAL DESIGN FOR ANALYSIS OF 
VARIANCE OF S ThIDLATOR BASELINE DATA 

VARIABLE LEVELS POPULATION 
SIZE 

Visibility 50 ft; and 300 ft 2 

Subjects Six licensed Infinite 
drivers 

Training/ Four replications 4 
Fatigue spread throughout 

2 data sessions 

11 McLean and Hoffmann, "The Effects of Restricted Preview." 
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wander in the lane, however, which leads to a sensitive change in the 

probability of lane exceedance which can result in increased traffic con

flicts. The probability of lane exceedance in Fig. 14 was computed assum

ing a Gaussian distribution of lane deviations, a 12 ft (3.7 m) lane width 

and 6 ft (1.8 m) vehicle width. 

Driver reaction to reduced visibility is illustrated in Fig. 15. Here 

we see that the attentional demand measure (subjective rating) reported by 

the driver increases appreciably as visibility is reduced, while the speed 

which drivers are willing to maintain on a curved road decreases. Statisti

cal analysis shows the visibility effect to be highly significant (p < 0.001) 

with no change over the four repeated baseline runs. The underlying varia

bility of the driver reaction measures obtained from the ANOV interaction 

variance is also shown in Fig. 15. The standard deviation is about 10 per

cent of the rating scale length for the two top plots in Fig. 15, which is 

consistent with previous work involving subjective ratings from the human 

operator. 35 These data corroborate those of Fig. 14 in showing the data to 

be reliable and with no indication of time trends due to learning or fatigue 

effects. 

Comparison of treatment effects to the underlying data variability shows 

that driver subjective reaction measures are more sensitive than the perfor

mance measure, cry. In fact) for the crosswind task there was no significant 

treatment effect on lane deviations while there is an obvious effect on task 

difficulty as far as the driver is concerned. It would appear from these 

. results that the driver is a more sensitive measuring instrument in response 

to the visibility treatment than objective performance measures. 

2. System Performance 

In Fig. 16 lane deviations for the wind gust and winding road tasks 

averaged over subjects are plotted both as a function of the visibility con

figuration parameter, Cv , and fixed speed, Uo, under which these tests were 

35McDonnell, Pilot Rating Techniques for ... Handling Qualities. 
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run. Lane dispersions were found to be linearly related with a high cor

relation to both Cv and Uo according to the relationship: 

(9) 

The coefficients for this relationship were computed using data for all 

the symmetrical delineations (left and right dashed lines), but excluding 

the solid or no right edge line conditions. The Eq. 9 coefficients and 

correlation coefficients are given in Fig. 16. 

The cry plots and regression relationships show that speed sensitivity 

for both tasks is similar, but the winding road task is more than twice as 

sensitive to adverse visibility and configuration changes. The right-hand 

scale on the Fig. 16 plots shows the sensitivity of lane dispersions to 

the probability of lane exceedance. It is apparent that both speed and 

visibility/configuration changes can appreciably change the probability of 

exceeding the lane edges, which provides a measure of accident risk. 

Consider now the reliability and validity of the lane dispersion data. 

An Analysis of Variance was performed on the data with subjects and con

figurations as variables. The differences between configurations were 

highly significant (p < 0.001), and the combined within- and between

subject variability is shown in brackets in Fig. 16. Thus, the relia

bility of the data is excellent. Also, the Eq. 9 regression relationship 

shows good linear correspondence, with linear correlation coefficients 

of r = 0.85 for the regulation and r = 0.98 for the path-following tasks, 

respectively. 

To enhance confidence in the validity of the data, these results 

should be compared with past simulation and field test studies. To this 

end, average cry data from two previous simulator studies are indicated in 

Fig. 16. In the UCLA simulator36 the driver was seated in an intact full 

36wojcik, C. K., and R. W. Allen, Studies of the Driver as a Control 
Element, Phase 3, Systems Technology, Inc., TR-2013-1, July 1971 (also 
University of California at Los Angeles, Rept. UCLA-ENG-7148). 
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sized sedan which was mounted on a chassis dynamometer. The dynamometer 

drum speed, controlled by the driver via the car's accelerator and 

brakes~ determined the landscape velocity of a moving model landscape 

which was video projected on a large screen. The UCLA simulator thus 

provided a rich visual field which probably resulted in a very low value 

of Cv (i.e., less than 0.1) in addition to drive train sounds and power 

steering feel. Previous work on the STI simulator,37 on the other hand, 

used a CRT display with two solid lane lines and no auditory cues. The 

solid lane lines probably also resulted in a low Cv . 

In terms of validity with real-world driving it will be seen in Sec

tion IV that actual highway measurements of lane dispersion are on the 

order of 0.5 ft (0.15 m) or so, and previous field tests of individual 

driver dispersions have found similar levels. 38 There seems to be a 

lower bound threshold on lane deviations; and whether due to indifference 

or perceptual limitations, drivers do not hold lane position to much better 

than on the order of 0.5 ft (0.15 m). This value compares favorably with 

those shown in Fig. 16 for small Cv values. 

The effects of right edge line variations are also illustrated in 

Fig. 16. Adding a solid edge line to the RPM delineation for the 15 mph 

(24 kph) case (~) provided the most consistent effect. Judging from the 

data plot the solid edge line cases (~,~) could be given an equivalent 

Cv in the region of 0.4 to 0.6 and fit very nicely with the regression 

relationship. In fact, if we were to give the solid edge line cases a 

Cv averaged between the left and right lane boundary values we would end 

up with a value of about 0.5, since the Cv for a solid line is zero. The 

reason for the sensitivity of the RPM delineation to a solid edge line 

will become apparent when we discuss the sampling effects of intermittent 

delineation on driver dynamic behavior. 

37Allen, R. W., H. R. Jex, D. T. McRuer, and R. J. DiMarco, "Alcohol 
Effects on Driving Behavior and Performance in a Car Simulator," IEEE 
Trans., Vol. SMC-5, No.5, Sept. 1975, pp. 498-505. --

38Soliday, S. M., "Lane Position Maintenance by Automobile Drivers on 
Two Types of Highways," Ergonomics, Vol. 18, No.2, 1975, pp. 175-183. 



,. Driver Reaction 

The test results discussed above were run at constant s~eed. In many 

of the ~oorer visibility situations (high Cv and/or high s~eed), however, 

the appropriate driver res~onse is to slow down. This behavior option was 

tested for each experimental condition with a variable speed run involving 

path-following around discrete curves. The drivers were asked to drive as 

fast as they thought ~rudent without crashing, which would occur if the car 

was driven more than 2 ft (0.61 m) off the road boundary. These results 

are illustrated in Fig. 17, which shows that preferred s~eed under the 

various conditions as nearly a linear function of the configuration visi

bility parameter Cv with the exception of the solid edge line treatment. 

In that case the data would fall in line if they were assigned a Cv of 0.5, 

similar to the observation made for the performance data. 

The ~referred speed results have a fascinating tie-in with the fixed 

speed results of Fig. 16. If the driver is presumed to slow down when his 

lane deviations exceed a given level, crYmax, then Eq. 9 can be solved for 

the relationship between preferred speed and Cv : 

U~referred == (10) 

If a maximum tolerable cry of 1.0 ft (0.30 m) is assumed (a lane exceedance 

~robability of about 0.3 percent), and regression coefficients for the 

winding road task are used, the tolerable speed boundary shown in Fig. 17 

results. This is quite consistent with the preferred speed data. 

The reliability of the preferred speed data was quite good. AnalYSis 

of Variance showed the differences between configurations to be highly 

significant, and the combined within- and between-subject variability was 

on the order of 5 mph (8.0 kph). 

The preferred speed runs provide an objective measure of the driver's 

reaction to combinations of adverse visibility and delineation configura

tion. As explained previously, drivers were also asked for this subjective 
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reactions to the various conditions. As might be expected, the reaction 

on the preferred speed runs was fairly uniform, since the subjects had in 

effect control over the difficulty of a given situation through speed con

trol. For the fixed speed runs there were highly significant rating differ

ences between the various conditions as indicated by Analysis of Variance 

(p < 0.001). The four ratings for the fixed speed runs (e.g., see Fig. 15) 

were highly correlated, however, so an average was taken and is plotted in 

Fig. 18. A highly correlated linear relationship between the average 

rating and Uo and Cv was found as shown. 

The regression coefficients for subjective rating appear to depend more 

strongly on Uo and Cv than did the performance relationship. Since the per

formance relationship agreed with the preferred speed runs, this indicates 

that even though drivers slow down to maintain an acceptable performance 

under adverse visibility, they still do not completely compensate for their 

subjective reaction to the condition. 

Data for the right edge line treatments are shown in Fig. 18. A solid 

edge line (~and ~) led to much improved ratings over the other condi

tions, and as with the performance results, it appears that these conditions 

could be assigned a Cv of 0.5. 

4. Driver Dynamic Response 

The driver's dynamic response was analyzed in an attempt to obtain 

direct connections between delineation visibility and driver perception and 

response. To this end measurements for the complete model of Fig. 9 were 

obtained for a large number of the conditions listed in Table 2. A nonlinear 

regression program was used to fit the dynamic driver model to measured 

describing function data. The model fits were quite good and consistent 

with the expected describing function shapes. Procedures and data are given 

in Appendix B. 

Model parameter means and standard deviations are given in Table 5 for 

the 300 ft (19.4 m) and 50 ft (15.2 m) baseline visibility conditions run 

at 30 mph (48.3 kph). The major consistent effect of decreased visibility 
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on the baseline compensatory and pursuit driving tasks was an increase in 

driver time delay (T) of about 0.1 second. The driver's lead or anticipa

tion time constant, TL, remained quite constant with decreased visibility, 

as did the curvature perception gain, KRc ' for the pursuit task. Table 5 
also shows the dimensionless quantity KRc/t (where t is the vehicle wheel

base), which indicates the quality of open-loop control present in the pur

suit operation (see Appendix B). KRc 1 is ideal pursuit, while KRc/l = 0 

amounts to compensatory control with no active open-cycle element. 

Model parameter data for all the visibility/configuration conditions 

reduced were analyzed in a variety of ways as discussed in Appendix B. 

Figure 19 illustrates how adverse visibility combined with configuration 

changes affects curvature perception. Here we see that the curve percep

tion parameter KRc/l decreases as a function of the configuration visi

bility parameter, Cv . 

c:: 
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.2 .4 .6 .8 

Figure 19. Effects of Adverse Visibility and Delineation 
Configuration on the Curvature Perception Parameter 
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For the wind gust regulation task, crossover model measures of driver 

behavior30 were routinely obtained as discussed in Appendix B. Data are 

plotted in Fig. 80. In Fig. 20a there is only a small effect of speed (Uo ) 

or visibility (Cv ) on the driver's heading error gain (K~, see Fig. 9). The 

inverse of the driver's lateral lane error gain (Ky) can be interpreted as 

an equivalent dynamic look-ahead distance. 27 The Fig. 20b plot of these 

data shows a strong dependence on Cv , with shorter distances apparently 

associated with restricted visual range (i.e., higher Cv values). There 

is little apparent speed dependence, however, suggesting that look-ahead 

distance is a more pertinent perceptual variable than the look-ahead time 

constant of Eq. 7 (Section II-D). 

Equivalent time delay, Te (driver transport delay T combined with the 

vehicle heading response lag), is ~ffected by both speed and configuration 

visibility parameter Cv as shown in Fig. 20c. The increase in effective 

time delay with increase in Cv suggests that driver perceptual load increases 

with reduction in the visual segment. Past research has postulated that Te 

increases are associated with an increase in driver lead equalization require

ments and/or with the presentation of sampled information. 31 In this case 

some driver lead (T1 in Fig. 9) is used to offset the vehicle lag. But, the 

vehicle lag increases with speed, whereas the effective time delay decreases 

with speed; so this "explanation" is in the wrong direction. The sampling 

time interval of the dashed lines is given by 

Ts ( 11 ) 

where Xc is the delineation cycle length. Change in human operator Te is 

proportional to sampling interval,3 1 so the variation of Te with both speed 

and Cv is in the right direction. Accordingly, we attribute the Te changes 

30McRuer and Krendel, Mathematical Models of Human Pilot Behavior. 

27McRuer, et al., "Measurement of Driver/Vehicle •.. Response Properties." 

3 1Allen, et al., Research on Display Scanning. 
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primarily to sampling processes associated with the delineation dashed 

lines and speed. 

An interesting observation was made during the experiment which adds 

further credence to the idea of delineation sampling time interval. Under 

poor visibility (50 ft, 15.2 m), short delineation marks, and slow speed 

conditions (15 mph, 24 kph), some subjects reported a compelling desire to 

speed up in order to increase the frequency of lateral control information. 

As indicated in Eq. 11, increasing speed decreases the sampling interval Ts' 

A similar effect could be obtained by reducing the delineation cycle length 

xc, and in critical locations this might be an effective means for inducing 

lower speeds under adverse visibility conditions. 

The sampling process which affects the driver's time delay should also 

have some influence on the noise or stochastic component of his steering 

actions. In Fig. 21 we show the proportion of noise or remnant that is 

uncorrelated with the driver's actions in counteracting wind gusts or steer

ing along a winding road. There is a tendency for driver noise to increase 

both with configuration parameter and speed. 

The intermittency of delineation apparently affects driver remnant; 

however, this effect is increased at higher speeds (i.e., higher delinea

tion sample rates) in contrast to the time delay penalty (Fig. 20c) which 

decreased with increasing speed. These two contrasting effects on driver 

behavior explain the relatively consistent effect of speed on performance 

under adverse visibility shown in Fig. 16. At low speeds, the slow inter

mittency of delineation causes appreciable increases in driver time delay 

which degrad~s performance; while at high speeds, driver noise increases, 

which again degrades performance. Also note that for the curve-following 

data driver noise increases appreciably under the same conditions that led 

to reduced curvature perception (Fig. 19). Furthermore, the curve-following 

data show a proportionately greater configuration visibility parameter sen

sitivity, consistent with the Fig. 16 performance data. A final observation 

is that the solid edge line reduces driver noise over the dashed or no right 

lane line cases, which (as with previously discussed data) is consistent 

with a lower equivalent Cv ' 
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D. SDoflTIATION SUMMARY AND DISCUSSION 

Steering performance appears to be reliably affected by the combined 

effects of reduced visibility and delineation configuration. Measures of 

driver dynamic response behavior have given insight into the underlying 

perceptual effects which lead to performance degradation. A parameter for 

quantifying the combination of visual range and delineation configuration 

(Cv) was developed in Section II and has proven very useful for analyzing 

the simulation data, Driver lane dispersions show a linear relationship 

with Cv and speed, Do. As noted previously, the regression relationships 

for the wind gust and winding road tasks had similar speed sensitivity. 

The constant terms in the two expressions were small and of opposite sign. 

With these observations we can state a summary relationship for the two 

tasks: 

cry = O.019Uo (mph) + kCv ( 12) 

where k is a function of the command in the case of the curved road or dis

turbance in the case of the straight road input to the driver's steering 

task. 

Driver reaction in terms of speed reduction on an occasionally curving 

road had a linear relationship with Cv (i.e., slower speeds for higher 

values of Cv), and the data proved to be consistent with the above perfor

mance relationship. If we hypothesize a maximum tolerable lane dispersion 

of 1 ft (.304H meters) and use the constant for the winding road task (k 

0.72), we can express preferred speed as a function of t~e configuration 

visibility parameter: 

Upreferred (mph) 51 - 34cv ( 13) 

Thus, for a Cv of about 1.4 the driver should come to a steT,. This value 

of Cv would be equivalent to the short delineation use~ here (sUnulating 

retroref1ective RP.M's) with 40 ft. (12.2 meters) spaci"g and. a visual range. 

of approximately 40 ft (12.2 meters). 
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Providing a solid right edge line provided significantly improved per

formance over a dashed edge line or no edge line. In fact, the solid edge 

line appears to reduce the Cv value that would be computed for the left edge 

by a factor of two. The driver takes advantage of this by going faster, 

however. In fact, with the simulator data there appears to be a dilemma 

in that improvements in delineation (either increased contrast or improved 

configuration) lead to increased speed. Straighter roads would also lead 

to increased speed due to a low k value in Eq. 12. To the extent that 

drivers in the real world fail to reduce speed under adverse visibility 

conditions,6 however, improved delineation would reduce lateral lane dis

persions. 

6Kocmond and Perchonok, Highway Fog. 



SEC'rION rv 

FIELD TEST EXPERn.m:NTS 

A. OVERVIEW 

Although the simulation experiment described in the last section allowed 

a great deal of control over experimental treatments and measures, simula

tion is still an idealization and abstraction of the real world. There is 

a variety of factors having established or suspected effects that can only 

be measured in field tests --- for example, the rich visual scene with sub

tleties such as texture, photometric complexities such as headlighting pat

terns and pavement reflectance characteristics, motion cues, complex hori

zontal and vertical road curvature, the real-world risks in driving, etc. 

In order to account for some of these factors, field tests were conducted 

that would test delineation visibility factors in a real-world setting and 

provide tie-in validation data with the simulator tests. 

The field tests were performed in two separate experiments. In the 

first field experiment we sought to measure critical aspects of drivers' 

lateral and longitudinal vehicular control over: a) a 40.5 mi (65.2 km) 

highway circuit which originally had different striping contrast levels on 

successive 4 mi (6.4 km) segments; b) again over the same highway circuit 

after the delineation had been allowed to degrade severely; and c) over the 

same highway after it had been repainted according to standard California 

Department of Transportation (Caltrans) procedures. A group of men and 

women differing in age over a wide range was employed as the subject/driver 

sample. Drivers were studied on two occasions --- either experimental 

delineation and degraded delineation or degraded delineation and standard 

delineation --- as they drove a specially instrumented vehicle for a pro

longed period on the highway circuit. 

The second field experiment was designed specifically to compare 

indices of driver lateral and longitudinal vehicular control under wet 

and dry conditions with lane-line delineation of either: a) striping plus 
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reflective pavement markers; or b) striping alone. The selected treatments 

were on contiguous sections of the 52 mi (83.7 km) highway test circuit, so 

that it was possible to compare the same driver's reactions to the treat

ments under approximately the same climatic conditions. As before the inter

action between delineation visibility and fatigue was studied by requiring 

the subjects to operate the vehicle over the highway circuit for prolonged 

periods in both wet and dry conditions. The section with striping alone 

fortuitously contained a significant subsection where thermoplastic delinea

tion was applied instead of ~he usual paint as part of a Caltrans investi

gation of thermoplastic durability. This allowed a special comparison of 

paint and thermoplastic delineation effects on driver performance in wet 

weather. 

The following article (B) discusses general experimental methods includ

ing the instrumented vehicle, measurements, and procedures. Details of the 

instrumented vehicle and measurements are further elaborated in Appendix C. 

Specific methods for the first experiment on delineation wear and contrast 

effects are given in Article C, followed by specific methods for the second 

or "rain effects" experiment in Article D. Data reduction and analysis 

procedures are reviewed in Article E, and key results are presented in 

Article F. More detailed results and analysis are given in Appendix D. 

Finally, this section is concluded with a summary and discussion of the two 

experiments in Article G. 

B. GENERAL METHODS 

1. Instrumented Vehicle and Measurements 

The subject's vehicle was an extensively modified 1971 Dodge 3/4 ton 

(.68 tonnes) van. Basic structural modifications incluJed an auxiliary gas 

tank to permit uninterrupted operation for the entire experimental driver 

period, a 2.5 KVA electricity generator to provide power for the apparatus, 

and an alternate hydraulic steering and brake system for use by the experi

menter, who was seated behind the driver on the vehicle's midline. Foot 
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pedal controls for the latter system were hidden from the driver's view by 

a housing and no mention was made to him concerning them. 

Several vehicle-mounted senSors were employed to measure driver/vehicle 

variables of interest. A specially constructed electro-optical sensor 

mounted above the vehicle's left front wheel was used to continuously measure 

lateral lane position with a resolution of ±D.5 in. (1.3 cm). Vehicle speed 

was obtained from a tachometer tied in to the speedometer cable and was accu

rate to within ±D.5 ft/sec (0.15 m/sec). A potentiometer was employed to 

measure steering wheel deflections to within a ±D.5 deg resolution. 

Electrophysiological variables were continuously recorded to obtain 

indices to driver psychophysiological status as affected by driving time and 

the various delineation treatments. The variables recorded were the driver's 

electroencephalogram (EEG) and electrocardiogram (ECG). From these were 

obtained the driver EEG power spectra from 18 sec epochs measured from the 

beginning of successive 1 min epochs during the runs and mean heart rate 

variability over successive min epochs. These physiological measure have 

been previously shown to be sensitive to changes in the driver'S psycho

physiological status associated with changes in performance. 39 It was hoped 

here that they would reveal any changes in the drivers' arousal caused by 

having to operate the vehicle for a prolonged period while guided by delinea

tion treatments that varied with respect to visibility, and would tie in with 

the subjective driver reaction data obtained in the simulation experiment. 

The vehicle contained a double electronics rack for all data acquisition, 

processing, and electromagnetic tape recording (six channels on an Ampex 350). 
In addition, a response console containing 40 separate switches and several 

displays was mounted on a pedestal in front of the experimenter's seat. Use 

of the switches was registered as respective pulse codes on the tape, indi

cating the occurrence of certain highway and traffic events and driver errors. 

390' Hanlon, J .. F., and. G. R. Kelley, "Comparison of Performance and 
Physiological Changes Between Drivers Who Perform Well and Poorly During 
Prolonged Vehicular Operation," in R. R. Mackie, ed., Vigilance: Theory, 
Operational Performance, and Physiological Correlates, New York, PlenQ~ 
Press, 1977. 
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More complete details on the vehicle instrumentation and measurements 

are contained in Appendix C. 

2. Procedures 

Subjects were recruited by advertising at local offices of the Cali-

fornia State Department of Employment Development. No particular qualifi

cations were required other than the possession of a valid driver's license. 

The 12 subjects selected for the first experiment ranged in age from 19 to 

55 years (M ± SD: 29.2 ± 9.3; median = 28). Six men (ages 19-55) and six 

women (ages 19-35) were included. The 12 subjects selected for the second 

experiment ranged in age from 25 to 34 years (M ± SD: 28.7 ± 3.4; median = 28). 

Six men (ages 25-34) and six women (ages 25-34) were included. All subjects 

had held a driver's license for at least 3 years and had driven at least 

15,000 mi (24,140 km) previously. 

Subjects were paid $20 after completing two runs on separate days. They 

were informed beforehand that no deduction would be made if they elected not 

to complete a run for reasons of fatigue or illness; but, if they chose to 

quit for other reasons, ~heywere paid at a rate of $2 per hour of work. One 

subject in the first experiment terminated after completing only half of a 

scheduled run due to fatigue. None withdrew for other reasons. 

The subjects were fully informed of the nature of their task, but not 

the specific purpose of the experiment. They were further informed of cer

tain specific requirements including the following: 

a. To obtain adequate sleep on the night before each run 
(inadequate sleep was defined as losing more than 1 hr 
from the individual's normal sleep period). 

b. To refrain from excessive physical exercise on the day 
of the run. 

c. To refrain from the use of all non-medicinal drugs and 
alcohol on the day of the run (use of most medicinal 
drugs was allowed but the fact had to be drawn to the 
attention of the experimenter). ' 

d. To refrain from the use of tranquilizing drugs from 
noon on the day of the test. 

e. To refrain from smoking during the run, but not before. 
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Compliance with these regulations was checked from the subject's 

response to a 24 hr history questionnaire, administered just prior to each 

run. The first noncompliance was cause for run postponement; the second, 

for dismissal (it was never necessary to take that action). 

All experiments were staged from a motel in the vicinity of a desig

nated highway test circuit. Each subject arrived for each test run at 

between 1630 and 1730 hours. He was briefed with regard to the nature of 

the experiment and again cautioned that he was not to continue driving beyond 

the point of fatigue when he would ordinarily stop. Thereupon, electrodes 

were attached to the driver for electrophysiological recordings. He next 

assumed control of the research vehicle and drove to the test circuit in 

15 to 30 min. He paused and rested for 5 min while initial resting physio

logical measurements were obtained and then entered the circuit between 

1830 and 2030 hours. He drove in the outside lane, except when passing 

slower vehicles, attempting at all times to maintain a constant speed of 

50 mph (80.5 kph). All runs were completed in darkness, and the subject 

was instructed to keep his headlights on low beams (see Appendix E for head

light isoluminance patterns). After completing half the circuit, he left 

the highway via an offramp and overpass and returned on the corresponding 

onramp to resume driving in the opposite direction. He repeated this maneu

ver at the origin, thereby completing one circuit. He completed each cir

cuit without pausing but was required to stop at the point of origin to 

allow the experimenter to change reels of tape on the recorder and to per

form any minor equipment adjustments that might be required. Usually this 

was accomplished in less than 10 minutes. Upon resumption of the run the 

subject continued as before, completing an integral number of circuits to 

a limit specified by the particular experimental design. Following comple

tion of a run the subject paused at the point of origin for 5 min while 

final resting physiological measurements were obtained. Finally, he drove 

to the motel where he was dismissed after electrode detachment and a short 

debriefing. 
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C. SPECIFIC METHODS: FmsT EXPERIMENT, 
VARIATIONS IN DEL:rnEA.TION CONTRAST 

1. Highwa.y Circuit 

The circuit for the first experiment was over east- and westbound sec

tions of Interstate Highway No. 80 (1-80) between the Colfax and Blue Canyon 

exits in Placer County, California. According to posted Caltrans highway 

mileage markers, the circuit extended from post-mile 80 PIa 53.36 (Blue 

Canyon Exit --- East) to 80 PIa 33.00 (Colfax Exit --- west). The terrain 

was generally mountainous, and the road grade was positive in the eastbound 

direction as shown in Fig. 22. Elevation at the western end was about 

2400 ft (732 m) and at the eastern end, 5000 ft (1524 m). The circuit con

tained numerous vertical and horizontal curves. 

The section of 1-80 used in the experiment consisted mainly of two 

lanes eastbound and two westbound. Three eastbound traffic lanes, including 

a "truck lane," were present for about 1 mi (1.6 km) near the eastern end 

of the circuit where the upgrade was greatest. Opposing traffic lanes were 

separated either by median striping alone (throughout most of the western

most quarter), by a median barrier, or by a wide greenbelt (throughout most 

of the easternmost quarter). The traffic lane surface was Portland cement 

(PC). That surface was well worn and discolored with occasional bituminous 

asphalt (AC) patches. Lane width was 12 ft (3.7 m), and the adjacent improved 

shoulder width was 8-10 ft (2.4-3.0 m). The shoulder surface was AC, and it 

too was worn, cracked, patched, and discolored. No edge line separated the 

outside traffic lane and the shoulder at the time of the experiment. Pad-

dle delineators, mounting retroreflective elements, were present throughout 

the circuit next to the shoulder. Finally, a kind of informal delineation 

was provided by the presence of poles set both in the median and on the unim

proved outside shoulder as a guide to snowplows. 

There were standard mercury-vapor fixed luminaires above 11 offramps in 

each direction. Except at these locations, the highway was illuminated 

during the night only by vehicle headlights, and was generally quite dark 

owing to the rural nature of the terrain. 
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2. Experimenta.l Design 

Two groups of six subjects participated in the first experiment. Sub

jects in both groups completed two runs. The first group made one run after 

the circuit had received a special lane-line delineation treatment, and the 

second run with degraded delineation. The second group made a run initially 

with the same degraded delineation, and then made a second run after the 

highway had been restriped according to standard Caltrans procedures. Each 

scheduled run consisted of two complete highway circuits. 

3. Delinea.tion 

a. Special Treatment 

The special striping treatment was applied to 1-80 by Caltrans on 21-22 

October 1975, under the supervision of project personnel. For this, the 

eastbound highway section was divided into four contiguous 4 mi (6.4 km) 

segments beginning at post-mile 80 PIa 33.00. This left the last 4.36 mi 

(7.0 km) segment of the eastbound section in its original, untreated condi

tion. The parallel segment of the westbound section was also untreated. 

Treatment began in the westbound direction at post-mile 80 PIa 49.08. From 

there, the highway was again divided into four contiguous 4 mi (6.4 km) seg

ments, ending at marker 80 PIa 33.00, the point of origin. 

The striping treatment was applied for lane-line delineation between 

the first and second traffic lanes. It consisted of standard white titanium 

dioxide point (Caltrans PT-225) to which was added an amount of standard 

reflective glass bead (Highway Safety Spheres, Potter Industries, Inc.) 

that varied in incremental weight:volume steps. between treatment segments. 

In the eastbound direction, the four successive mixtures contained 2, 4, 6, 
and 8 pounds of beads per gallon of paint (0.24, 0.48, 0.71, 0.95 kg/I, 

respectively). The same was true for successive mixtures applied in the 

opposite direction. All mixtures were applied by Caltrans personnel opera

ting a conventional striping vehicle. Striping was applied in the conven

tional California broken line pattern with a 9:15 ft (2.7:4.6 km) line-to

gap ratio. 
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On 28-29 October, project personnel conducted a photometric assessment 

of the treatment segments, and on 30 October Caltrans conducted an analysis 

of the actual concentration of beads adhering to the paint after applica

tion. 40 Salient results arp. given in Table 6, and the full photometric 

record is provided in Appendix E. 

Table 6 shows that considerably less bead remained on the road surface 

than had been originally applied; also, that photometric contrast measure

ments were related to the bead-to-paint ratios in a generally monotonic, 

but nonlinear, manner. The relationships between measured striping compo

sition and both maximum and averaged contrast measurements at selected points 

in the treatment segments are shown in Fig. 23 for both east- and westbound 

sections of the 1-80 circuit. 

Several observations on the Fig. 23 data are pertinent here. First, 

the maximum achievable contrast levels for painted delineation with beads 

is on the order of 18 or less. Furthermore, average levels are on the order 

of 15 or less. From a practical standpoint, considering the nonlinear rela

tionship between contrast and bead concentration in Fig. 23, average contrast 

levels on the order of 10-12 are to be expected. A Caltrans study40 obtained 

driver subjective ratings over highway sites with varying bead concentrations 

and concluded that concentrations beyond 4 lb/gal (0.48 kg/I) achieved through 

an application rate of about 6 lb/gal (0.71 kg/I) led to wasted beads. The 

study also found that application rates of 4-6 lb/gal (0.48 kg/I to 0.71 kg/I) 

led to similar lane guidance ratings. Thus, taking all factors into account, 

a practically achievable average contrast level of about 12 appears to be 

reasonable for beaded paint delineation lines. 

b. Worn Delineation 

Runs conducted with the special treatment were concluded on 12 December 

with the beginning of snowfall on the 1-80 site. Subsequent enforced use 

of tire chains, snow plowing, and road sanding continued to degrade the 

4~ussell, G. L., Optimization of Traffic Lane Delineation, California 
Department of Transportation, Report No. FHWA-TS-77-200, Dec. 1976. 



TABLE 6. SPECIAL DELINEATION TREli.TMENT LOCATION AND COMPOSITION 
1 mi = 1.61 km; 1 lb = .45 kg 

DISTANCE FROM 
TREli.TMENT CIRCUIT ORIGIN 

SEGMENT 
BEGIN END 

o 4.0 

2 4.0 8.0 

3 8.0 12.0 

4 12.0 16.0 

, 

CALTRANS MATERIAL 
MEASUREMENT 

RELATIVE LB BEAD / 
MILEAGE GAL PAINT 

( 0.8 
, 1.4 

t ~:~ 

! 
4.8 
5·6 
6.4 
7.5 

1
8.5 
9·5 

10·5 
11.5 

! 
12.4 
13.4 
14·5 
15·5 

1.8 
1 .2 
1 . 1 
1.8 

M = 'i":47 
2.1 
2.4 
1.5 
2.2 
--M = 2.05 

I 3. 1 
4.0 
4.0 
5·3 

M=4.10 

6.0 
6.2 
6.3 
6.7 

M = 6":30 

HFR PHOTOMETRY 
MEASUREMENT 

RELATIVE MAXIMUM AVERAGE 
MILEAGE CONTRAST CONTRAST 

0.8 5.3 3·72 

5·3 5. 1 3.89 

15·9 11 .0 

13·0 17·1 14.5 

r--+'-----+----~,------~------~--------~-------~-----~------~ 

16.8 12.0 

2 12.0 8.0 

3 8.0 4.0 

4 4.0 I o 

I I 

1
15.4 
14·5 
13.3 
12.4 

! 
11. 6 
10·5 
9.4 
8.6 

1
7.2 
6.3 
5·6 
4.3 

! 
3.4 
2.5 
1.4 
0.6 
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1.2 
1.1 
1.0 
1.2 

M=T:13 
1.7 
1 .0 
1.6 
1.5 

M=~ .-

4.0 
4.0 
4.2 

_ L:£ 
M = 3.95 

7·7 
6.4 
5.7 
6.6 i 

M = 'b.'4b I 

12.4 5.9 4.36 

10.4 5·75 

6.3 10.7 

1.8 17·9 10·5 



1 
J 

. t 

20 

..... 15 -III 

-.J 
I 
t-

-.J 
~ -If) o 

!: 10 c 
o 

U 
Cl) 
u 
c 
o 
c 
E 
::> 

-.J 5 

Tagged - Max Contrast 

Un tagged - Average Contrast 
Filled - Eastbound -..:. ---- -0 Empty- Westbound 

See Table 10 for shape code 
---- ----

~ -- -:::--=- -- - --II"Y j/ -c:.--

'/If 
I , .. 

./ I 
./ I 

././ I 
,/ I 

,. I 
./ / 

./ / 
,/,/ / 

./ I 
./ / 

,. I 
,." / 

lib/gal = .12 Vkg 

oL-----------__ -L ______________ L-____ ~-------L---

2 4 
Average Achieved Bead Weight per Paint Volume I (Ib/gal) 

Figure 23. Average Contrast of Lane Line to Road Surface 
at Each Treatment Site as a Function of Average 

Bead Weight per Gallon of Paint 

6 



delineation through repeated snowfalls which ended in early March. Before 

restriping~ another photometric assessment of the road was completed (16 March 

1976) and the runs resumed (17-29 March). Restriping was then accomplished 

by Caltrans on 31 March. 

The results of the photometric assessment of degraded striping were 

highly variable, indicating uneven wear patterns and residual differences 

anong treatment segments. Nonetheless, only one measurement had a value 

exceeding 3.0, only 19.5 percent were about 2.0, and 41.5 percent were below 

the 1.0 level (see Appendix E). 

c. Standard Delineation 

The final series of runs was completed on 18-23 April. In restriping 

the highway~ the applied bead-to-paint ratio was the Caltrans standard 6 lb/ 

gal (0.71 kg/I). A limited series of photometric assessments was made at 

four of the previous photometry sites. Two sites were chosen for having 

what appeared to be delineation of the highest contrast on the circuit. The 

other sites were chosen for the opposite reasons. Values at the sites of 

greatest contrast ranged from about 4.0 to 10.0, whereas those at the sites 

of lowest contrast ranged from 1.0 to 4.0. 

D. SPECIFIC METHODS: SECOND EXPERllGlNT, RAIN EFFECtI'S 

1. Highwa.y Circuit 

The circuit for the second experiment was over north- and southbound 

sections of Interstate Highway No.5 (I-5) between the Central Redding and 

Lakeshore exits in Shasta County~ California, as shown in Fig. 24. The 

posted Caltrans highway mileage markers at the southern (point of origin) 

and northern (turnaround) limits were post-mile 5 Sha 15.37 and 5 Sha 40.91, 

respectively. A critical point on the circuit occurred at post-mile 5 Sha 

26.00, denoting the location of the Pit River bridge. Road surface delinea

tion changed at this point from a combination of retroflectors and striping 

(south) to striping alone (north). This difference is described in the 

section that follows. 
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Roadway geometry and the nature of the surrounding terrain also changed 

markedly at the Pit River Bridge. South, the highway consisted primarily 

of straight and level tangents between a few wide horizontal curves. North, 

the highway contained frequent vertical and horizontal curves interspersed 

between straight tangents on up and down grades. The highway between" Redding 

and the Pit River Bridge was 4-6 lanes, divided, through generally urban and 

suburban areas, with exits and entrances at 0.5 (0.8 km) to 1.0 mi (1.6 km) 

intervals. The highway north of the bridge was also 4-6 lanes, divided, and 

had exits and entrances at similar intervals. However, there the terrain 

was definitely rural and generally mountainous. The traffic lane surface 

was PC in good condition. Lanes were 12 ft (3.7 m) in width. The 10-13 ft 

(3.0-4.0 m) shoulder surface was AC. 

2. Delinea.tion 

A yellow 4 in. (10.2 cm) median line and a white 4 in. (10.2 cm) edge 

line were generally present on the inner and outer shoulders at a distance 

of 2 in. (5.1 cm) and 1 ft (0.3 m), respectively, from the adjacent traffic 

lanes. Broken lane lines were always present with the usual 9 ft (2.7 m) 

segment and 15 ft (4.6 m) gap. Paddle delineators mounting retroreflective 

elements were set next to the improved outside shoulder at 1/10 mi (0.15 km) 

intervals except on the outside of curves having less than a 10,000 ft 

(3048 m) radius. There the paddles were set with a spacing which depended 

upon curve radius (r), according to the standard Interstate formula: 

3 fi - 50. 

South of the Pit River Bridge, reflective pavement markers (Stimsonite 

88-yellow) were present on the inner shoulder with a 24 ft (7.3 m) spacing. 

Reflective (Stimsonite 88-clear) and ceramic nonreflective markers were 

used with striping for lane-line delineation. The former were spaced at 

48 ft (14.6 m) intervals, in alternate striping gaps. Four of the ceramic 

markers were placed in each 9 ft (2.7 m) stripe with 3 ft (0.9 m) spacing. 

The vertical dimension of both types of markers was 3/4 in. (1.9 cm). 

72 



In the immediate vicinity of the bridge, the markers were intermittent 

due to occasional snowplow removal and irregular replacement. No markers 

were present north of post-mile 5 Sha 26.5. 

On 19 December 1975, Caltrans installed thermoplastic (Cataphote Spray 

Plastic 0.075) lane lines from post-mile 5 Sha 37.0 to beyond the northern 

end of the circuit for the northbound traffic lanes, and from 5 Sha 32.5 

for the southbound lanes. Measured thickness of the thermoplastic stripe 

varied between 0.06 (0.15 cm) and 0.10 in. (0.25 cm), which represented a 

12 to 20 fold increase in line thickness, relative to the usual fresh paint 

stripe (0.005 in.; 0.013 cm). 

3. Experimental Design 

One of the reasons for selecting the I-5 circuit was the abundant rain

fall expected from annual averages [i.e.} 34 in. (86.4 cm) in Redding and 

close to 100 in. (254 cm) near the northern end of the circuit]. It was 

planned to run all 12 subjects at night under dry weather conditions in 

January 1976, then for the experimenter to reside in Redding and conduct 

another night run for each subject during the time of the expected heaviest 

rainfall (February-March). All runs were to consist of three complete high

way circuits. 

As it happened, northern California experienced a severe drought during 

the winter and spring of 1976. Across much of the test site the precipita

tion level at the time of the experiment's conclusion (12 April) was the 

lowest ever measured since the beginning of systematic recording in 1856. 

Consequently, only 8 of the original 12 subjects participated in both 

scheduled runs. Moreover, the cessation of rainfall during several runs 

caused their early termination. Four subjects completed three circuits in

the rain; two more completed two circuits before the rain stopped; and the 

remaining two were unable to complete a single circuit in the rain. Data 

from the latter pair were dropped from the analysis. 

Table 7 summarizes the runs conducted in the rain that provided data 

for analysis. Listed there are 24 hr rainfall recordings made by U. S. 
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Weather Stations near the two ends of the highway circuit. Because the 

spatial and temporal distribution of rainfall was highly variable over the 

circuit, these data are less instructive than the onboard experimenter's 

observations which are also listed. At the times of moderate to very heavy 

rainfall, the experimenter described the road surface as being completely 

covered with standing or running water. 

4. Visibility of Delineation in the Rain 

One attempt was made on 5 December 1975 to assess the photometric char

acteristics of the highway circuit in the rain (described as light-moderate). 

Two sites were surveyed, but the task proved to be exceedingly difficult. 

Striping visibility was restricted to below 100 ft (30.5 m), and it was 

difficult to find the target with the photometer even at closer distances. 

The few delineation contrast measurements that were obtained resulted in 

values of 1.65, dropping to 1.0, at ranges increasing from 50 (15 m) to 

100 ft ( 30 . 5 m). 

Further photometric assessments were initially planned, then cancelled 

when it became apparent that every opportunity had to be taken to ensure 

adequate driving data collection. Instead, it was decided to rely upon the 

onboard experimenter's estimation of the visible range of striping deliLea

tion as the index of striping visibility. He was readily able to accomplish 

this by counting successive visible lane-line segments, and multiplying 

their number by 24 ft (7.3 m), the lane-line repetition cycle. (The experi

menter's estimate for rain runs is shown in Table 7.) 

Retroreflector visibility range, both for pavement markers and paddle 

delineators, was always greater than 300 ft (91.4 m) at night under either 

wet or dry conditions. 

E. DATA REDUCTION AND ANALYSIS 

The six tracks of raw data tape were read simultaneously at four times 

record~ng speed by an Ampex 350, interfaced to a general purpose digital 

computer (Redcor RC-70). Analog Signals were demodulated and digitized at 

112 Hz. Digital information passed directly into the computer. IdentifYing 
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information was added, and the data were compressed in the required format 

on 1/2 in. (1.3 cm) computer tape. The latter was read by a larger, second

stage computer (Varian V-73) which appl±ed various error recognition, noise 

rejection, and signal conditioning algorithms to different variables. A 

disk file was created containing all of the data, identified with respect 

to experiment, subject, run, and portions of runs. Thereupon, an iterative 

series of editing procedures was applied. First, the digital information 

relating to spatial/temporal events which delineated various experimental 

treatments was listed. These were edited and corrections were made to the 

file. Next all analog information was printed in a strip chart format and 

the record was edited to eliminate sections of bad data. After these cor

rections had been added to the file, the data were grouped by experiment 

and by all independent variables; that is, subject, delineation treatment, 

weather conditions (I-5), direction of travel, and successive circuits. 

Data collected on I-5 were further segregated, within each combination 

of treatment, direction, and circuit, into successive quarters of the dis

tance traveled across the treatment segment. 

Finally, the data present in the finest level of grouping were averaged 

to yield an array of scores in cells defined by all possible combinations 

of the independent variables for each of the dependent variables listed in 

Table 8. Empty cells were present as the result of the data lost for a 

variety of reasons (early run terminations, equipment malfunctions, experi

menter errors, weather changes, etc.). 

All of the available data were treated in a descriptive statistical 

analysis (see Appendix D). However, the loss of a large block of data, such 

as that collected over an entire highway circuit, forced the elimination of 

the subject from inferential statistical analyses. Isolated empty cells, 

resulting from data lost during a subject's traversal of a single treatment 

segment (I-80) or quarter of a segment (I-5), were filled by an average 

value obtained from the other subjects under the same conditions. This 

was done to permit the use of standard computer programs for analyses of 

variance (ANOV) but had no effect on ANOV results due to the subtraction 

of one degree of freedom for each artificial score in determining the value 

of the respective term of error variance. 



TABLE 8 

DEPENDENT VARIABLES FOR FIRST .ANTI SECOND EXPERDfENTS 

VEHICULAR CONTROL 

Mean lateral position relative to lane-line (feet-
right, positive) 

Standard deviation of lateral lane position (feet) 

Mean speed (mph) 

Standard deviation of speed (mph) 

DRIVER PHYSIOLOGICAL STATUS 

EEG - Absolute and relative power within each of the 
following frequency bands: .5-2.0 (delta), 2-5 (low 
theta), 5-7 (mid theta), 7-8 (high theta), 8-12 (alpha), 
12-16 (sigma), 16-30 (beta) 

ECG - Mean heart rate and standard deviation of heart 
rate 

DRIVER ERRORS AS SCORED BY EXPERIMENTER 

Right lane drift frequency '(drifts/mile) 

Left lane drift frequency (drifts/mile) 

Combined lane drift frequencies (drifts/mile) 
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F. RESULTS 

Detailed analyses of the field test data are contained in Appendix D 

where the statistical significance (reliability) and generality of the 

various trends are established. This article presents the results that 

directly relate to the effect of delineation visibility on driver control 

performance, behavior, and reaction. 

1. First Experiment (Delineation Contrast Variations) 

a. Performance 

In Fig. 25 the effect of good and bad (worn) painted delineation is 

shown on mean lane position, and lateral lane position variability. For 

the first subject group (subject grouping discussed in Article C) the 

results are quite consistent: subjects move closer to the center of the 

lane [3 ft (0.91 m) lane tracker position places the 6 ft (1.83 m) wide 

vehicle in the center of the lane] and experienced greater variability in 

their lane position control. These two effects are quite consistent if 

subjects are attempting to minimize the possibility of lane edge excur

sions. This effect seems to be borne out by the lane drift (lane edge 

excursion) data recorded by the experimenter as discussed below. 

Some appreciable differences between Group 1 and Group 2 data are 

noted in Fig. 25. Mean lane position for Group 2 is not much different 

for the two paint conditions, and lateral position variability is worse 

for the worn paint condition only on Treatment Segments 2 and 3. There 

was considerable variability in the delineation cor.trast experienced by 

the second group under the repainted condition* which may account for 

some of the between-group differences. 

*In retrospect, the photometric assessment of the highway as experienced 
by Group 2 during their exposure to the standard Caltrans pavement delinea
tion was inadequate. This was mainly due to our misguided impression that 
"standard" meant "constant,1I so that striping contrast measurements at a 
few sites would be representative of the conditions over the entire circuit. 
This was not the case, as the measurements taken indicated that standard 
striping contrast varied over the range 1.0 to 10.0. A consequence of our 
error was that the regression analysis discussed later had to be based 
entirely upon data obtained from Group 1 for showing the relationship between 
vehicular lateral position variability and striping contrast. 
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Experimenter-scored, right and left lane drift frequencies were tabu

lated for six subjects in Group 1 and for five in Group 2 who completed two 

circuits on 1-80 when the condition of the striping paint was good and again 

when it was bad. These apparently inadvertent actions were relatively rare, 

and no drifts were recorded under many experimental conditions. Data are 

summarized in Table 9. Nearly all of the subjects permitted the vehicle to 

drift from the prescribed lane, more often to the right in the direction of 

the road shoulder than to the left into the adjacent traffic lane. Nonethe

less, the paint condition had little effect upon right or left drifting ten

dencies. Actually, there was a slight reduction in the overall drifting 

frequency when the paint was bad. 

Because the visual contrast of lane-line delineation was documented at 

representative sites in each of the treated segments after special striping 

had been applied and again after it had been badly worn (i.e., M1 and M2 

photometric assessments listed in Appendix E), it was possible to analyze 

the functional relationships between lateral position variability and aver

age log striping contrast. 

TABLE 9 

LANE DRIFT FREQUENCIES UNDER GOOD ANIl BAD 
PAINT CONDITIONS ON 1-80 (N = 9) 

LEFT DRIFTS 

NO. DRI FTS 

NO. SUBJECTS 

RIGHT DRIFTS 

NO. DRIFTS 

NO. SUBJECTS 

ALL DRIFTS 

NO. DRIFTS 

NO. SUBJECTS 

GOOD 

1 7 

2 

40 

8 

57 

8 

80 

PAINT 

BAD 

14 

6 

37 

8 

51 
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For this analysis, the combined first and second circuit values of 

standard deviation of lateral lane position were included for all six sub

jects in Group 1. The Group 2 data were excluded because of the photometry 

problem discussed above. The data were grouped and averaged by Treatment 

Segments 1-4 in both directions and by paint conditions. Group means (±SD 

of individual scores) are shown in Table 10, along with corresponding data 

from the photometric site survey. The Table 10 data are illustrated in 

Fig. 26, where it is clear that lane deviations increase with decreasing 

delineation contrast. 

The linear regression of average standard deviation of lateral lane 

position on log average striping contrast was determined from the above 

data using the method of least-squares. The linear correlation was signi

ficant and the regression relationship is shown in Fig. 26. Different sym

bols have been used in Fig. 26 to differentiate between the various course 

sections and directions. Note that for most of the courSe sections the 

trend between the good and worn striping data generally follows the slope 

of the regression line even though the data points are below or above the 

line (i.e., have different intercepts). The constant in the regression 

equation may have some portion that relates to other factors associated 

with each of the sections such as road geometry, and more of the data 

varieties could probably be explained in a multiple regression sense if 

there were a metric for quantifying average road curvature. 

b. Driver Physiological Response 

As shown in Appendix D, the EEG variables were generally insensitive 

to changes in all independent variables. The ECG variables alone showed 

some effect of repeated circuits. Moreover, mean heart rate was also signi

ficantly affected by treatments and directions. However, all differences 

among conditions were relative small, never exceeding 9 bpm for mean heart 

rate and 1.2 bpm for the standard deviation of heart rate. 
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TABLE 10 

CONTRAST AND PERFORMANCE DATA USED FOR ANALYZING RELATIONSHIP 
BETWEEN LANE LINE CONTRAST AND LATERAL POSITION VARIABILITY 

AVERAGE (±SD) 

TREATMENT PLOTTJNG AVERAGE STRIPING STANDARD DEVIATION OF 

SEGMENTS SYMBOL CONTRAST LATERAL LANE POSITION 

Linear Log Feet Centimeters 

Good Paint Condition 

1 0 3·7 0·57 .64 ± .15 19.5 ± 4.57 
~ 

8 2 6 3·9 0·59 .60 ± .14 18.3 ± 4.2'7 
~ 
H 

'V 1.04 .62 .18 18.9 ± 5.49 (f) 3 11.0 ± 
r5 

4 0 14.4 1. 16 .69 ± .1{ 21.0 ± 5.18 

1 • 4.4 0.64 .60 ± ; 13 18.2 ± 3.96 
~ 

8 2 • 5.8 0.76 .61 ± .12 18.3 ± 3.66 
~ 

I H • (f) 3 10·7 1.03 .56 ± .13 1{.1 ± 3·96 
~ 

4 • 10·5 1.02 .64 ± .16 19.5 ± 4.88 

Bad Paint Condition 

1 0 1.4 0.13 I .71 ± .13 21.6 ± 3.96 
~ I 
§§ 2 6 2.4 0.38 .66 ± .14 20.1 ± 4.27 0 
~ 
H I 
(f) 3 \l 2. 1 0.32 .77 ± .18 23·5 ± 5.49 
~ I I ! 

I 
I 4 0 0·3 -0·52 .81 ± .32 24.7 ± 9.75 I 

1 • I 0.4 -0.35 .81 ± .19 24.7 ± 5.79 
~ 

I s 2 • 0·7 -0.13 I .78 ± . 1 1 23.8 ± 3.35 0 
~ 
H • (f) 3 1.6 0.20 .89 ± .29 27·1 ± 8.84 
~ 

4 • 2.2 0.34 .85 ± ·25 25·9 ± 7.62 
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2. Second Expertment (Rain Effects) 

Rain had a significant effect on both mean lane position and lane varia

tions as illustrated in Fig. 27. These results are similar to the first 

experiment in that the drivers center themselves in the lane when lateral 

deviations increase, presumably in order to minimize lane edge excursions. 

This strategy was not as effective in this experiment, however, as shown 

in Table 11. Left and right lane drift frequencies were tabulated for all 

subjects over both types of treatment segments and under both weather con

ditions on the 1-5 circuits. There appeared to be a greater tendency for 

the occurrence of drifts on striping-alone segments than on segments with 

markers plus striping. Moreover, in wet weather there were more left drifts 

into the adjacent traffic lane by subjects operating on segments where pave

ment delineation was provided by striping alone. 

The lateral lane position variability data in Fig. 27 show several 

effects. First of all, the road geometry differences described in Article 

II.D.l probably primarily account for the dry run differences between the 

TABLE 11 

LANE DRIFT FREQUENCIES UNDER WET AND DRY 
WEATHER CONDITIONS ON 1-5 (N = 6) 

WET WEATHER DRY WEATHER 

LANE DRIFTS 
MARKERS + STRIPlNG MARKERS STRIPlNG + 

STRIPlNG (M) ALONE (S) STRIPlNG (M) ALONE (S) 

Left Drifts 

Nwnber of drifts 1 9 I 0 0 
Nwnber of subjects 1 3 I 0 0 

i 

Right Drifts 

Nwnber of drifts 4 
I 

22 2 

! 

21 
Number of subjects 1 2 1 4 

----.-- --- ---- ._-- ---- ----- - _ .. _. 

All Drifts 

Nwnber of drifts 5 31 2 21 
Nwnber of subjects 1 4 1 4 
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striping ~nly (8) and marker plus striping (M) sections ~f the test circuit 

(i.e., the road had much greater curvature on the S secti~n). Secondly, 

there is a general "rain effect" that seems to influence lane position 

variation on all parts of the test circuit. Finally, there is the differ

ential effect of interest here, between the changes in lane position varia

bility, wet and dry, for each delineation type. AG illustrated by the 

differential data in Fig. 27, ~nce the course effects and general rain 

effect are accounted for, there still remains a differential effect with 

steering control degrading m~st under the striping only delineati~n con

ditions. 

b. Paint Versus Thermoplastic Effects 
in Wet and Dry Weather 

The northbound and southbound sections of the 1-5 circuit had alter

nating paint and thermoplastic lane-line delineation in the respective 

striping-alone treatment segments. To determine whether this change in 

delineati~n differentially affected lateral position variables under wet 

and dry conditions, the results were plotted as sh~wn in Fig. 28. 

Any advantage of thermoplastic delineation over paint in wet weather 

should be revealed by: 1) a reduction in lateral p~sition variability; 

and possibly 2) an associated reduction in the lane-line/vehicle separa

tion distance, relative t~ respective dry weather values. Thermoplastic 

striping was present exclusively in the northernmost quarter of the north

bound segment and the northernmost half of the southbound segment. Paint 

delineation was present alone in the first two quarters northb~und, and the 

last quarter southbound. The other quarters contained mixed thermoplastic 

and paint delineation. Inspection of the results shown in Fig. 27 indicated 

no differential effect of the two types of striping delineation on either 

lateral position variable in the two weather conditions, so no further 

analysis was conducted. 

c. Driver Physciological Response 

Several EEG variables were significantly affected by the factors studied 

on the 1-5 circuit. Taken together, these effects indicated a strong 
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correspondence between various EEG reactions and changes in vehicular con

trol. The former are shown in Fig. 29. 

It is apparent that a major redistribution of power within the EEG fre

quency spectrum occurred during exposure to striping alone on the second 

circuit in wet weather. Power shifted out of the lowest (theta) frequency 

band and into the highest (beta and alpha) bands. No comparable reactions 

were ever observed under dry weather conditions or on marker-plus-striping 

segments in wet weather. This is reflected in the ANOV results in Appen

dix D as significant effects of the interaction treatments x circuits X 

weather upon both theta and beta power. Such changes are widely understood 

to indicate a rather dramatic elevation in psychophysiological arousal, so 

it seems that the subjects had to exert greater effort for maintaining vehi

cular control when faced with that adverse combination of delineation, 

driving time, and weather. 

G. FIELD TEST SUMMARY AND DISCUSSION 

The analyses that were performed revealed several important effects of 

delineation visibility on vehicular control. When delineation visibility 

was reduced by either wear (1-80) or by a covering film of water (1-5), the 

drivers' reactions were generally as follows: 

1. They shifted their vehicle's mean lateral lane posi
tion away from the leftware lane line and to approxi
mately the center of their traffic lane. 

2. Their lateral control performance deteriorated, as 
indicated by a substantial increase in the vehicle's 
lateral position variability. On 1-80, this change 
was dependent upon road grade and curvature, being 
greater on downgrade curving roadways than on upgrades. 

3. They did not reduce mean speed appreciably, except in 
the rain on 1-5. Even there, the average speed reduc
tion was only on the order of 2 mph (3.2 kph) under the 
worst visibility condition. 

4. Their speed control seemed generally unaffected on 
1-80, although on 1-5 the vehicle's speed variability 
was uniformly higher in the rain. 
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The drivers' overall tendency to shift to a more central lane position 

under adverse visibility conditions may have been an attempt to compensate 

for their increased lane position variability. This agrees with the absence 

of any increase in the drivers' tendency to drift out of their lane on I-80) 

and only a slight increase in leftward drifting tendency on I-5) while track

ing worn or wet pavement delineation. 

The major result to emerge from the first experiment was the demon

stration of a systematic relationship between pavement striping contrast 

and lateral position variability. That relationship was described in the 

regression analysis by a linear equation) expressing the average standard 

deviation of lateral lane position as a function of log striping contrast: 

.77 - .14 log Cmax (13) 

The adequacy of this expression for describing the relationship may 

be judged from the magnitude of the associated correlation coefficient 

(i.e., -0.72). Moreover) the expression may serve as a highly practical 

model for predicting the probability of inadvertent vehicular excursions 

from traffic lanes as a function of striping contrast (as discussed in 

Section V). 

Yet however adequate and useful the empirical equations might be) it 

is clear that the true relationship between delineation visibility and 

vehicular control cannot be linear. This is illustrated by the results of 

the first experiment. At neither extremes of contrast did the drivers react 

as might be expected if the relationship between lateral position varia

bility and log contrast were truly linear. At the lower extreme performance 

was better, and at the upper extreme worse, than predicted by the equation. 

The true function is probably sigmoidal, bound at low delineation contrast 

levels by the drivers' compensatory use of visual cues besides pavement 

delineation, and at high contrast levels by the basic limit of human con

trol capability. 
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The results obtained in the second experiment strongly indicate the 

efficacy of retroreflective pavement markers, and the inadequacy of strip

ing delineation for guiding drivers in the rain. With only striping for 

guidance, the 1-5 drivers' lateral vehicular control was even worse in the 

rain than was that for the 1-80 drivers operating when striping contrast was 

1.0 or less. Moreover, the 1-5 drivers showed a concurrent and potentially 

dangerous combination of increasing lateral variability and decreasing mean 

distance from the lane-line over successive circuits on the highway. This 

occurred as they were showing rather unambiguous physiological signs of 

heightened arousal, and presumably greater effort. The evidence indicates 

that the 1-5 drivers were exerting great effort, but were still losing con

trol capability when required to operate in the rain with only striping for 

guidance. When they returned to a road segment where pavement markers were 

present with striping, their performance recovered and their psychophysio

logical status returned to its initial, normal level. 

A final question arises from the 1-5 results. Even in dry weather, 

the drivers controlled the vehicle with less lateral position vari~bility 

when pavement markers were used with striping. Because of the highway 

delineation/geometry confounding mentioned earlier, we cannot conclude 

from this that the addition of pavement markers improves performance under 

all circumstances. Yet this is definitely a possibility. Drifts over the 

markers, in particular the more abundant ceramic type, produce strong audi

tory and proprioceptive feedback signals to the driver that he has lost 

some measure of vehicular control. The memory of such events may create 

an avoidance response to subsequent lane boundary exceedances. Future 

research, or perhaps a more detailed analysis of the present data hase, 

might be aimed at answering the question of whether such an effect was 

responsible for the result reported here. 
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A. OVERVIEW 

SECTION V 

COMPARISONS AND RATIONALIZATION OF SlMULATION 
AND FIELD TEST RESULTS 

In the previous three sections we have considered: basic fundamentals 

associated with driver visibility, perception, and control; simulation tests 

over a wide range of visibility and delineation conditions; and two field 

experiments which considered delineation contrast variations due to paint! 

glass bead condition and rain. In this section we will tie together the 

simulation and field test experiments and then draw conclusions about 

delineation contrast and configuration requirements. 

In the following article (B) simulation and field test performance 

(lateral lane deviations) results are compared using the visual contrast 

thresholds concept discussed in Section II-B. The use of a few assumptions 

allows fairly satisfactory comparison between the laboratory and field experi

ments. Given the tie-in between the two experiments, we then consider the 

implications for specifying delineation contrast and configuration require

ments in Article C. Then, presuming a contrast specification, we discuss 

the photometry requirements for assessing delineation contrast in Article D. 

B. S IMtJIATOR AND FIELD TEST COMPARISON 

In Section III the simulation performance results lead to an empirical 

relationship between lateral lane deviation, speed, and delineation visi

bility and configuration (Eq. 12, Section III.C.2). Ignoring speed effects 

this relationship can be expressed as 

( 14 ) 

"lhere b, accounts for both speed and threshold effects, a2 accounts for road 

geometry, and Cv includes visibility and configuration factors as d~fined 

in Fig. 1~. Cv can be broken down into visibility components as follows: 
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~---

Cv 
Xg + Xo Xg .-

Xv Xc 

where b2 contains all the delineation configuration factors and Xv is the 

visual range of delineation cues, In the simulation study, one of the main 

independent variables was the visual range, xv, while in the first field 

study measured delineation contrast quantified the experimental treatment, 

Thus, visual range must be expressed as a function of delineation contrast 

in order to compare these data sets. This can be accomplished as described 

below. 

Figure 30 is a replot and combination of contrast threshold curves from 

Section II for various lighting conditions. As indicated on Fig. 30, visual 

contrast threshold can be expressed to a first-order approximation for visual 

range of interest, as a simple function of visual range: 

( 16) 

The parameter c1 is the slope of the Fig. 30 data which is determined by 

target size, the type of lighting, and rain as illustrated. The parameter CTo 

defines the vertical location as intercept of the threshold characteristics, 

and thus includes the effect of multiplying field factors applied to the 

Blackwell contrast threshold data as discussed in Section II.B. As described 

below, CTo Hill have to be increased (i.e., larger thresholds) to gain corre

spondence betHeen the simulator and field data. 

Now Eqs. 14-16 can be combined to express performance as a function of 

contrast: 

( 17) 

By assuming that the field test visual range is equivalent to the range 

where the contrast threshold exceeds the measured delineation contrast, 

Eq. 17 can then be used to equate the field test results with the simula

tion results obtained as a function of visual range. An appropriate set 

of parameters for Eq. 17 was determined for each experiment as follows: 
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,. I-SO Delineation Contrast study 

The parameter b1 defines the minimum value of cry for high contrast 

values (long visual ranges). Under daylight conditions previous investi

gators38 have measured values of 0.3-0.4 ft (9-12 cm). On our I-SO test 

circuit under high contrast conditions drivers achieved average perfor

mance levels approaching 0.5 ft (15 cm) (see Appendix D). Therefore, we 

will assume here that b1 ~ 0.5. The parameter a2 was measured in our 

simulation study as 0.72 for the curved road task which was basically the 

task on the 1-80 test course (Fig. 22). b2 is strictly a function of the 

delineation configuration [Xg = 15 ft (4.6 m), Xc = 24 ft (7.3 m)] and the 

vehicle fon-lard visibility [xo = 22 ft (6.7 m)] which results in a value 

of b2 = 23.1 ft (7.0 m). c1 is given by the slope of the appropriate 

Fig. 30 data (c1 = 0.014 ft-1; or 0.046 m-1), and the intercept log eTo 

depends on what is assumed for a multiplying field factor. For the com

parison here we will select a value for eTo that gives appropriate perfor

mance levels and observe whether other characteristics of the model are 

consistent with the observed field test results. 

Using the above constants in Eq. 16 and setting log eTo = -1 (i.e., 

intercept contrast equals 0.10), we obtain the predicted performance curve 

as a function of contrast shown in Fig. 31. In comparison with the field 

test data the slope of the prediction curve looks appropriate in the con

trast region above 0.5, approaching a lower bound at high contrast values 

as might be expected. At low contrasts the model curve accelerates rapidly, 

as the visual range predicted from the Blackwell data approaches zero. Of 

course, in the field other cues are present when delineation contrast 

approaches zero, which leads to a finite lower bound to visual range. 

This effect can be accounted for as follows. 

Assume that at low delineation contrast values other road cues then 

come into play which can be accounted for as an equivalent lower bound on 

contrast. Equation 17 can then be modified as: 

38So1iday, "Lane Position Maintenance by Automobile Drivers." 
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( 18) 

where C' is an equivalent lower bound on contrast. Assuming C' = 0.3, this 

results in the complex simulator performance model shown in Fig. 31, and 

also results in a lower bound on cry of about 1 ft (0.3 m). 

2. I-5 Rain study 

Turn now to the 1-5 rain data. As described in Section 1V.F.2, the 

rain caused a differential effect with and without raised pavement markers 

of about 0.11 ft (33 cm) lane deviation (Fig. 26). Now assume a delineation 

contrast of 10, with rain and dry contrast threshold slopes of cl = 0.026 

and 0.014, respectively, as derived from Fig. 31. Evaluating Eq. 17 gives 

a differential performance of about 0.10 ft (3 cm). As a further comparison 

raise the rain contrast threshold curve by the 10 times field factor assumeG 

above for Eq. 17 as illustrated in Fig. 30. Now pick off the visual range 

associated with a delineation contrast of 10 and we get a value of 72 ft 

(21.9 m). Referring back to Table 7 in Section IV.D.3, this value is seen 

to be consistent with field-reported visual ranges in the rain. 

The above analysiS appears to give fairly good tie-in between simulator 

and field experiments, especially where trends (rather than absolute levels) 

are concerned. Before we draw conclusions about delineation contrast and 

configuration requirements, let us review the data and various assumptions 

'Jsed and their consequences. First, the minimum performance level b1 in 

Eq. 17 was assumed to be consistent with levels measured in our experiment 

and past research, and thus is near the right magnitude. The parameters 

a2 and b2 were obtained from the simulator experiment and delineation con

figuration [9 ft (2.7 m) stripes, 2S ft (7.6 m) cycle length], respectively. 

These two parameters combine with the contrast threshold slope as a function 

of visual range, cl' to form the numerator of the second term in Eq. 17. 

This numerator term essentially "scales" the amount of performance change 

as a function of contras~ variation, and the above analysis has shown good 

correspondence in these covariations. 
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The weakest assumption in the above analysis was in setting the base 

contrast value CTo . The threshold curves in Fig. 30 had intercept values of 

0.01 (i.e., log Co = -2). This value was originally increased by a factor 

of 4 times over thresholds derived directly from Blackwell data (Fig. 2, 

Article II.B). Now to match performance we assumed a contrast intercept of 

0.1 (i.e., log Co = -1) which means a 40 times increase over the original 

Blackwell characteristics. Is that factor reasonable? As discussed in 

Articles II.B and II.C, field factors are commonly used to account for real

world observations, and order of magnitude field factors have been justified 

in past investigations. 8 ,19 Delineation detection is complicated, and the 

basic psychophysical study on this capability remains to be accomplished, 

. as discussed in Article II.B. Such a study may show somewhat lower thres

holds for pure detection than assumed here, but when combined with percep

tion and control as studied here we suggest that "effective" thresholds of 

the order assumed here are probably in effect. 

C. DELrnEATION CONTRAST .AND 
CONFIGURATION REQUIREMENTS 

It is obvious from the simulation and field test results that steering 

performance improves with improved visibility in terms of delineation con

trast and configuration. The question now is whether there are any obvious 

limits or inflections in these relationships that will suggest requirement 

boundaries, or whether cost/effectiveness analyses must be considered to 

determine tradeoffs between maintenance cost and derived benefits such as 

reduced accidents. 

1. Contrast 

Consider first delineation contrast. Take the field test regression 

relationship between delineation contra3t and lane deviations (Eq. 13, 

Article IV.F) repeated here for reference: 

8Blackwell, et al., "Illumination Requirements for Roadway Visual Tasks." 

19Duntley, et al., "Visibility." 

98 



.u.. __ 

.77 - . 146 log C ( 19) 

Assume on the average that the vehicle was centered in the lane. Given a 

6 ft (1.8 m) wide vehicle and 12 ft (3.7 m) lane width, we can then calcu

late the probability of lane edge exceedance and relate this back to delinea

tion contrast via Eq. 19 as illustrated in Fig. 32. Here we see a knee in 

the curve in the contrast range of 1-2. Although the probabilities are low 

in this region (approximately 0.004 to 0.01 percent), the simulator study 

showed that drivers attempt to keep lane deviations below 1.0 ft (0.3 m), 

and the field test lane deviations in the 1-2 contrast region were on the 

order of 0.7 to 0.9 ft (21-27 cm). 

The knee of the Fig. 32 curve is also consistent with some ad hoc obser

vations. First note that the demarcation point between the fresh and worn 

paint conditions on the 1-80 study was in the region of a contrast value of 3 

as indicated in Fig. 32. As reported to us, drivers on 1-80 complain about 

worn paint conditions on the highway after the spring thaw and prior to 

restriping. 41 Secondly, drivers center themselves in the lane when delinea

tion contrast degrades, presumably to minimize the probability of lane boun

dary exceedance. Thus, the above evidence suggests that delineation contrast 

should be maintained above the knee of the Fig. 32 curve, say contrast values 

of 2 and beyond. 

The above contrast recommendation was established from data obtained 

under relatively good night driving conditions, i. e., a divided highway with 

low traffic volume during the test periods. Various conditions such as oppos

ing traffic headlight glare and fog can lower the perceived road to delinea

tion contrast, as discussed in Article II.C, and the question here is how 

much the minimum contrast recommendation should be elevated to account for 

these adverse visibility conditions. First of all, let us keep in mind how 

much latitude we have in achievable delineation contrast. In Article IV.C.3 

41personal communication with Perry Lowden, Senior Transportation Engi
neer for Signs and Delineation, Office of Traffic, California Department 
of Transportation. 
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we discussed the contrast measurements on our 1-80 test site and concluded 

that average contrast levels much in excess of 10 are not practically 

achievable. 

Let us say we have a contrast range of 2-12 to work within. If we were 

to double the minimum contrast requirement to 4, how much increased visi

bility would be gained? If we refer back to Fig. 5, Article II.C, we can 

graphically compute from the examples given that doubling minimum contrast 

from 2 to 4 gives only a 13 percent increase in delineation visual range. 

Now, if perceived contrasts are below the knee of the Fig. 32 curve, we see 

that contrast doubling should have a dramatic effect on lane exceedance 

probability, much above a perceived contrast of 0.5, however, and the gains 

do not appear to be very significant. Actually, a minimum road to delinea

tion contrast of 2 does give some margin if perceived contrasts of 0.5 (i. e. , 

an apparent contrast reduction of 4 times due to fog and/or glare) are con

sidered to be adequate. 

Actually, the bottom line on the above discussion is whether maintaining 

a given contrast level is cost-effective or not. How much does it cost to 

maintain a road to delineation contrast of 2 or 4? How much does this con

tribute to road safety? In regions of high fog incidence, high contrast 

levels would be more important. It is obvious that specific contrast recom

mendations beyond the qualitative considerations reviewed here will require 

additional sensitivity and cost analysis, which is beyond the scope of this 

effort. The minimum contrast level of 2 will allow us to make recommenda

tions for field measurement devices, however, as discussed further below. 

2. Configuration 

Now consider configuration effects. In the previous article we illus

trated how delineation configuration factors "scale" the effects of contrast 

on steering performance, specifically the parameters b2 (Eq. 15), which 

relates to the configuration effect determined in the simulation study, and 

c1' the contrast threshold slope which is related to delineation element 

size in Fig. 30. 
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In Table 12 we have computed values for the configuration parameter b2 

(Eq. 15) for three standard or proposed delineation configurations. We have 

also graphically determined visibility ranges as indicated in Table 12 under 

assumed fog and headlighting conditions, and assuming an inherent delinea

tion to pavement contrast of 2. Several effects are apparent in Table 12. 

First, note that in going from the Caltrans standard configuration of 9 ft 

(2.7m) segments and 15 ft (4.6 m) gaps to the old MUTCD guideline of 15 ft 

(4.6 m) segments and 25 ft (7.6 m) gaps, the configuration parameter b2 

increases by about 28 percent, while going to the ~ FHWA guideline b2 

increases by 71 percent. Performance deteriorates with increases in b2 

TABLE 1 2. CONFIGURAT ION CHANGE ANALYS IS 

(1 ft = 0.3048 m) 

CONFIGURATION d CLEAR NIGHT DAY FOJ NIGHT FOG 

MARK/ MARK/ b2 Xv e Cv Xv f Cv Xv g Cv SOURCE CYCLE GAP ( :f't ) ( :f't ) ( :f't ) 

Caltrans 
9/24 

9/15 
Standarda 21.9 178 .123 157 .139 82 .267 

3:5 

Old MUTCD 
15/40 

15/25 
Gui de line b 28.1 200 .141 166 .169 86 .327 

3:5 

10/30 
New FHWA 10/40 37.5 178 .211 157 .239 82 .457 Guidelinec 1 :3 

arraffic Manual, State of California, Business and Transportation Agency, Department of 
Public Works, 1971. 

bManual on Uniform Traffic Control Devices for Streets and Highways, Federal Highway 
Administration, 1971. 

C"Change in Recommended Segment to Gap Ratio for Pavement Markings, FHWA Bulletin, 
Office of Traffic Operations, 31 May 1977. 

d (Xg + Xo)Xg 
b2 = (from Eq. 15), Xc assumed to be 2) :f't 

Xc 

e Xv determined from Figs 5b or 30, Co = 2 

f Xv determined from Fig. 5a, Co = 2 

g Xv determined from Fig. 5b, Co = 2 
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(Eqs. 17 and 18), so that the new FHWA recommendation represents some steer

ing performance disadvantage over past practice. 

Steering performance is also dependent on visibility range Xv as indi

cated in Eqs. 17 and 18, so to completely compare the example delineations 

in Table 12 assumed visibility conditions (night and/or fog) were used to 

graphically compute ranges. The visibility range can then be used to com

pute the configuration visibility parameter Cv (Eq. 15), which determines 

performance through Eq. 14. In Table 12 under clear night driving condi

tions Cv increases by 15 percent in going from the Caltrans standard to the 

old MUTCD guideline, while the configuration parameter b2 had increased by 

28 percent. The reduced configuration effect on Cv is because the longer 

segment length of the old MUTCD guideline represents a larger target size 

which yields a longer visibility range, xv. Thus the increased Xv par

tially offsets the increased b2, so that the total performance effect 

represented by Cv does not exhibit a significant change between the Cal

trans standard and old MUTCD guidelines. It should be noted that both 

these configurations have the same 3:5 segment-to-gap ratios and even under 

day and night fog conditions the change in Cv is only about 2~ percent. In 

going to the new FHWA guideline, however, we find for all visibility condi

tions that it has a 71-72 percent larger Cv value than the Caltrans standard, 

because although the target size for the two configurations is similar, the 

gap size changes by a factor of two. 

Now, what can be concluded about configuration effects? First, from 

the above discussion it appears that changing the segment-to-gap ratio has 

the most significant effect on steering performance. Under relatively good 

visibility conditions (say clear night driving), the effect may not seriously 

affect steering performance. Under more adverse conditions (say night fog), 

the effect may be critical (e.g., note the high Cv value in the lower right

hand corner of Table 12). Thus, for some high fog regions, high segment

to-gap ratios are indicated. 

Second, the previous discussions about the apparent sampling effect of 

striping under reduced visibility conditions should be recalled. In Arti

cle II.B it was brought out that contrast thresholds reduce under dynamic 
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conditions and are a maximum in the frequency region 8f 2.5 Hz.4 For the 

national standard cycle length of 40 ft (12.2 m), the 2.5 Hz frequency 

amounts to a speed of 100 ft/sec (68 mph) [30.5 m/sec (109 kph)], while 

for the California standard the optimum speed would be 40 ft/sec (27 mph) 

[12.2 m/sec (43 kph)J. Another sampling phenomenon was uncovered in the 

simulator tests which caused increased driver time delay at slow speeds 

under adverse visibility and a reported subjective desire to speed up 

(Article III.C.4). These two factors combine to suggest that delineation 

cycle lengths be kept as small as possible in order to avoid inducing inap

propriately high speeds under adverse visibility conditions. 

The configuration effects discussed above are somewhat qualitative, 

although they do expose the major variables affecting delineation visi

bility. Because of the potential cost savings associated with reduction 

in the delineation segment-to-gap ratio, it is recommended that a combina

tion of further simulation research and cost/benefit analysis be conducted 

to determine potential tradeoffs between delineation configuration varia

tions, driver steering performance and traffic safety, and delineation 

maintenance costs. 

D. PHOTCME:TRY REQUIREMENTS 

Now that the order of magnitude of required contrast has been deduced 

from the experimental data we can address some of the photometry require

ments for field measurements of delineation contrast that would be required 

to implement a delineation contrast specification. 

Consider first the sensitivity of contrast to measurement errors. In 

order to determine contrast, two luminance values associated with the delin

eation target (Dr) and roadway background (LB) must be measured. Then, it 

will be recalled that delineation contrast is defined as: 

4pantle, Research on the Recognition and Analysis of Complex and Dynamic 
Imagery. 
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The sensitivity of contrast evaluations to errors in luminance measurements 

can be examined by considering the proportional total differential. The 

total differential is: 

dC 
dLr Lr dLB 
------
~ LB LB 

Then the proportional differential becomes: 

dC 
C 

For C » 1, this becomes simply: 

dC 
C 

(21 ) 

(22) 

Presuming independence of the 1T and LB measurements, the percentage errors 

in evaluation of contrast are the same order of magnitude as the measurement 

accuracies. On the other hand, if C « 1, the sensitivity factor (C + l)/C 
can become very large, thereby greatly magnifying the effect of luminance 

measurement errors on contrast assessments. Now if we attempt to measure 

contrasts on the order of 2, which is a recommended lower bound for adequate 

driver steering control, (C + l)/C - 1.5. Thus a 10 percent parameter measure

ment error in Dr or LB results in an error in contrast of about 15 percent. 

Given this rather benign sensitivity to measurement errors, what methods can 

be used in the field to assess delineation contrast? 

The most straightforward approach would be to meter delineation targets 

with a hand-held "spot" photometer. There are several commercially available 
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inexpensive hand-held photographic light meters42,43 with narrow acceptance 

angles (approximately 1 deg) that should be more than adequate for the meas

urement under consideration here. The measurement could be made during the 

day, since the marginal contrast level under consideration here probably 

represents fairly worn delineation with few if any beads to cause retro

reflection, which is important under headlighting conditions. To make field 

assessment even simpler we can restate Eq. 20 as 

C + 1 (23 ) 

or 

log Lr - log LB log (C + 1) (24 ) 

Now if the meter is calibrated to read out in log units, the user merely 

takes the difference of two quantities in order to determine if the delinea

tion contrast is up to specification. For a contrast of 2, Eq. 24 gives a 

differential of approximately 0.5 log to the base 10 (log10) units. 

A more automatic procedure might be desirable using a device similar 

to the ERMA apparatus. 44 ERMA basically amounts to a photodiode and asso

ciated optics and electronics mounted in a light-tight box. The box is 

mounted on a vehicle and can be lowered to within a few inches of the pave

ment. A flexible !!brush!! like seal is provided to make a light-tight seal 

with the ground. ERMA uses its own light source which is mounted at a 

shallow angle with respect to the road to approximate headlighting. 

With one sensor ERMA currently measures one luminance level. If we 

were to use a scanning photodiode array such as employed in the field test 

42woltman, H.· L., and W. P. Youngblood, !!Evaluating Nighttime Sign Sur
rounds,!! presented at the 56th Annual Meeting of the Transportation Research 
Board, Washington, D. C., Jan. 1977. 

43walker, R. A., and J. K. Branch, TlA New Photometer for Measuring Screen 
Brightness,!! Journal of the SMPTE, Vol. 83, Sept. 1974, pp. 737-740. 

44Gillis, H. J., TlERMA, A Retro-Reflectivity Device,!! Minnesota Depart
ment of Highways, MN HW 5-180, 74-4, 1974. 
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lane tracking apparatus (Appendix C), then both road background and delinea

tion target luminances could be obtained simultaneously. Special-purpose 

or microprocessor electronics could be used to scan the array, pick out 

high and low luminance levels, then compute contrast or the simpler lumi

nance ratio given above. With this setup the device would not have to be 

aligned precisely with the delineation line since the scanning apparatus 

could be set up to determine the luminance levels wherever they might occur 

in the diode array field of view. 

other photometry factors discussed in Appendix E should be reiterated 

here. In general the measured contrast must be consistent with that per

ceived by the driver. This means first of all that the spectral response 

of the photometer should be similar to the eye. The degree of similarity 

depends on the spectral reflectance of the road and delineation, but in 

general the measurement should not include significant infrared or ultra

violet components. 

A second photometry re~uirement is that the measurement procedure 

approximate the delineation illumination and viewing angles experienced 

by the driver. Drivers typically look down the road about 75 ft (22.9 m), 

and eye height in an automobile is on the order of 4 ft (1.2 m), thus 

giving a viewing angle with respect to the road of about 3 deg. Typical 

car headlight position would result in an illumination angle with res~ect 

to the road of about 2 deg (i.e., an incident angle of 88 deg). How criti

cal are the angles? Not very. Drivers are not always looking down the road 

75 ft (22.9 m), particularly when visibility range is restricted to a lesser 

value, and drivers of vans and trucks experience larger angles anyway. If 

an illumination source is used, then the source angle with respect to the 

road should be on the order of 2-4 deg and the measurement angle should be 

greater by a few degrees. 

Is an illumination source important? It is mast important when retro

reflective material (i.e., beads) constitute a large portion of the delinea

tion luminance. As the delineation wears and approaches an allowable mini

mum contrast value, much of the delineation retroreflective characteristic 

will have deteriorated and directed illumination becomes less important. 
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How much less? This is a question that needs to be answered with further 

delineation field research along the lines already carried out in California40 

and careful photometry should be included. 

In the end we must bear in mind that we are seeking a practical, reli

able, simple field contrast measurement capability, not a precision labora

tory photometry procedure. If we can achieve a 5 percent accuracy in the 

differential log luminance expression of Eq. 24 when measuring a contrast 

on the order of 2, then the equivalent contrast will only be in error by 

about 10 percent, and this is certainly an acceptable accuracy for a field 

maintenance specification. 

4~ussell, G. L., Optimization of Traffic Lane Delineation. 
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SECTION VI 

CONCLUSIONS AND RECOMMENDATIONS 

In this section conclusions and rec8mmendations are given which relate 

to the original objectives stated in Section I and repeated again here: 

• Devel8p dependent variables sensitive to roadway 
delineation treatments. 

• Establish visibility requirements for roadway 
delineation. 

• Determine luminance-c8ntrast requirements for 
delineation treatments. 

• Devel8p functi8nal specifications for a practical 
test methodology suitable for assessing roadway 
marking contrast. 

The conclusions are drawn from a combination of previous knowledge about 

visibility and perception as reviewed in Section II, and the current simu

lation and field tests discussed in Sections III through V. It is empha

sized again that these results relate primarily to the driver's ability to 

laterally control his vehicle along a delineated pathway (steering control), 

as opposed to speed control and/or stopping which is primarily evoked by 

signing, signals, traffic and other obstacles on the r8adway. 

A. DEPENDENT VARIABLES SENSITIVE TO 
ROADWAY DELINEATION 

I In the simulator tests lane position variability, preferred speed, and 

driver rating were all found to be similarly sensitive to delineati8n con

figuration and visual range. In the field tests, lateral lane position 

variability was found to be sensitive to delineation contrast. Driver 

physi8logical response was als8 found to be sensitive to rain conditions 

which affect delineation visibility. Details of these various measures 

are given in Sections III and IV. 
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In addition to the above variables, various measures of the driver's 

dynamic response obtained in the simulation have given a great deal of 

insight into the manner in which adverse visibility restricts the driver's 

perception of automobile path and motion information required for steering 

control. These perceptual restrictions have been quantified in terms of 

the driver'S dynamic steering behavior in responSe to random disturbances 

and path commands. Combinations of reduced visibility and delineation 

configuration (i.e., intermittent dashed or dotted lines) tend to induce 

increased time delay in the driver and impair his perception of road curva

ture. Reduced visibility also induces a reduction in equivalent dynamic 

look-ahead distance (the inverse of lateral position error gain) but does 

not appear to influence the weighting or gain the driver applies to heading 

errors. 

The above effects appear to be related to the apparent intermittent or 

sampled nature of delineation under reduced visibility conditions. Driver 

time delay, Te , increases at slower speeds, due to decreased sampling fre

quency, even though vehicle dynamic lags decrease with speed. This effect 

induced a somewhat compelling urge in some subjects to speed up in order to 

increase their information rate, which is a rather insidious phenomenon if 

true for real-world driving, since it might encourage drivers to maintain 

speeds with associated stopping distances exceeding their visual range. 

Changes in curve perception gain also appear to be related to informa

tion sampling, with the gain decreasing with decreased speed and/or reduc

tion in the amount of perceptual information (i.e., increased Cv). In this 

case curvature perception is enhanced with speed, which may also be related 

to "streamer" theories of driver perception where the curved path motion 

of the car is indicated by the curved motion of visual field elements. 

B. VISIBILITY REQ,UIREMENTS FOR ROADW'AY DEL:mEA.TION 

1. Conclusions 

The driver's ability to steer his vehicle along a delineated pathway 

is dependent on the visual range and configuration of the delineation, 
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vehicle speed, and r8ad geometry. Delineation provides the visual percep

tual input for driver steering control actions. Driver steering performance 

depends on the quality and extent of .the perceptual input. Steering perfor

mance degrades with decreased visual range. Steering performance also 

degrades as the segment-to-gap ratio of delineation is reduced, and the 

cycle length is increased. 

Under adverse visibility conditions of night and/or f8g, steering per

formance can be improved by increasing delineation c8ntrast to achieve a 

l8nger visual range, and by improving the quality 8f the delineation con

figuration by increasing segment-to-gap ratio and decreasing the segment 

cycle length. Adding a solid right edge line gives a rather dramatic 

improvement in perf8rmance under adverse visibility conditions. 

steering performance also is affected by roadway geometry. In some 

cases delineation visual range may be restricted simply by roadway curva

ture, and in these cases, c8mbined with prevalent adverse visibility con

ditions, high quality delineation configuration (i.e., higher segment-to

gap rati8s and shorter cycle lengths) is indicated. 

Rain effectively obscures painted delineation, and raised pavement 

markers which penetrate the water surface provide the only effective 

countermeasure. 

2. Recommendations 

Cost/benefit analysis must be performed in 8rder to determine the 

cost effectiveness of various delineation treatments and maintenance 

schedules. Frequent restriping and high segment-to-gap rati8s will maxi

mize driver steering performance but are costly. A compromise must be 

struck between cost and performance, and this tradeoff can be determined 

through cost/benefit analysis using the performance models developed in 

this report and maintenance and wear data provided in previous research. 40 

4~ussell, G. L., Optimization of Traffic Lane Delineation. 
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Further simulator and field test research and visibility analysis 

should also be conducted to determine if improved delineation visibility 

under adverse visibility conditions might actually degrade traffic safety 

by inducing higher vehicle speeds. Optimum delineation, while improving 

steering performance, might induce vehicle speeds with associated stopping 

distances 14 which are in excess of typical obstacle detection ranges. This 

problem could be analyzed through a combination of simulator tests and visi

bility analysis, and verified with field measures of vehicle speeds under 

various visibility and delineation contrast and configuration conditions. 

Further simulation research could be fruitfully conducted on variations 

of segment-to-gap ratios and delineation cycle lengths. Only certain 

selected cases were considered here, specifically the Caltrans standard7 

[9 ft (2.7 m) segments and 15 ft (4.8 m) gaps] and the old MUTCD guidelineS 

[lS ft (4.8 m) segments and 2S ft (7.6 m) gaps]. Further research should 

include the new FHWA guideline)) [10 ft ().O m) segments and )0 ft (9.1 m) 

gaps] . 

C. LUMINANCE-CONTRAST REQUIREMENTS roR DELINEATION 

1. Conclusions 

Results of this study indicate that delineation contrast should be 

maintained above a value of 2 (dimensionless) for adequate steering per

formance under clear night driving conditions. For areas with more adverse 

visibility conditions (i.e., fog), delineation contrast should be maintained 

-at even higher values. There is a tradeoff here between maintenance costs 

and improved driver performance, however, and a specific contrast increase 

cannot be stated without appropriate cost/benefit analysis. Practically 

achievable levels of road-to-delineation contrast are not much greater 

than 10, however, so the contrast range is somewhat limited. 

14A Policy on Geometric Design of Rural Highways -- 1965. 

7Traffic Manual, State of California. 

5Manual on Uniform Traffic Control Devices. 

))"Change in Recommended Segment to Gap Ratio for Pavement Markings." 
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2. Recommendations 

A cost/benefit analysis should be conducted on the cost effectiveness 

of maintaining given levels of delineation contrast. The performance models 

developed in this study can be used as metrics of steering performance, and 

maintenance data and costs can be derived from previous research. 40 Also, 

as suggested above, further simulator and field research and visibility 

analysis should be conducted to determine whether improved visibility range 

due to higher contrast will induce higher vehicle speeds, which in fact 

could reduce traffic safety. 

D. MB:A.SURmG ROADWAY MARKING CONTRAST 

1. Conclusions 

The above recommended lower bound on contrast of 2 implies a practical 

measurement problem that can probably be handled with a hand-held instru

ment. Another possibility involves a vehicle-mounted scanning diode array 

device. The details and qualifications on these measurements are discussed 

in Section V.D. 

2. Recommendations 

A study should be conducted to compare the contrast measurements of 

various practical field photometers with the precision spectra photometer 

used in this study. Various commercially available hand-held spot photo-

.meters42 and possibly a prototype of the diode scanning device suggested 

in Section V.D should be compared under actual field conditions with a 

laboratory photometer used as the standard of comparison. The study 

should consider a range of road surfaces and markings in various stages 

4~ussell, Optimization of Traffic Lane Delineation. 

42woltman and Youngblood, "Evaluating Nighttime Sign Surrounds." 
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of wear. The measurements should be made with and without artificial illu-

mination sources and include variations in source and measurement angle in 

order to evolve the simplest acceptable technique for conducting a field 

maintenance test. Finally, it might be possible to develop a crude obser

vational technique under night conditions with a headlight illumination 

source. This approach would involve simply counting visible delineation 

segments and using a criterion based on the configuration visibility para

meter Cv reviewed in Section V.B to determine when repainting is required 

(e.g., Cv < 0.123, Table 12, Section V.C.2). 
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APPENDJX A 

SIMULATOR MECHANIZATION 

APPROACH 

In setting up the simulation for this study the visual field was of 

primary concern. A moving base was ruled out from a cost/benefit PQint of 

view for the research topics of primary interest. There are a variety of 

possible display approaches, as summarized in Table 13, which have been 

ranked in order of increasing capability for presenting image complexity, 

from the relatively simple technique of electronically generating lines on 

CRT's to actual real-world views. 

CRT line drawings are probably the simplest solution for providing an 

interactive roadway display. They can be generated rapidly with electronic 

circuits (including hybrid computers) and intensity control can be used to 

obtain desired image brightness. An unlimited number of electronic compu

tations can be set up to operate in parallel so that high image frame rates 

can be maintained (within the bandwidths of the circuits) to produce dis

plays with excellent dynamic characteristics. 45 Projection systems can be 

used to present large-size displays, and a notable example of this approach 

is given by DOnges. 46 

The approach described here involves a computer-controlled electroni

cally generated roadway with a video projector display. The current con

figuration was developed through modifications to an extant simulation,47 

including additional delineation complexity and more sophisticated control 

of intensity to properly simulate adverse visibility effects. 

45Lincke, W., B. Richter, and R. Schmidt, "Simulation and Measurement 
of Driver Vehicle Handling Performance," SAE Paper 730489, May 1973. 

46Donges, Edmund, "Experimental Investigation of Human Steering Behavior 
in a Simulated Road Driving Task," ATZ Automobiltechnische Zeitschrift, 
Vol. 77, Nr. 5/6/1975, pp. 141-146. 

47Allen, R. W., J. R. Hogge, and S. H. Schwartz, "An Interactive Driving 
Simulation for Driver Control and Decision-Making Research," Proceeding of 
11th Annual Conference on Manual Control, NASA TM X-62,464, May 1975, pp. 396-
407. 
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FUNCTIONAL LAYOUT 

A block diagram of the major simulation elements used in this study is 

shown in Fig. )). Good face validity is maintained by use of an actual 

car cab with operational instruments and controls (Fig. 10, Section III) 

providing interaction with a projected electronic line-drawn roadway. 

Additional information is provided by a variety of auditory cues (speed, 

lane marker bumps, crashes). 

Figure 34 shows the driver/vehicle control interactions. The car 

steering and speed equations are programmed on an analog computer. The 

driver can control forward speed with his accelerator and brake. Speed is 

displayed on the car cab speedometer, by dashed lane markers which move 

proportional to speed, and as an auditory cue with frequency proportional 

to speed. The driver's steering control produces car-roadway relative 

translation ann heading motions through speed-variable two-degree-of-freedom 

dynamic equations. Driver dynamic behavior and driver/vehicle performance 

can be measured by interjecting wind/road disturbances and/or road curva

ture command inputs into the equations of motion as discussed in Appendix B. 

The lateral steering dynamics are basically linear two-degree-of-freedom 

equations (no roll axis), derived from tire and wind forces and moments act

ing on the car. 48 Small angle approximations are used (e.g., sin 1jJ .~ 1jJ), 

and speed variations are assumed to be slow compared to relevant lateral 

car motions. The equations are speed variable in that the lateral response 

(e.g., steering gain and time constants) changes correctly with speed, and 

also a hold circuit is provided so that the car can be brought to a com

plete stop. 

The speed dynamics are given by a nonlinear first-order equation with 

a feedback term to account for wind reSistance, tire friction, etc. The 

acceleration/deceleration capability for throttle inputs has finite limits 

to correspond to real car characteristics. In order to simplify the longi

tudinal kinematics, braking is set up to give a constant deceleration level 

48-weir , D. H., C. P. Shortwell, andW. A. Johnson, "Dynamics of the 
Automobile Related to Dri verControl," SAE Paper 680194, Feb. 1967. 
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corresponding to a maximum braking capability under ideal conditions (i.e., 

approximately 0.6 g). Subjects have reported the speed dynamics to be 

quite realistic and are typically not aware of the idealized braking 

characteristics. 

The road curvature kinematics shown in Fig. 34 are an approximation 

which assumeS that the rate of change of road curvature with respect to dis

tance traveled is small. The path curvature develops as a function of dis

tance down the road (s = J u dt), and the curvature command is used both as 

an input for the visually displayed curvature (which is unidirectional only) 

and the path heading rate command. The curvature command can be generated 

by an event programmer actuated circuit that generates a left, right or 

IISII curve command, or by a continuous command function. The circuitry is 

such that the driver can come to a complete stop on a curve with the dis

play correctly showing no roadway motion. 

The car motion variables provide inputs to the roadway display generator 

which consists of special-purpose electronic circuits that draw smooth 

flicker-free oscilloscope line images at a 100 Hz repetition rate. The 

combined scene is then raster scan converted by a -[ideo camera and the TV 

image projected on a large screen in front of the driver as discussed belOlv. 

The experimenter's console shown in Fig. 35 was arranged to allow for 

simple setup of the various display configurations discussed below. The 

console also allowed for the setup and control of the various simulation 

tasks, as well as providing the experimenter with immediate feedback on 

subject performance. 

ROADWAY DISPLAY 

Display computations are initially done in the ground plane as shown 

in Fig. 36 where lines are straight and parallel and all points appear to 

move at the same speed. All symbols are then multiplexed and the correct 

geometric transformation applied to give proper perspective in the display 

plane consistent with the driver's viewing distance from the screen and 

eye height above the road. A simple provision is also made for display 

roadway curvature ill the final stage of line generation as shown in Fig. 36. 

120 



~---

VIDEO 
MONITOR 

Figure 35. Experimenter's Console 

Roadway 
Elements 
----.., 

i t ~ 
Ground Plane 
Computations 

and 
MUltiplexing 

!~ I I 
I I 

Ground Plane 
To Roadway 

Display Plane Curvature 
Transformation 

Figure 36. Road Display Generation 

,21 

TASK 
SETUP 
CONTROLS 

FOURIER 
ANALYZER 



A modified Advent Videobeam 1000A projection system49 is used to dis

play the roadway to the driver. As shown in Fig. 10 (Section II), the pro

jector is mounted upside down, above and directly behind the driver. The 

7 ft (2.1 m) diagonal curved screen is also inverted and centered in front 

of the driver. Viewing distance is 6 ft (1.8 m), with a screen/projector 

distance of 8 ft (2.4 m) as specified by Advent. 49 

The Advent monitor-grade electronics provide wide bandwidth and good 

DC (black level) restoration. This results in resolution and contrast 

limited only by the Federal Communications Commission (FCC) standard video 

bandwidth and 525 line raster scan format. The Advent's sealed fixed-focus 

Schmidt optics projection tubes are very efficient and produce maximum 

luminances of 20 ft-L on a highly reflective screen surface. The 3 in. 

(7.6 cm) projector tube targets require only small scan deflections which 

combine with high quality circuitry to produce very linear imagery. 

The line-drawn CRT image is converted to raster scan by a RCA TC1005/N01 

vidicon camera as shown in Fig. 37. This monochrome 2 to 1 interlace camera 

uses a 1 in. (2.54 cm) Nuvocon vidicon tube featuring high resolution with

out bloom, lag, or burn-in problems. Since the camera electronics have 

12 MHz bandwidth, again the FCC bandwidth and format are the limiting fac

tors. The oscilloscope is a linear deflection high resolution Tektronix 

5103N featuring linear intensity modulation capability. The display gener

ator itself uses instrument-grade electronic circuitry which produces a 

highly linear roadway representation. 

Roadway detail appears quite sharp when viewing as close as 4 ft from 

the Advent screen, and an objective analysis can be made of the resolution 

limitations of the roadway display. An upper limit for video system reso

lution of roughly 400 lines vertically and 300 lines horizontally may be 

assumed,5 0 although more than one line may be required for detection. 51 

4'jVideobeam 1000A Installation and Service Manual, Cambridge, Mass.) 
Advent Corp., 1975. 

SOSemple, C. A.) Jr., R. J. Heavy, E. J. Conway, Jr., and K. T. Burnette, 
Analysis of Human Factors Data for Electronic Flight Display Systems, Air 
Force Flight Dynamics Lab, Rept. AFFDL-TR-70-174, Apr. 1971. 

51 Biberman, L. M., ed., Perception of Displayed Information, New York, 
Plenum Press, 1973. 
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Figure 37. Optical Combiner and CRT to Video Converter 

Given the 52 X 69 in. (1.3 X 1.8 m) video screen, Table 14 lists projected 

visual angular resolution achieved at various viewing distances for the 

assumed resolution. This may be compared to Table 15 which gives the 

visual angle subtended by a common road delineation element, a 4 in. wide 

by 15 ft long (10 cm X 4.5 m) stripe, at various down-the-road distances. 

As an example comparison, the display angular resolution at a 6 ft (1.8 m) 

viewing distance allows accurate representations of elements larger than 

6.2 min of arc vertically. This is closely equivalent to the 5.2 min of 

vertical arc size of the delineation element which the driver sees at 

200 ft (61 m) distance. 

By comparing Tables 14 and 15 we can derive Table 16 which expresses 

equivalent resolution distance down the road as a function of display view

ing distance. The tradeoff between field of view and~jstance resolution 

is apparent in Table 16. 
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TABLE 14. PROJECTED DISPLAY ANGUIAR RESOLUTION 
LJ1.1TIS AT VARIOUS VIEWllJG DISTANCES 

(1 ft = 0.3048 m) 

ANGULAR RESOLUTION AT 
AXIS VARIOUS VIEWING DISTANCES 

4 ft 6 ft 8 ft 16 ft 

Vertical (400 lines) - 9.3 min 6.2 min 4.7 min 2.3 min 
0.13 in. Absolute Resolution 

Horizontal (300 lines) - 16 min 11 min 8.2 min 4.1 min 
0.23 in. Absolute Resolution 

TABLE 15· ANGULAR SIZE OF A LANE STRIPE 
(4" X 15 ') AT VARIOUS ROAD DISTANCES 
(1 ft = 0.3048 m; 1 in. = 2.54 em) 

AXIS DOWN-THE-ROAD DISTANCE (f t) 

50 100 200 300 400 

Vertical - 8v 82 min 21 min 5.2 min 2.3 min 1.3 min 

Horizontal - tPv 23 min 11 min 5.7 min 3.8 min 2.9 

Apparent angular size: 
_ he .6.,,-

8v = 573 -L2 (degrees) 
Vertical r<r~ 

~. 1 __ tor:.: 4 te.' 

,~ -~ 
~.6.x-i 

Horizontal <l) t//2/2:Z~?>:1 ~.6.y 
N.6.y ) '/Iv = 57.3 L (degrees 

TABLE 1-6. FIELD OF VIEH AND EQUIVALENT DISTANCE 
RESOLUTION OF A 4" x 15' STRIPE AT VARIOUS 

DISPLAY SCREEN VIEHING DISTANCES 
(1 ft = 0.3048 m) 

min 

VIEWING DISTANCE 
HORIZONTAL FIELD EQUIVALENT DISTANCE 

OF VIEW RESOLUTION 

4 ft 71 deg 100 ft 

6 ft 51 deg 150 ft 

8 ft 39 deg 200 ft 

16 ft 21 deg 300 ft 

• 



As illustrated in Fig. 38, the road perspective is determined within 

the first few hundred feet down the road. Past research on observed driver 

sight distances also shows 100-200 ft (30-60 m) to be adequate. 52 Although 

it may be difficult to accurately resolve individual stripes beyond the dis

tances given in Table 16, there is some lane delineation apparent (though 

"smeared") and some streaming of the stripe elements due to forward speed. 

Thus, heading, lateral position, and speed information in this area is still 

available to aid in car control. 

Based on actual observations of the complete installation, a viewing 

distance of 6 ft (1.8 m) was selected. This gives an adequate field of view 

to allow for streaming effects which contribute to speed perception in the 

driver's parafoveal vision. Also, the delineation distance resolution is 

more than adequate for providing lateral (steering) control cues. 

----- - -- ----- ---- - -- - - - --
~ , 

I \ 
1m, = 2.54 em I 
1ft = .3048 m I 

Horizon end Nomlnel Subject Eye Heiqhl 
800" . -'::-, 400 II 

,·--'200 f! c", 

'~--IOOft--~-' 15ft x 41O,Stnpesot 
./ ~5" In,ervOIS 

------- 5011 -------

I 
I 
I 

~"'------ Lone Widlh 12 II ------.;~ .... 

I 
I 
I 
I 
I 
I 
I 

/ 

I 
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DELINEATION CONFIGURATION AND CONTRAST 

Intensity modulation is used to realize an assortment of delineation 

configurations and to simulate the effects of adverse visibility conditions 

(e.g., rain, fog). The lines can be solid or dashed and the dash and ga~ 

lengths varied. In all cases the broken delineation elements move in cor

rect ~ers~ective as a function of forward s~eed. 

Line intensity was modulated as a function of distance down the road 

to simulate the effects of atmos~heric attenuation. Atmospheric scattering 

caused by rain and fog tend to exponentially decrease delineation contrast 

as a function of viewing range as discussed in Section II, and function 

generators were used to a~~roximate this effect in the dis~lay electronics. 

Typical examples of visibility and configuration conditions are illus

trated in Figs. 39 and 40. In Fig. 39 it is apparent how reduced visual 

range effects lateral ~osition, heading, and curvature cues. In Fig. 40) 

the effects of the various delineation configurations under reduced visual 

range are apparent; the decreased directional cues with shorter delinea

tion elements, and the vast improvement with a solid edge can also be seen. 
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STRAIGHT 1ft = .3048m CURVE D ( 185 ft Radius) 

Figure 39. Federal Standard Delineation Striping 
Under Various Levels of Reduced Visibility 
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STRAIGHT Ift=.3048m CURVED (185 ft Radius) 

Figure 40, Delineation Configuration Variations Under 
50 ft Visual Range 

128 Reproduced tram 
best available copy. 



APPENDIX B 

DRIVER DYNAMIC RESPONSE MEASUREMENTS 

BACKGROUND 

Automobile steering control is a dynamic task that is performed by the 

driver in order to establish and/or maintain the vehicle on a specified 

pathway in the presence of disturbances such as crosswinds and roadway fluc

tuations. The motions of an automobile in response to steering actions and 

aerodynamic disturbances can be described in terms of differential equations, 

transfer functions, etc. ,53,54 and it is logical to attempt to describe the 

driver in similar terms 

As discussed in Sections II and III the motivation for this description 

and measurement of the driver is twofold: 1) to determine and quantify the 

effect of adverse visibility on driver perception of the cues required for 

steering control; and 2) to determine those changes in driver behavior that 

contribute to degraded performance under conditions of reduced visibility. 

Understanding the basic effects of adverse visibility on driver behavior 

should then allow us to predict effects for conditions not tested and/or 

suggest general countermeasures to the problems encountered. 

Dynamic models and measurements of the driver for automobile steering 

control are fairly well established.55,56 The basic structure of the 

53Segel, L., "Theoretical Prediction and Experimental Substantiation of 
t.he Response of the Automobile to Steering Control," in Research in Automo
bile Stability and Control and in Tyre Performance, London, Institute of 
Mechanical Engineers, 1957. 

54McRuer, D. T., "Simplified Automobile Steering Dynamics for Driver 
ContrOl," presented to the SAE Aerospace Control and Guidance Systems 
Committee Meeting No. 35, Palo Alto, Calif., 19-21 Mar. 1975. 

55McRuer, D. T., D. H. Weir, H. R. Jex, et al., "Measurement of Driver/ 
Vehicle Multiloop Response Properties with a Single Disturbance Input," 
IEEE Trans., Vol. SMC-5, No.5, Sept. 1975, pp. 490-497. 

50McRuer, D. T., R. W. Allen, D. H. Weir, and R. H. Klein, "New Results 
in Driver Steering Control Models," Human Factors, Vol. 19, No. 4, Aug. 
1977, pp. 381-397· 
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driver/vehicle steering control model was discussed in Section II (Fig. 9), 
so our objective here is briefly to describe the measurement technique and 

results. 

As illustrated in Fig. 9, inputs to the steering task were applied as 

either an equivalent wind disturbance (added in as a front wheel steering 

disturbance in series with and isolated from the driver) or as a heading or 

yaw rate command with corresponding road cu~vature displayed to the driver. 

In both cases appropriate driver behavior is apparent -- to produce steer

ing wheel actions that will effectively follow the input and counteract the 

disturbance in order to maintain reasonable lateral position within a 

delineated lane. 

In the case of the wind disturbance the driver has no perception or 

preview of the disturbance and must wait for the disturbance to affect the 

vehicle's motion before responding. This mode of control is termed compen

satory in that the driver is "compensating" for disturbance-caused errors. 

When following a curving road (a path command) with sufficient visual 

range, the driver has the opportunity to preview or anticipate the desired 

path. With a visual segment large enough to permit adequate perception of 

the road's curvature, the driver can achieve a pursuit mode of control 

behavior and very nearly duplicate the commanded path. This is simply 

accomplished by the driver because the curved path followed by a car is 

nearly directly proportional to front wheel angle,54 and the vehicle lags 

are well-learned and can be anticipated. Thus, the driver merely steers 

with actions directly proportional to perceived road curvature, suffi

ciently advanced in time to offset vehicle lag. Disruption of the curva

ture cue will degrade pursuit performance, however, which is a possibility 

with various combinations of adverse visibility and delineation as discussed 

in Section II. 

54McRuer, "Simplified Automobile Steering Dynamics for Driver Control." 
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PURsurr BEHAVIOR ANALYSIS 

Consider now the control and performance implications of compensatory 

and pursuit behavior. Given the model structure of Fig. 9 (Section II) 

and nominal driver parameters obtained in this study under good visibility 

at 30 mph (48.3 kph), we have analyzed the dynamic implications of curva

ture perception. Referring to Fig. 9, consider the driver/vehicle system 

response due to a command path input. The commanded path causes an equiva

lent heading rate input, rc, to be applied to the system. Driver steering 

action should then create vehicle yaw rates, r, which are nearly equal to 

the commanded heading rate so as to give a small heading rate error, r e , 

which is the difference between the command input and the vehicle's motion. 

To illustrate the potential improvement in performance between pursuit 

and compensatory driving we can consider the describing function relating 

heading rate error, r e , to heading rate input command, rc. Figure 4~ shows 

Bode plots of this driver/vehicle system ratio as the curvature perception 

parameter (driver's "pursuit gain"), KRc ' is increased. The compensatory 

baseline curve (KRc = 0) is based on a representative set of driver/vehicle 

data, and the other curves simply indicate the effect on Ire/rcl when the 

additional driver control pathway represented by KRc is added. At low fre

quencies the describing function amplitude shows that errors are less than 

the original input, while at very high frequencies they may be somewhat 

greater. Note in particular that for an optimum value* of KRc/t ; 1, 

errors in the frequency region of 0.3-1.0 rad/sec give a reduction in 

error of about 15 dB or a factor of greater than 5 times; At any given 

frequency, lane dispersions are directly proportional to heading rate 

*For the essentially neutral steer car of this study the steady-state 
turn radius is equal to the wheelbase divided by the front wheel angle, so 
the curvature perception gain should be equal to the car's wheelbase, in 
this case 9.25 ft (2.8 m). 
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errors and thus the curvature perception in the above frequency region 

* would reduce lane dispersions by more than a factor of 5. 

In our data analysis procedures we actually work with the describing 

function between the system error and the system output. This is derived 

from the error-to-input describing function by the equation 

*To put this frequency range dimension in context, at 30 mph (48.3 kph) 
the 0.3-1.0 rad/sec frequency region (0.05-0.16 Hz or 6-21 sec/cycle) 
implies a curvature inflection (zero curvature) about every 3-10 sec or 
133-461 ft (40.5-140.5 m), which is realistic for a winding real-world 
task. 
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and is illustrated in Fig. 42. At the low frequencies where re/rc is small, 

r/re is approximately equal to the inverse of re/rc' which is evident in com

paring Figs. 41 and 42. 

For KRc = 0 the system becomes effectively compensatory, and the r/re 

describing function can be described simply by crossover model parameters57 

which give useful summary information about driver behavior. 

For the pursuit cases (KRc > 0), the low-frequency Ir/rel is larger than 

for the compensatory baseline, indicating that pursuit following of the input 

is superior. This is the same point made in connection with Fig. 41. This 

superior dynamic performance is also indicated by the increase in apparent 

crossover frequency as KRc increases. 

MmASUREMENT TECHNIQUE 

The method for obtaining driver describing function* data is shown in 

Fig. 43. A Fourier analyzer generates a Sum of sine waves input (Table 17) 

that is injected into the system as either a command or a disturbance, and 

receives back another system quantity which is subsequently Fourier analyzed 

at each of the input frequencies wi. 

As noted in Fig. 43 the actual quantities used to compute the equi

valent driver/vehicle open-loop describing function depend on the circum

stances. For the winding road command input case, where pursuit behavior 

is possible, the error (re) to input (rc) describing function is computed 

and then transformed by Eq. 25 to give an equivalent open-loop transfer 

function r/re . For the compensatory, wind gust disturbance input the 

*In the context of the research reported here describing functions are 
defined as statistical estimates of the driver's transfer characteristics 
over a given time interval. The describing function gives an estimate of 
the system response linearly correlated with the input. The remaining 
response is termed remnant, and in this study is attributed to driver noise 
or stochastic variations as presented in Section III. 

57McRuer, D., D. Graham, E. Krendel, and W. Reisener, Jr., Human Pilot 
Dynamics in Compensatory Systems --- Theory, Models, and Experiments with 
Controlled Element and Forcing Function Variables) Air Force Flight Dyna
mics Lab, Rept. AFFDL-TR-65-15, July 1965. 
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TABLE 17. JJiTPUT AMPLITUDES AND FREQ.UENCIES 
(1 ft = 0.3048 meters) 

FREQ.UENCY WTIiJD GUST AMPLITUDES ROAD CURVATURE AMPLITUDES 

(rad/sec) (EQ.UIVALENT FRONT (JJiTVERSE RADDJS OF 
WHEEL ANGLE, deg) CURVATURE, ft-1) 

0.188 0.172 2.07 X 10-3 

0.503 0.172 2.07 X 10-3 

1.25 0.172 1.98 X 10-3 

3. 0.172 1.66 X 10-3 

6.28 0.086 0.56 X 10-3 

rms 0.251 2.79 X 10-3 

equivalent open-loop transfer function is found from operations on the 

De/Dd ratio, as described by McRuer, et al.58 

After the describing function data are developed, an optimal identifi

cation routine is used to find driver parameters for the Fig. 9 system 

model that will give a good match to the measured describing function data. 

As an example, consider the data illustrated in Fig. 44 for the two 

baseline visibility conditions. The measured describing functions were 

averaged across six subjects, and the describing function fits match the 

data rather well. The characteristic effect of the curve perception para

meter KRc is apparent in both cases in comparing the compensatory (wind 

gust disturbance) and pursuit (winding road command) tasks. 

MODEL PARAMETER DATA 

Model parameters for both steering tasks over a number of visibility 

and delineation configuration conditions are compared in Table ,8. The 

most apparent consistent effect in the complete model parameters seems to 

58Al1'en, R. W., and H. R. Jex, "A Simple Fourier Analysis Technique for 
Measuring the Dynamic Response of Manual Control Systems," IEEE Trans., 
Vol. SMC-2 J No.5, Nov. 1972, pp. 638-643 . 
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be the reduction in curvature perception (KRc) with increased configuration 

visibility parameter, Cv . 

Aside from the curve perception parameter, KRc' the large number of 

parameters which comprise the complete model data in Table 18 exhibit 

covariations that make it difficult to focus the effects of adverse visi

bility on anyone particular parameter. 

To permit more generalization we need a simpler summary of the driver's 

dynamic response that would nonetheless have properties pertinent to closed

loop driver/vehicle performance. For this purpose an TlextendedTl crossover 

model is appropriate. For the equivalent compensatory open-loop transfer 

function of Fig. 44 this has the form: 

s ( 26) 

This relationship is based on the equivalent driver/vehicle transfer func

tion developed by McRuer, et al. 55 The equivalent time delay Te combines 

the high-frequency phase properties of the driver (lead, neuromuscular lags, 

transport delay) and vehicle (basically the heading response dynamics). The 

crossover frequency, ~, combines the driver and vehicle heading gains which 

can be expressed by the useful approximation56 

(27) 

where K1jr is the driver's heading gain from the complete model, Ks is the 

steering ratio (which has arbitrarily been set to unity for all the K1jr para-

meters reported herein), and P, is the vehicle wheelbase. One free s in the 

denominator of Eq. 26 approximates the wheel input to car heading angle 

55McRuer, et al., TlMeasurement of Driver/Vehicle Multiloop ... Properties. TI 

54McRuer, "Simplified Automobile Steering Dynamics for Driver Control. 11 
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dynamics. The phase lags of the additional high-frequency lag properties 

are accounted for in Te , and typical crossover frequencies are low enough 

that the high-frequency amplitude properties are not important. Finally, 

the combined numerator zero at (UOKy)-1 and second denominator free s 

account for the driver's operations on lane position. UoKy can be inter

preted as an equivalent look-ahead time constant (Ta in Eq. 7, Section II) 

and Ky-1 is the corresponding look-ahead distance. 

A simple approximation can be used to compute the parameters of Eq. 26 

From moderately low to high frequencies, the phase angle of the numerator 

zero at (UoKy)-1 can be approximated by an exponentia157 

. ( )-1 where Q = UoKy . 

be written as 

s 
~/s e (28) 

Using this approximation, the phase of Eq. 26 then can 

D 
4-De 

Q rr 
T w----e W 2 

This equation can now be evaluated at the gain and phase crossover frequen

cies of the driver/vehicle describing function in order to solve for Te and Q. 

At gain crossover frequency Wc (the frequency at unity amplitude) the phase 

angle is equal to rr radians less the phase margin ~, and the phase cross

?ver frequency Wu is defined as the frequency at which the phase angle is 

equal to rr radians. Therefore, Te and Q can be computed from the equation: 

[

wc 1/mc ] [T e] = [( rr/2) - CPm] 

mu 1/mu Q rr/2 
( 30) 

57McRuer, et al., Human Pilot Dynamics in Compensatory Systems. 
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Using this relationship a few key dynamic response parameters can be 

calculated for the driver/vehicle system that are appropriate to the basic 

closed-loop properties and performance. 

Using the above relationships, values of Te and a were computed for all 

the wind gust (compensatory) runs as given in Table 19. The extended 

crossover model fit of Eq. 26 to the baseline data is illustrated in 

Fig. 44. Table 19 also presents derived values for the look-ahead dis

tance, xa, given by: 

-1 
Ky (31 ) 

It is apparent in Table 19 that xa gets smaller as Cv increases, suggest

ing that the effective dynamic look-ahead parameter decreases with visual 

range. This corresponds to an increase in path control gain, KyJ and indi

cates increased attention to lateral deviation control as visibility degrades. 

Also, effective time delay increases with CVJ suggesting that perceptual load 

increases with the reduction in visual segment. These results are discussed 

further in Section III. 
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APPENDIX C 

FIELD TEST VEHICLE AND INSTRUMENTATION 

OVERVIEW 

The field test vehicle was a modified 1971 Dodge 3/4-ton van. Basic 

structural modifications include a 20-gallon auxiliary gasoline tank, a 

2.5 KVA electricity generator mounted on a platform behind the rear doors, 

alternate hydraulic steering and brake systems with foot pedal controls 

(aircraft type), and an alternate ignition switch. The latter safety 

features are located at the onboard experimenter's station centered in the 

Driving Research Vehicle (DRV) behind the driver's seat as illustrated in 

Fig. 45. This basic setup has been used on several previous research pro

jects (e.g., O'Hanlon,59 Mackie 60 ). 

The vehicle contained apparatus for measuring the following driver/ 

vehicle variables: 

~ Steering wheel position - from a gear-driven 
potentiometer on the steering column. 

• Vehicle speed from an electronic tachometer 
driven,by the speedometer cable. 

• Vehicle lateral position - from an externally 
mounted electro-optical sensor. 

• Driver physiological variables - ECG (electro
cardiogram) and EEG (electroencephalogram) via 
body mounted biopotential electrodes and high 
gain amplifiers. 

• Experimenter responses lane drifts, traffic and 
road events indicated via panel mounted switches. 

5Sb' Hanlon, J. F., and G. R. Kelley, A Psychophysiological Evaluation 
of Devices for Preventing Lane Drift and Run-Off-Road Accidents, Human 
Factors Research, Inc., Tech. Rept. 1736-F, 1974. 

6CMackie, R. R., J. F. o 'Hanlon, and M. E. McCauley, A Study of Heat, 
Noise, and Vibration in Relation to Dri v,er Performance and Psychophysio
logical Status, Human Factors Research, Inc., Tech. TIe'pt. -'7j5, 1974. 
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A central electronics console provided for signal conditioning and tape 

recording. Continuous analog voltage inputs are amplified and filtered~ 

when appropriate, to reduce noise levels. Each of these signals is encoded 

by pulse width modulation and recorded on a separate track of 1/4 in. elec

tromagnetic tape, played from reel to reel (10 in. diameter) on an Ampex 

8-track recorder, running at 7 ips. The digital output of an internal elec

tronic clock is similarly recorded on another track. Each different discrete 

voltage input, such as from a switch on the experimenter's console, is used 

to trigger a specific 6-bit pulse code. Separate pulse codes are sequen

tially recorded on the same tape track at rates of up to 1-2 codes per 

second. In addition, the central electronic system contains an oscillo

scope and a 4-track stripchart recorder for monitoring the various input 

signals. A voice channel was also provided for the experimenter to record 

noteworthy data not otherwise logged by the above system. 

Details of the various sensors and measures are given below. 

Speed and Steering Sensors 

Steering wheel position was continuously recorded on a separate tape 

channel from a 10-turn potentiometer linked by a gear-chain drive to the 

steering column. The system was accurate to within ±D.5 deg of steering 

wheel rotation. 

Vehicle speed was measured by an electronic tachometer attached to 

the speedometer cable. The calibrated analog voltage was pulse coded and 

recorded on the "digital information" tape channel at 5 sec intervals with 

a single measurement accuracy to within ±D.5 ft/sec (±O.15 m/sec). 

Lane Position Sensor 

Externally, the vehicle mounted an electro-optical lateral lane posi

tion sensor or "Lane Tracker" mounted in a protective housing (7X7X13 in.; 

17.8 X 17.8 X 33 cm) 8 ft (2.44 m) from the ground. In earlier experimental 

runs, the Lane Tracker was mounted above the right front wheel for measur

ing the lateral distance to the lane/shoulder interface (first experiment) 



or edge line (second experiment). However, for approximately the last half 

of the runs the Lane Tracker's position was shifted to over the left front 

wheel for measuring the lateral distance to the broken lane line. The change 

was made after it was determined that the latter delineation feature pro

vided a m:::Jre reliable signal for road tracking. Be~e,use the separation 

between lane line and either the road/shoulder interface or the edge line 

was known and nearly constant in all cases, appropriate conversion of the 

right side measurements was made t:::J the scale of reference for left side 

measurement, with appropriate adjustment for the distance separating the 

two mounting configurations. 

Additionally, a set of 2-4 floodlights was mounted externally at the 

height of the vehicle's fr:::Jnt bumper to provide road surface illumination 

in the Lane Tracker's field of view. The range :::Jf this illumination extended 

for approximately 20 ft (6.1 m) in front of the vehicle and constituted no 

hazard to other vehicles in the judgment of the California State Highway 

Patrol. 

The Lane Tracker is a solid-state electro-optical device comprised of a 

line-scan camera with associated electronics for automatically adjusting its 

sensitivity to varying light levels (range: 2-256 ft-L with camera f-stop 

setting of 2.0), for noise rejection, and for tracking either solid or broken 

linear road features (striping or road/shoulder interface) having a visual 

contrast above 0.2. Its line-scan camera focuses the image of the r:::Jad sur

face, perpendicular to the direction :::Jf travel, on a linear photodiode array. 

Road position is determined, from rapid successive readings of the array, by 

determining the diode sensing the greater reflected light from road delinea

tion, then transforming the information into an analog voltage, proportional 

to calibrated lateral distance from a vehicle reference point to the delinea

tion. Positional information is accurate to within ±D.S percent of the view

ing angle of the camera lens. In this research an 8.5 mm, F = 1.9 Cosmicar 

lens was used, providing a 10 ft (3 m) road scan with positional resolution 

to within ±D.5 in. (±1. 27 cm). 

The Lane Tracker's voltage analog of vehicular lateral position was con

tinuously recorded, after pulse width modulation, on :::Jne of the tape channels. 
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Driver Physiological Variables 

EEG was recorded using a bipolar lead configuration, with Grass cup

type active electrodes over the subject's occipital-parietal cortex (01-P3 

positions of the International 10-20 system,61) and the reference electrode 

over the ipsilateral mastoid bone. Electrodes were affixed with collodion 

adhesive. The EEG signal "as amplified and filtered in a specially built 

preamplifier (gain, 105 ) placed on a headset, worn by the driver. * The EEG 

system had an essentially flat spectral response between 1.0 and 30.0 Hz, 

down 3 dB at 0.5 and 40.0 Hz, and dropping,by 18 dB per octave beyond. The 

preamplifier's output was passed through a second-stage isolation amplifier 

(gain, 10 1) and, after pulse width modulation, onto tape channel. 

ECG was recorded from standard Beckman electrodes in a bipolar lead 

configuration with the active electrodes in the clinical CR4 positions on 

the subject's chest and the reference electrode displaced to the right 

abdomen. These leads were connected to a specially built differential 

preamplifier (gain, 103 ) with an essentially flat spectral response between 

1.0 and 50.0 Hz (3 dB down points at 0.5 and 60 Hz, and dropping by 18 dB 

per octave beyond). From these the ECG signal was passed through a unity

gain isolation amplifier and a Schmidt Trigger with an automatically adjust

ing threshold, set to trigger at 80 percent of the preceding ECG QRS-wave. 

Each trigger pulse was used to generate a pulse code which was also recorded 

on the digital information channel of the tape. 

*This arrangement was shown to be critical in earlier over-the-road 
studies by Human Factors Research, Inc. Remote preamplifier location and 
longer, unshielded lead length resulted in an unacceptably high noise level 
in the EEG recordings. We suspect that the usual employment of the latter 
technique has been responsible for commonly reported difficulties in obtain
ing valid EEG recordings in previous research on drivers. 

61 Jasper, H. H., "The Ten-Twenty Electrode System of the International 
Federation," Electroencephalography and Clinical Neurophysiology, Vol. 10, 
1958, pp. 371-375 . 



Experimenter Responses 

The occurrence of temporal/geographic events, such as the beginning and 

end of delineation treatment sections traversed by the subject during the 

course of each run, was recorded by the onboard experimenter who engaged 

corresponding switches on a response console (Fig. 46) at appropriate times. 

In addition, the experimenter similarly recorded noteworthy discrete events 

arising during the subject's continuous vehicle operation. These included 

apparently inadvertent lane drifts to the left and right which caused the 

vehicle to enter the adjacent traffic lane or the road shoulder. Finally, 

the experimenter engaged his "log entry" switch and made simUltaneous voice 

recordings in order to describe important road, traffiC, or climatic con

ditions. All console switch closures generated respective 4-bit pulse codes 

which were recorded on the tape digital information channel in quadruplicate. 

Two types of switches were present on the console: the first, instantaneous

contact type, was for recording transient events; the second, on-off type, for 

recording situations having appreciable duration. The latter switch closure 

caused successive recording of the particular event at 1-second intervals for 

as long as the switch was on. 
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APPENDIX D 

FIELD TEST DATA STATISTICAL ANALySIS 

FmST EXPERIMENT (I-BO DELlNEATION CONTRAST VARIATIONS) 

Analyses of the data from the first experiment consisted of the following: 

1. ANOV of vehicular control and physiological variables 
from all subjects who yielded data in all (or nearly all) 
experimental conditions. 

2. Regression analysis of all appropriate data to define 
the functional relationship between striping contrast 
and lateral lane position variability. 

ANOV Results 

Complete, or nearly complete, data were obtained from five of six subjects 

in Group 1 (special treatment -- worn treatment) and from four subjects in 

Group 2 (worn treatment -- standard treatment). These data comprised the base 

for the ANOV of each dependent variable, except those arising from ECG record

ings. In the latter case, data for two more subjects in the second group were 

lost because of equipment malfunctions. For ECG measures, no meaningful group 

comparison was possible, so all of the remaining seven subjects were treated 

as comprising a single group in respective ANOVs of the mean heart rate, stan

dard deviation of heart rate, and coefficient of variation of heart rate 

(SDHR/HR) variables. 

The results from all ANOVs are summarized in Table 20. Between-subject 

interactions were always used as error terms for the F ratios. Due to the 

extent and complexity of those results, it was not feasible to discuss them 

all, or even isolated results indicating statistically significant effects. 

Rather, the major consistent results are described as these pertain to the 

objectives of the research. 

Vehicular control variables. The first group's vehicular control per

formance was generally superior to that of the second. This difference was 

significant for the standard deviation of lateral lane position. Overall, 

the first group showed less lateral position variability than the second 

(0.69 ft versus 0.89 ft; .21 m versus .27 m). 
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TABLE 20. F-RATIOS AND SIGNIFICANCE OF RESULTS FROM ANOV OF 1-80 DATA, 
WHERE ilIDEPENDENT VARIABLES INCLUDE GROUPS (G), TREATMENT SEGMENTS (T), 

DIRECTION OF TRAVEL (D), CIRCUITS (C), AND PArnT CONDITION (p) 

G T TxG 
MEAN ** 

1. LATERAL 3.46 17.76 .38 
POSITION 

2. SO LATERAL 
POSITION 

** ** 
12.91 5.39 2.48 

3. MEAN 
SPEED 

** 
.11 11.04 2.04 

4. SO 
SPEED 2.40 2.47 1. 58 

5. EEG 
DELTA % .24 2.46 .05 

6. EEG LOW 
THETA % 4.00 1. 64 1.60 

7. EEG MID 
THETA % 5.37 1. 21 .71 

8. EEG HIGH 
THETA % 5.45 .42 1.14 

9.' EEG 
ALPHA % 1. 37 1.83 1. 24 

10. EEG 
SIGMA % 2.04 1.89 .39 

11. EEG 
BETA % 3.48 2.61 .90 

MEAN 12. HEART RATE 
** 

7.22 

13. SO 
HEART RATE 2.32 

14. SD/M 
HEART RATE 2.47 

Rows 1-4: df = 1,7 4,28 4,28 

Rows 12-14: df = 4,24 

Significance - * p < .05; H P < .01 

o DxG 
* 

5.92 .89 

2.68 1. 55 

** 
24.38 .09 

1. 12 .54 

* 
.53 5.76 

.06 .55 

1.55 .02 

.06 .46 

2.31 .69 

.00 1. 66 

1.22 4.68 

* 
8.84 

.15 

.01 

1 ,7 1 ,7 

1,6 

151 

TxD TxDxG C 
** 

5.90 1 .15 .00 

** 
6.66 1.45 4.67 

* 
3.97 1.65 3.31 

** 
5.08 2.36 .97 

.91 2.00 .00 

.46 .50 3.18 

2.58 1. 67 4.75 

.82 .23 1.88 

1. 37 .25 1.54 

1. 15 .52 .37 

.77 .77 .59 

~ 

1 .69 7.5~ 

** * 
4.28 12.82 

"'* ** 
4.42 22.62 

4 ,28 4,28 1 .7 

4,24 1,6 

CxG TxC 

2.02 .69 

.04 .10 

3.56 1.06 

3.83 .98 

1. 93 .94 

3.69 .39 

.05 .15 

1. 99 .64 

1.40 .25 

2.49 .65 

2·61 .64 

1. 15 

.98 

1.11 

1,7 4,28 

4,24 



TABLE 20 (CONTINUED) 

TxCxG OxC [)xCxG TxDxC TxOxCxG P PxG TxP TxPxG DxP 
MEAN ** ** ** 

1. LATERAL 1. 72 .09 .22 .57 .20 18.47 32.21 11.37 .40 1.20 
POSITION 

* ** 
2. SO LATERAL 

POSITION .71 .18 2.55 1.23 .85 5.41 1.18 3.04 .48 15.59 

3. MEAN 
SPEED 

.42 5.30 1.02 2.69 .53 2.67 1.05 2.16 1.30 3.40 

* 

4. SO 
SPEED .92 .54 .34 2.57 1.09 .01 .64 1. 15 2.21 6.22 

5. EEG 
DELTA % 

1.35 .09 .89 .25 .48 .23 .38 .31 1.53 .02 

6. EEG LOH 
THETA % 

.22 .01 .08 1.83 .62 .01 1. 31 1. 14 1.46 .22 

7. EEG MID 
THETA % 1.07 1. 70 2.92 1. 25 .70 .00 .00 .31 .33 1.03 

8. EEG HIGH 
THETA % 

1. 25 .04 .16 .82 l.03 .05 .02 .59 .81 2.95 

9. EEG 
ALPHA % 1.62 .11 1. 18 .40 .33 .03 .88 .61 .45 .54 

10. EEG 
SIGMA % 

.133 .04 .37 1.35 3.01 .29 .83 .68 .82 2.36 

11. EEG 
BETA % 

.65 .63 1.79 .63 .95 .22 .39 .30 .36 .43 

12. MEAN 
HEART RATE 2.60 .80 .27 .89 2.59 

** 
13. SO 

HEART RATE .02 .62 .01 8.30 .08 

** 
14. SD/M 

HEART RATE 
.21 .83 .01 7.54 .02 

Rows 1-4: df= 4,28 1,7 1,7 4,28 4,28 1,7 1 ,7 4,28 4,28 1,7 

Rows 12-14: df = 1 ,6 4,24 1 ,6 4,24 1 ,6 

Significance - * p < .05; ** P < .01 
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TABLE 20 (CONCLUDED) 

TxCx OxCx TxDx TxDx 
OxPxG TxDxP TxOxPxG CxP CxPxG TxCxP PxG OxCxP PxG CxP PxG 

MEAN * ** 
1. LATERAL 9. 17 12.69 .48 1.04 5.35 .84 1. 15 .32 .32 1.34 .91 

POSITION 

2. SO LATERAL 
POSITION 

* 
.17 2.65 .54 3.41 .49 2.43 1. 21 9.88 .03 .23 1.63 

3. MEAN 
SPEED 1. 16 2.04 1.27 .16 .68 .38 1. 75 .19 2.60 .16 .83 

4. SO 
SPEED 3.04 1.13 .23 .49 .00 1.37 .88 1.61 4.28 .08 .80 

* 
5. EEG 

DELTA % 
4.41 .89 .39 .09 .12 1.22 2.68 1.60 .46 4.54 .92 

(2,22) 

** 
6. EEG LOW 

THETA 1. 
.02 .19 .87 1.14 .61 .47 .89 13.17 .53 .34 2.38 

* 
7. EEG MID 

THETA % 
.90 .66 1.59 .04 .23 3.31 1.09 .00 .15 l. 33 .80 

** 
8. EEG HIGH 

THETA % 
14.68 1.26 1.93 .50 l. 76 1.24 .93 2.59 .22 .45 l.52 

* 
9. EEG 

ALPHA % 
1. 26 2.35 .55 .44 .02 l. 71 4.88 4.93 1. 31 4.61 .44 

(2,22) 

10. EEG 
SIGMA % 

2.61 .24 .68 .30 .03 .13 1. 39 4.88 .89 2.63 2.47 

* 
11. EEG 

BETA % 
.47 .09 .31 .38 .01 .58 .46 6.09 .14 l.03 l. 91 

** 

~ 12. MEAN 
HEART RATE 

7.47 .27 1. 25 .09 .45 

13. SO .81 .25 l.47 .00 .80 
HEART RATE 

14. SD/M 
HEART RATE 1. 01 .42 l.49 .OE 1 .19 

~ 
.t: Rows 1-4: df = 1 J 7 4,28 4,28 1 ,7 1 ,7 4,28 4,28 1 ,7 1 ,7 

Rows 12-14: df = 4,24 1 ,6 4,24 1 ,6 4,24 

Significance - * p < .05; ** p < .01 
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Vehicular control measures (with the exception of speed variability) 

varied significantly among treatment segments. This effect is difficult 

to interpret, however, due to the natural confounding of highway geometry 

and delineation, and because the treatment factor was different for the 

two groups. That is not to say that it is impossible to isolate the delinea

ti on effect in the results. (This has been done in Section IV.) However, it 

does indicate that the significant treatment effects should merely be inter

preted as showing that the subjects as a whole drove differently on different 

treatment segments. 

The direction of travel, or more specifically the road grade, had several 

significant effects. Mean lane position was affected showing greater separa

tion between the lane-line and the vehicle's left front wheel in the upgrade, 

eastbound direction than in the downgrade, westbound direction [2.79 ft 

(0.85 m) versus 2.69 ft (0.B2 m) J. Mean speed was less on the upgrade 

[47·01 mph (75.2 kph) J than on the downgrade [50.45 mph (Bo.7 kph) J. 

There was no significant difference between the results obtained on the 

first and second I-Bo circuits for any vehicular control measure. With one 

exception there was no significant interaction effect of circuits with any 

other factor or combination of factors in 124 separate tests. The one inter

action significant at a p < 0.05 level (SD lateral position; D X C X p) 

would be expected on the basis of chance alone, given the number of tests. 

The condition of the painted striping had a highly significant effect 

upon mean lateral lane position. Overall, the subjects tended to position 

their vehicles with the left front wheel at a distance of 2.57 ft (0.78 m) 

from the lane line when the paint was good (i.e.) after the application of 

either special or standard striping). That distance increased to ~.91 ft 

(0.B8 m) when the paint was bad (i.e., after being degraded by snow removal 

and tire chains). [It should be noted that a 3 ft (0.9 m) separation 

between lane line and left front wheel would place the vehicle in an exact 

center-lane position. J 

The significant interaction effects of Treatments (T), Directions (D), 

and Paint Conditions (p) upon mean lateral lane position and lateral position 
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variability may be interpreted using Fig. 47, and their effects upon mean 

speed and speed variability using Fig. 48. 

Mean lateral position indicated greater lane-line/vehicle separation 

with bad paint over Segments 1-3 on the eastbound upgrade but no consis

tent pattern on the westbound downgrade. On the other hand, the standard 

deviation of lateral lane position was not differentially affected by paint 

condition on the upgrade section, but was strikingly greater on the down-

grade section when the paint was bad. • 

Mean speed was generally a little greater when the paint was bad; and 

the differential effect of the paint conditions was greater on the upgrade 

than on the downgrade. Speed variability was generally greater with good 

paint on the upgrade but the opposite was true on the downgrade. 

Higher order interaction effects, involving all of the above factors, 

plus circuits, upon vehicular control measures, may be interpreted using 

Figures 49 through 52. The results depicted in these figures represent 

the most detailed level of analysis for the groups of subjects. They are 

included here mainly for the sake of completeness. However, a few points 

can be made from these results. 

Figure 49 shows again that the differential effect of paint conditions 

on mean lateral position was confined principally to Group 1, and that this 

effect was variable across treatment segments. In no condition did either 

group's lane-line/vehicle separation rise far above 3·0 ft (0.9 ill). 

Figure 50 similarly shows that the differential effect of paint con

dition was most consistent upon Group l's lateral position variability. 

But, in certain combinations of treatment segment and direction, the effect 

was also present for Group 2. In particular, when the paint was bad, Group 2 

showed exceedingly high lateral position variability in treatment Segment 3 

on the westbound downgrade. This was true for both circuits. However, no 

such rise in Group 2's lateral position variability was seen on the same seg

ment when the paint was good. 

Figures 51 and 52 impart little additional information, except to 

indicate that the differential effect of paint condition on mean speed was 
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almost entirely confined to Group 1. For them, however, the effect was 

quite consistent in both directions and over both circuits. 

Physiological variables. As shown in Table 20, the EEG variables were 

generally insensitive to changes in all independent variables. The EEG vari

ables alone showed some effect of repeated circuits. Moreover, mean heart 

rate was also significantly affected by treatments and directions. However, 

all differences among conditions were relatively small, never exceeding 9 bpm 

for the standard deviation of heart rate. 

SECOND EXPERIMENT (I-5 RAm EFFECTS) 

Analyses of the data from the second experiment consisted of the following: 

1. ANOV of vehicular control and certain physiological 
variables for six subjects under wet and dry weather 
conditions. 

2. ANOV of vehicular control and physiological variables 
for 10 subjects under dry weather conditions only. 

ANOV: Wet Versus Dry Conditions 

The results from all ANOVs of dependent variables recorded under wet and 

dry driving conditions over the 1-5 circuit are summarized in Table 21. It 

may be noticed that reference to the factor for quarters of segments was 

omitted from the table. Little unique information was obtained from tests 

of differences in measured reactions on successive quarters of treatment seg

ments, either alone or in interaction with other factors. Thus, the exclu

sion of the Quarters factor simplified the table but did not detract signifi

cantly from the description of results. The grouping of the data by quarters 

of treatment segments did aid, however, in the evaluation of thermoplastic 

effects as discussed in Section IV of this report. 

Vehicular control variables. The effect of Delineation Treatment (T) 

on the standard deviation of lateral lane position was highly significant. 

When pavement delineation consisted of striping plus raised pavement markers, 

the subjects' average standard deviation of lateral lane position was 0·50 ft 

(0.15 ill). With striping alone it was 0.78 ft (0.24 ill) .. However,. the natural 
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confounding between delineation treatments and road geometry on the 1-5 cir

cuit should be recalled. Striping alone occurred where the road curvature 

was generally greater. Likewise, the significant effect of Delineation 

Treatment on mean speed [respectively, 51.8 mph (82.9 kph) versus 49.9 mph 

(79.8 kph)] should be interpreted with caution for the same reason. 

There was no overall effect of Direction (D) on any variable. Generally, 

the subjects tended to react similarly while traveling in both directions 

over the 1-5 circuit. 

There was a significant overall effect of Circuits (C) on mean lateral 

lane position. During the first circuit its average value was 2.7 ft 

(0.8 m) and during the second, 2.5 ft (0.76 m). This result indicates a 

progressively decreasing lane-line/vehicle separation over time on the 

road. 

Weather (W) had highly significant effects upon both mean lateral posi

tion and lateral position variability. These effects are discussed in Sec

tion IV-E. The overall shift in mean lateral position from dry to wet 

driving conditions was from 2.2 ft (0.67 m) to 3.0 ft (0.9 m). The latter 

value indicates that the drivers maintained the vehicle's average lateral 

placement in the exact center of the traffic lane during the wet condition. 

The overall standard deviation of lateral lane position increased from dry 

to wet conditions from 0.53 ft (0.15 m) to 0.74 ft (0.23 m). 

Some interaction effects of the factors upon vehicular control variables 

were striking. Foremost was the Treatment by Circuit by Weather (T x C x W) 

effect upon standard deviation of lateral lane position. Although lateral 

position variability was generally greater in wet weather, it was more so 

on the treatment segments having striping alone, and greater still on the 

second circuit as compared to the first. 

Mean lateral lane position was affected significantly by the interaction 

of Circuit and Weather (C x W). Subjects tended to move closer over time 

toward the lane-line in wet weather, but not as noticeably in dry weather 

as discussed in Section IV-E. 

1~ 



Mean speed and speed variability were not significantly affected by the 

weather, but both changed in the expected direction as shown in Fig. 53. 

Mean speed was affected significantly by several interactions of factors T, 

D, and W. In general, differences in mean speed between the two types of 

treatment were greater in wet weather (T X W) than dry, and for the south

bound direction than northbound (D X W). 

ANOV: Dry Cond1 tion Only 

Complete data with respect to vehicular control and EEG variables were 

obtained over three circuits under dry weather conditions from 10 subjects, 

including the 6 yielding data for the above analyses. These data were used 

in another ANOV for determining whether differences in delineation treat

ments would affect any dependent variables over a longer period of continu

ous exposure without the additional effect of adverse weather. The results 

are summarized in Table 22 and vehicular control reactions are illustrated 

in Figs. 54 and 55. However, little differential treatment effect over 

time was found. The only significant T x C interaction effect was for mean 

lane position. That variable was virtually constant over successive cir

cuits at a value of about 2.0 ft (0.6 m) on the treatment segments with 

markers plus striping delineation. However, it declined slightly from the 

first to the later circuits [i.e., 2.2-2.0 ft (0.7-0.6 m)] on the segments 

with striping alone. 
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TABIE 22 
F-RATIOS, df, AND SIGNIFICANCE OF RESULTS FROM ANOV 2 (I-5) 

WHERE INDEPENDENT VARIABLES INCLUDE DELINEATION TREATMENT (T), 
DIRECTION OF TRAVEL (D), AND CIRCUITS (C) 

T 0 TxD C TxC DxC TxDxC 
MEAN 

1. LATERAL 
* ** * 

8.17 .20 1.99 6.78 4.20 .44 .86 
POSITION 
SO 

2. LATERAL 
** * ** 

33.53 .04 9.70 .54 1.41 9.09 1. 61 
POSITION 

** * 
3. MEAN 

SPEED 18.26 .70 8.17 1 .19 .74 2.11 1.11 

4. SO 
SPEED 2.89 .14 .03 1.00 .53 1. ~O 1.66 

5. EEG 
DELTA % 

2.70 .69 .41 1.99 .43 .62 .76 

6. EEG LOW 
THETA % 

1. 76 1.62 4.03 .46 .57 1.10 .91 

* 
7. EEG MID 

THETA % 9.96 .03 .91 1. 15 .60 2.39 .05 

** * * 
8. EEG HIGH 

THETA % 
14.04 .62 5.41 .52 4.82 .66 .28 

9. EEG 
ALPHA % .01 3.36 .45 2.23 .18 .49 .13 

10. EEG 
SIGI~A % 

.00 .01 2.58 .59 .07 .21 .38 

* * 
11. EEG 

BETA % 
5.35 1.06 8.56 1.36 .46 .17 1. 15 

MEAN 12 . HEART RATE 1. 58 .65 .82 1. 78 .38 .73 3.50 

13. SO 
HEART RATE 

1. 60 1 .15 .14 .26 .16 .64 .25 

14. SD/M 
HEART RATE 

1. 32 1.76 .13 1 .37 .23 .43 .02 

Rows 1-11: df = 1,9 1,9 1,9 2,18 2,18 2,18 2,18 

Rows 12-14: df = 1,5 1,5 1,5 2,10 2,10 2,10 2,10 

$ignificance - * p < .05; ** P < .01 
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APPENDIX: E 

PHOTOMETRY 

mTRODUCTION 

Photometric measurements were made of the roadway and delineation mark

ings on the 1-80 sites. These measures were subsequently used to determine 

the contrast of the delineation to the roadway and the shoulders to the 

roadways as seen by the driver. Additionally, measurements of the luminance 

distribution of low-beam headlights from the test vehicle were made on a new 

black asphalt test strip. The following is a description of the photometric 

measurement methods and a presentation of the obtained data. 

APPARATUS 

All photometric measures were made using a Spectra Pritchard Photometer, 

Model 1980, with the standard 7 in. focal length f/3.5 lens. For all measure

ments, the photometer lens was located inside one of two carryall vans at the 

driver's eye position. The usual vehicle was a 1971 Dodge 3/4 ton van which 

was used for the driving tests. A replacement vehicle used for making some 

of the photometric measures at the 1-80 sites was a 1972 Ford Econoline van. 

Both vehicles were equipped with the standard two-lamp headlight system. On 

both vehicles the headlights were located 2 ft 10-1/2 inc. (0.88 m) above 

the roadway, and the photometer lens was positioned at the driver's eye 

position, 5 ft 9 in. (1.7 m) above the roadway. Prior to each series of 

measurements, the headlights were aligned by a California licensed headlamp 

adjustment stati6n. 

EEADLIGHT PATTERN 

The headlight luminance distribution of the research vehicle used in 

the driving portion of this study was measured with the vehicle parked on 

a newly constructed asphalt test strip. This strip was not subject to vehi

cular traffic and was uniform in appearance. The data obtained on the head

light luminance distribution are shown in Table 23 and Fig. 56. The 
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figure is a perspective drawing of the test strip as seen from the driver's 

eye position in the van, the location of the photometer when the measure

ments were taken. The drawing was constructed by taking the logarithm of 

the luminance values multiplied by 1000, log (ft-L X 1000), and divided 

into 10 bins differing by 0.2443 log units. The isoluminance lines in the 

figure were plotted by hand. It was not possible to make more than one 

measurement closer than 30 ft (9.2 m) from the front of the vehicle due to 

obstruction by the vehicle frame and instrument panel. 

In general, it can be seen that the region of highest luminance extends 

from the center of the van approximately 10 ft (9.2 m) to the right and out 

to a distance of approximately 50 to 55 ft (15.2-16.8 m). Luminance gener

ally diminishes with distance and eccentricity to the right and left with 

the region of maximum luminance at all distances biased slightly to the 

right. These data are reasonably consistent with the pattern of light 

expected from conventionally mounted and aligned dual headlight systems 

operating on low beam. 

In the main text, nighttime visibility conditions are analyzed in 

terms of a simple headlight luminance distribution depending only on range 

down the road (Articles II.C and V.B), This headlight characteristic was 

obtained as follows. First, luminance values from the asphalt measurements 

of Table 23 were averaged over the 5 columns between 10 ft left and 10 ft 

right lateral distance and are illustrated in Fig. 57. These data should 

give a good average luminance for the headlight pattern in the region the 

delineation is likely to occur. Second, differences between asphalt and 

concrete retroreflectivity were taken into account. In general, these 

include a generally lower retroreflectivity of concrete versus asphalt at 

lower incidence angles (short ranges) plus a relative increase in retro

reflectivity of concrete with increasing incidence angle, i.e., increasing 

range. 62 These characteristics were combined with an overa~l general higher 

reflectivity expected of the older worn concrete surfaces or. o~r field test 

62Farber, E., and V. Bhise, "Development of a Headlight Eve.luation Model," 
in Driver Visual Needs in Night Driving, Transportatiol Research Board, 
Special Report No. 156, 1975, pp. 23-39. 
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sites compared to the new black asphalt surface used to measure the lumi

nance headlight pattern of Table 23 and Fig. 56. The resulting assumed 

roadway luminance as a function of range ahead of the driver is illustrated 

in Fig. 57. This assumed distribution was found to be comparable with 

luminance measurements made at the field test sites. 

I-SO TEST sm MElASUREMENTS 

It was originally intended to make all highway photometric measurements 

with the test vehicle positioned in the center of the right lane of the test 

locations. This would allow determination of the roadway and delineation 

luminance as actually seen by the drivers participating in the experiment. 

It was impossible, however, to obtain permission to block the lane at the 

1-80 test site. Consequently, all photometric measurements were made with 

the vehicle positioned off the right shoulder of the roadway with the van 

oriented approximately 10 deg off the direction of travel. Since contrast 

is defined as the ratio of the difference between object and background 

luminance divided by background luminance, this measure is not dependent 

upon absolute luminance levels. Therefore, the location of the van off 

the roadway with the headlights aimed over the roadway is satisfactory for 

obtaining relevant luminance levels with which to compute delineation con

trast. Unfortunately, since the headlight distribution pattern on the road

way is not representative of the headlight pattern of a vehicle actually 

traveling on the roadway, meaningful measures of roadway luminance as seen 

by the driver cannot be presented. 

Procedures 

All photometric measurements were made at night begi nning a rrjnimum of 

2 hr after sunset and ending at least 2 hr before sunrise. All measure

ments were taken with the roadway illuminated only by '~he headlights of the 

test vehicle when other vehicles were absent from both dil"E:ctions of travel 

on the roadway. During the taking of measurements the test "lehicle engine 

was run at least at 1500 rpm to ensure that the headligr.t intensity was thE: 

same for all measurements. 
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At each measurement site the front of the vehicle was positioned on an 

imaginary line extending perpendicular to the direction of travel and inter

secting the end of a painted segment of the lane line. Figure 58 is a 

schematic representation of the major features and dimensions of the test 

roadways and the location of the van in relation to the roadway during photo

metric measurements. The actual angle of the van in relation to the roadway 

was not measured, but it was positioned to maximize the amount of light fall

ing on the roadway over a distance of approximately 300 ft. 

At each of seven distances ranging from 25 to 300 ft (7.6 to 91.5 m) 

along the road, seven photometric measureS were taken, if possible. These 

points of measure from right to left were: 1) the shoulder immediately adja

cent to the right edge of the roadway; 2) the roadway immediately adjacent 

to the right shoulder; 3) the roadway immediately to the right of the lane 

line; 4) the lane line; 5) the roadway immediately adjacent to the left of 

the lane line; 6) the roadway immediately to the right of the left shoulder; 

and 7) the left shoulder immediately adjacent to the edge of the road. The 

circled numbers shown in Fig. 58 indicate the points at each distance along 

the road at which the photometric measures were taken. To facilitate having 

accurate distance measurements, the points for measurement along the roadway 

were chosen to correspond to the middle of successive lane line segments. 

Since the middle of each lane line segment is a distance of 24 ft (7.3 m), 

successive points were chosen in intervals of 24 ft or multiples of 24 ft. 

Also, because the van was appreciably offset from the roadway, the actual 

straight line distance between the center of the front of the van to the 

point of measurement, the true distances were calculated using the Pytha

gorean theorem. Table 24 shows the actual distance from the front of the 

van to the edges of the traveled way and lane line at each of the seven 

measurement distances. At each of the eight measurement sites, the center 

of the front of the van was 6 ft (1.8 m) to the right of the edge of the 

shoulder. The actual distance from the edge of the shoulder varied within 

±1 ft (0.3 m). Since this variation has a negligible effect on the calcu

lation of the true distance to the point of measurement, an average of 6 ft 

is used to simplify the calculations and presentation of the data. 
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TABLE 24 

TRUE DISTANCE IN FEET BETWEEN POJNTS OF PHOTOMETRIC MEASUREMENT 
AND FRONT OF VAN (CENTER OF KEADLIGHTS LOCATED 6 FEET 

TO RIGHT OF RIGHT SHOULDER) (1 ft = .3048 m) 

SPOT ON DISTANCE ALONG CENTER OF ROADWAY; ft 
ROADWAY 

19·5 43·5 67.5 91.5 139·5 187·5 

Right edge of 
25·2 46.4 69.4 92·9 140.4 188.2 traveled way 

Lane line 34.1 51.7 73.1 95·7 142.3 189.6 

Left edge of 44.5 59·1 78.5 99.9 145.1 191. 7 traveled way 

283·5 

283.9 

289.9 

286.3 

The measurement procedure was the same in all cases. The photometer 

located at the driver's eye position was checked for calibration prior to 

each series of measurement of the Seven points on the road at each distance. 

The 6 min aperture of the photometer was used for all measurements with the 

exception of the most distant, where a 2 min aperture was used. It was neces

sary to use the smaller aperture since at approximately 300 ftC 91.5 m) the 

4 in. (10.2 cm) width and projected length of a delineation line, such as a 

lane line, subtends a visual angle of only slightly greater than 2 min. Use 

of the larger 6 min aperture at the extreme distances would integrate lumi

nance from the roadway adjacent to the lane line which would tend to give a 

lower luminance reading than the luminance of the line itself. 

At each distance, the seven points on the road previously described were 

measured consecutively from left to right or right to left. To compensate 

for possible slight misalignments of the photometer when measuring the lane 

line, the position of the photometer was adjusted slightly in the horizontal 

and vertical direction until the maximum luminance value was obtained. The 

extent of the five horizontal and vertical adjustments never exceeded 2 min 

of arc. The luminance values were displayed directly on the photometer con

trol unit and recorded on a data sheet. Often the measurement to be made 

was near the lower sensitivity limit of the photometer. To ensure accuracy 
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of the measurement in these cases, several readings were taken and the 

luminance of the small area measured was derived by taking the mean of the 

repeated measurements. During the measurements, the interior of the van 

was completely darkened to preclude any reflected veiling luminance from 

the interior of the windshield. Each series of measurements proceeded from 

the nearest distance to the farthest. In some cases, particularly when the 

paint was worn, it was impossible for the individuals making the measurements 

to determine the location of the lane line, and no measurements were made. 

Results 

All obtained luminance data were converted to contrast data using the 

familiar formula: 

Luminance Contrast (32 ) 

which is non-dimensional, where 

Dr Target luminance 

LB Background luminance 

Delineation lines were always taken to be target luminance. For shoulder 

to roadway contrast, the choice of designating the roadway or shoulder as 

being the target or background is arbitrary. Since the left roadway was 

generally brighter than the left shoulder, the roadway was specified as 

the target; and since the right shoulder was generally brighter than the 

right roadway, the right shoulder was specified as the target. 

Two assumptions are incorporated in the results. The first is that 

the headlight illuminance on each local area of measurement, i.e., in the 

vicinity of the delineation lines or shoulder edge, ~as uniform. This 

assumption was reasonably satisfied by the headlighting pattern described 

previously. The second assumption is that the directional reflectance 

properties of the roadway and the delineation is the same at small angles 

diagonally across the roadway as it is parallel to the traveled way. That 
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is, since the van was located off the road, the horizontal angle of inci

dence and reflection was at some angle across the road, depending upon the 

distance of measurement, rather than parallel to the road. 

Three sets of photometric measurements were taken at eight sites on 

U. S. Highway 1-80 in the vicinity of Grass Valley, California. The char

acteristics and exact location of the eight sites are described elsewhere 

in this report (Article IV.C). The three sets of measurements designated 

Ml, M2, and M3 in the accompanying tables refer to three periods of measure

ment. The first set of photometric measurements, Ml, was taken on the nights 

of October 28 and 29, 1975. This was approximately 3 weeks after the test 

sites had been delineated with a different ratio of glass beads per gallon 

of paint at each test site by normal Caltrans maintenance personnel and 

equipment. The actual amount of beading used was shown earlier, in Article 

IV.C. In general, increasing amounts of beading were used from Test Sites 1 

to 4 in both directions. The original intention was that corresponding pairs 

of test sites for the two directions of travel, e.g., Site 1 westbound and 

Site 1 eastbound, would have the same proportion of beading per gallon of 

paint used. Subsequent laboratory analysis of the actual proportion of 

beading per gallon of paint revealed that only rough equivalence for each 

corresponding pair of test sites was achieved. The Ml measurements were 

made at all seven points across the road and at seven distances from the 

vehicle as described earlier. 

The second set of photometric measurements, M2, was made on March 16, 
1976, when the painted delineation was badly degraded from winter weather, 

snow plowing, road salting and sanding, and traffic abrasion. The M2 

measurements were principally confined to the lane line and the immediately 

adjacent roadway. In a few instances measurements of the shoulder and the 

roadway adjacent to the shoulder were also made. The measurements were 

made at the same locations of each of the eight test sites that the Ml set 

of measurements was made. 

The third set of photometric measurements, M3, was made on the night 

of April 24, 1976, approximately 2 weeks after the 1-80 test sites had 

been delineated with the conventional amount of glass beads per gallon of 
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paint (nominally, 6 Ib/gal; 0.72 kg/I) used on California highways. The M3 
measurements were made only at Test Sites 1 and 4 in the eastbound and west

bound directions. Both shoulders, the roadway, and the lane line were 

measured when possible. 

The computed contrast for each set of measurements for each test site 

and the average of all test sites is given in Tables 25 through 27. In 

addition, Table 28 shows the mean lane line to roadway contrast, averaged 

across all distances for each test site. 

Detailed interpretation of these photometric results should be approached 

cautiously since in most instances the contrast was computed for a single 

measurement of the target and background location. Variations in the tex

ture of the road, the presence of dirt or other foreign objects could easily 

influence the computed contrast values. Obtaining the photometric measure

ments was a time-consuming process, so it was not possible to make repeated 

measureS in most instances. 

It can be seen in Table 25 that the contrast of the right edge of the 

roadway to the right shoulder was on the order of one (1.0) or less at all 

test sites and all distances measured, although the roadway was concrete and 

the shoulder asphalt. 

The contrast of the lane lines to the center of the roadway immediately 

adjacent to it, given in Table 26 generally increases at all test sites 

to a distance of about 150 to 200 ft (45.8 to 61.0 m) and declines there

after. Marked differences in the contrast values for the Ml set of measure

ments at different sites are apparent. These differences are attributable 

mainly to the differences in the amount of beading per gallon of paint. The 

M2 set of measurements, after the paint had been worn, shows a general reduc

tion of contrast to values between 0 and 1.0, and perhaps a slight increase 

in contrast with distance. 

The contrast of the left shoulder to the left edge of the roadway is 

given in Table 27. No left shoulder measurements were possible at Site 

due to a homogeneous lane/shoulder asphalt surface. Except for Site 2, 

the contrast of the left shoulder to the roadway is similar for all sites 

and quite low, as was the case for the right shoulder. 
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The results of the M1 and M3 measurements seem to contradict common 

experience because these show increasing contrast with distance. Recall, 

however, that the contrast computations are independent of absolute lumi

nance. Since the contrast sensitivity of the eye is highly dependent on 

luminance, which decreases rapidly with distance from the vehicle, it 

appears to an observer that the contrast is decreasing. The reason for 

the photometric increase in contrast with distance is apparently due to 

the differential retroreflectance properties of the glass beading and/or 

paint; a relatively greater proportion of headlight light is reflected 

from delineation as the angle of incidence increases with increasing 

distance. 

In Article IV.F field test results are compared with measured delinea

tion contrasts. Average contrast over a number of observations for each 

test site and measurement period are given in Table 27. 

GENERAL COMMENT ON THE MEASUREMENT 
OF DELINEATION CONTRAST 

The relatively small amount of contrast data obtained during this 

study was achieved at a relatively high cost in equipment and labor. This 

methodology would not be practical or economical for a highway engineer 

wishing to measure the contrast of the painted delineation on a highway 

for determining whether it must be repainted. Ideally, the highway engi

neer should have a vehicle-mounted sensor which can simultaneously measure 

the luminance properties of delineation and roadway integrated over some 

distance. For simplicity and low cost it would be desirable to use a 

solid-state sensor or sensor array looking down on the roadway and delinea

tion. Some possibilities are discussed in Article V.D. 

There are two problems which must be ,kept in mind in taking this 

approach. First, the primary measure of interest is the contrast of the 

delineation as it would appear to the driver. Therefore, the incident 

angle of the illumination source and viewing angle of the sensor must be 

similar to that of the driver/headlight system (i.e., equivalent to 80 

to 89 deg). The specific angle should approximate typical driver viewing 

points down the road on the order of 100 ft (30.5 m). 
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A second problem has to do with the spectral ,characteristics of the 

typical, inexpensive sensor and the spectral reflectance properties of the 

roadway and delineation materials. A photometer, by its very name, implies 

that it measures radiance in a manner which corrects for the known spectral 

sensitivity function of the human eye. Photometers are expensive primarily 

due to the necessity for implementing these rather exact spectral correc

tions. The typical solid-state photosensor is maximally sensitive to wave 

lengths around 900 mm, having a rapid falloff in sensitivity for longer and 

shorter wave lengths. The use of one of these devices as a contrast measure

ment device presumes the ability to translate roadway and delineation material 

reflectance, within a restricted range of wave lengths, to the wave lengths 

within the visible spectrum. The spectral characteristics of new and aged 

highway and delineation materials have not been systematically cataloged, 

so care must be taken in choosing and/or adapting the sensor for an inex

pensive field test unit. 
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