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NOTICE
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1. INTRODUCTION
PROBLEM BACKGROUND

Highways are designed and operated tc
meet the mobility needs of people and
their vehicles. Since the driver and
the pedestrian are an integral part of
highway design and operation, it is
axiomatic that the capabilities of these
users be considered in the formulation
of design and operation standards, reg-
ulaticns or guidelines.

This being true, it is quite surprising
that the characteristics of the users
are given little formal attention in the
design of the highway facilities they
use. Consider the fact that in none of
the current design manuals {(e.g. 1,2)
published by che American Association
of State Highway and Transportation
Officlals (AASHTO) is there a specific
discussion of a ''design driver”* while
there 1s for design speed, design vol-
ume and design vehicle. There are
specifications, of sort, for driver
characteristics of driver eye height,
perception-reaction times, etec., burt
these are prescribed for specific stand-
ards. Likewise, in the Manual of Uni-
form Traffic Control Devices (3), only
casual reference is made to satisfying
driver characteristics with only a few
specific specifications established.

The notion of a design driver has al-
ways been a difficult concept to ad-
dress. There are several human charaec-
teristics, both anthropometric and
physical performance, that affect driv-
ing and walking. For many of

these characteristics there is a con-
siderable variation among the public. _
Even for any individual there may be a
variation in his/her physical perfor-
mance depending upon the highway situa-
tion or the person's condition. Also,
it is not clear how driver characteris-
tics are related to effective highway
design and safety. It is understand-
able, then, that a "design driver" has
not been formulated in official design
guides.

Periodically, highway design standards
should be reviewed in the light of
changed conditions. In regard to driv-
ers, there is a need to obtain basic
data on any changes in the population
distributieon and assess the effecrs of
these changes on highway design and
operation standards. One of the diffi-

*1his study deals with both drivers and
pedestrians; hence whenever "driver” is
used it {s meant to include pedestrians
as well,

culties in deciding how far to carry
highway design changes is thact the pro-
portion of drivers affected by scandards
is not known.

STUDY OBJECTIVES AND SCOPE

Concern for the above mentioned issues
has led to this sctudy. 1Its specific
objectives are enumerated below:

1. Identify highway design and traf-
fic operations standards, regula-
tions and guides that involve
driver characteristics.

2. TFrom available sources derive the
distribution of the identified
driver characteristics in the
U.S. driver population.

3. Determine the sensitivity of the
standards to changes in the driv-
er characteristic specification.

4, TFrom distribution data determine
the proportion of the driving
population excluded or inconven-
ienced by changes in driver
characreristic specifications.

5, Indicate where present driver
characteristic specifications are
too conservative (established
specification is too severe in
relation to the population dis-
tribution) or too liberal.

6. Indicate where a more precise
determination of the population
distribution for a specific
driver characteriscic would ap-
pear to be juscified.

The scope of the study deals with all
highway geometric design and traffic
operation standards, regulations and
guidelines* as adopted by the Federal
Highway Administration (FHWA), AASHTO,
the Inscitute of Transportatien En-
gineers (ITE) and other nationally rec-
ognized agencies. For the most part,
the standards were those centained in
the AASHTO manuals and the MUTCD.

In developing data on driver character-
istics, available literature was the
primary source supplemented by contacts
with various agencies and individuals.
Laboratory or field research was beyond
the scope of the scudy.

*Jnless otherwise specified, the term
standard will be used to include regu-
lations or guidelines.



ORGANIZATION OF REPORT

The remainder of the report is organized
into the following chapters:

Chapter II describes the geometric
design and operatiens standards
which have a driver characteris-
tic as a basis and identifies the
driver characreristic and current
specification.

Chapter III presents data on the
driver distribucion profile for
the relevant driver characteris-
tics.

Chapter IV discusses how the vari-
ous standards are affected by a
change in the driver characreris-
tic.

Chapter V summarizes the key find-
ings and presents recommendations.



II. IDENTIFICATION OF STANDARDS

Ir order to identify the relevant stand-
ards, numerous geometric design and
traffic nperations manuals, handbooks
and guides were reviewed. A complece
listing of these is provided in Table 1.
For each of these an indepth review was
performed to identify those standards
which are based on a driver characteris-
tic scated either explicitly or implic-
itly. These standards with their rele-
vant driver characteristics are identi-
fied in this chaprter.

The order of discussion is first geomet-
ric design standards and then traffic
operarions and rraffic concrol device
standards. Within these two groups,
standards which are based on an explicit
specification of a driver characteristic
are presented first followed by standards
that imply a driver characteristic.

GEOMETRIC DESIGN STANDARDS

Although there are several design guldes
related to geometric design, those pre-
pared by AASHTO are the primary refer-
ences and are the sources of the identi-
fied standards. FHWA does not publish
geometric design standards but does
adopt by reference those prepared by
AASHTO (4).

During the course of this project,
AASHTO, through its committee structure,
had prepared drafts of a new design
policy manual enticled A Policy on Geo-
metric Design for Highways and Streets
(3). LEven though not officially approved
as an AASHTO policy, it was used for this
project since it represented the most
recent position of design engineers and
would likely be approved and adopted
eventually. Also, as it turned out, our
review of the drafts uncovered some
errors and inconsistencies which could

be raken into consideration for the

final drafrc.

Major Degign Controls

It should be noted from the outset that
highways are designed on the basis of
some key parameters; namely, the current
or projected volume and directional dis-
tribuction of traffic, vehicle mix, the
level of service, and the desirable speed
and cthe degree of access control. Once
these parameters are set then certain
specific features can be designed. For
example, the minimum and desirable stop-
ping sight distance is determined from
the desired design speed.

The driver is not a major design control.
That is to say, when the overall design

type of a highway is being determined,
the types ans characteristics of the
driver are not explicitly considered.
Driver characteristics, however, are con-
sidered within the specific elements of
geometric design as will be evident from
the following discussion of the relevant
geometric design standards.

Stopping Sight Distance

AASHTO states the following regarding
stopping sight discance:

"Sisht distance is the length of
rocadway ahead visible to the driver.
The minimum sight distance available
on a roadway should be sufficiently
long to enable a vehicle traveling

at or near the design speed to stop
before reaching a stationary object
in its path, Al:hough greater length
is desirable, sight distance at every
point along the highway should be at
least that required for a below-
average operator or vehicle to stop
in this discance.

Stopping sight distance is the sum of
two distances: the distance traver-
sed by the vehicle from the instant
the driver sights an object neces-
sitating a stop to the instant the
brakes are applied and the distance
required to” stop the vehicle from the
instant brake application begins.
These are referred to as brake re-
action distance and braking distance,
respectively." (5)

In mathematical terms, stopping sight
distance is formulated in the following
expression:

2
v
2
v \ &
(sSD = 0.28 BV + yrxrreey)
where: SSD = stopping sight distance,

fr{m)

P = brake reaction time, sec.

V = inicial speed, mph (km/h)

f = coefficient of friction
between tires and road-
ways '

g = grade.

*As a convention, the equation with the
S1 (metric system) equivalents will al-
ways be shown in parentheses below the
equation wsing the English units whenever
it is different.



TABLE l--References Reviewed to Identify Standards Based
or Dependent on Driver Characteristics

ASSOCIATION OF STATE HIGEWAY & TRANSPORTATION OFFICIALS (AASHTO)

A Policy om Geomacrric Design of Highvays and Screets, Drafc

Geomacrice Dasign Cuide for Resurfacing, Rascoration and Rehabilication (R-R-R)
af Highways and Streets, 1977

Highway Design and Operational Practices Related to Highway Safety, Secand
Edition, 1974

A Policy on Design of Urban Highways and Arcerial Screscs, 1971

Geometric Design Culde for local Roads and Streets, 1971

A Policy on Design Standards for Stopping Sight Discaoce, 1971

Manual for Signing and Pavement Marking of tha National Syscem of Interatata
and Defense Highways, 1970

Geometric Design Scandards for Highways Ocher thao Freeways, 1969

A Policy on Design Standards, Inrerstate System, June 20, 1967

A Policy on Geocmetric Degign of Rural Highways, 1965

FEDERAL HIGHWAY ADMINISTRATION

Traffic Control Devices Handbook, An Oparating Cuida, Revisad Edicion, Drafc

Work Zome Traffic Control Standards and Cuidelines, (contailng Part VI of the
Manual on Uniform Traffic Control Devices and Part VI of che Traffic
Control Devices Handbook, An Operating Guide, Ravised Edition), April, 1980

Design of Urban Streets, Technology Sharing Report, FHWA-TS-80-204, January, 1980

Roadway Delineation Practices Handbook, January, 1980

Standard Highway Signs, 1979 Editicn

Manual on Uniform Traffic Control Devices Eor Screets and Highways, 1978 editionm
(including Revision #1 issued 12/79)

Roadway Lighting Handbook, Implementation Package 18-15, December, 1978

Railroad-Highway Grade Crossing Handbook, Techaology Sharing Report, FHWA-TS-
78-214, August, 1978

User's Guide to Positive Guidance, Juna, 1977

Standard Alphabecs for Highway Signs and Pavement Markings, 1977 Metric Edicion

Traffic Control Devices Handbook, An Operating Guide, December, 1974

FHPM 6-2-1-1 "Design Standards for Highways"

INSTITUTE OF TRANSPORTATION ENGINEERS

Transportacion and Traffic Engineering Handbook, ediced by John Baerwald,
Englewood Cliffs, NJ, Prentice-Hall, 1976

Guidelines for Urban Major Streec Design, (Tentative Recommended Practice),
May, 1979

Guidelines for Driveway Design and locatiocan, (Recommended Practice), 1975

Freeway Entranca Ramp Displays, (Recommended Practice), 1975

A Program for School Crossing Protection, (Recommended Practica), 1972

Proper location of Bus Stops, (Recommended Practice), 1967

Recommended Practices for Subdivision Streets, 1965

NATIONAL COMMITTEE ON UNIFORM TRAFFIC LAWS AND ORDINANCES

Uniform Vehicle Code and Model Traffic Ordinancs, 1968 edition (iocluding
Supplement III issued 1979)

TRANSPORTATION RESEARCH B3QARD

Incerim Materials on Highway Capacity, Transportation Research Circular 212, 1980
. Geometric Design Standards for Low-Volume Roads, Compendium 1, 1978
Highway Capacity Manual, Transpartation Research Board Special Report 87, 1965

OTHER

Introduction to Transportation Engineering by Everett C. Carter and Wolfgang
S. Homburger, Reston, VA: Reston Publishing Company, 1978

Fundamentals of Traffic Engineering, 9ch edition, by Wolfgang 5. Homburger and
James H. Kell, Berkeley, CA: Institute of Transportation Studies, University
of California, 1977

Teaffic Enginsering Theory and Practice by Louis J. Pignataro, Englewood
Cliffs, NJ: Prentice~fAall, I[nc., 1971

Traffic Flow Theory and Control by Donald L. Drew, New York, NY: McGremw-
Hill Book Company, 1968
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The AASHTO (3) scandards for scopping
sight discance are rounded from che com-
puted values. In all but one inscance,
the roundad values exceed che computed
values, thereby providing slighcly more
than 2.5 seconds for perception-reacclion
time, The minimum value Eor a design
ipead of 5Q mph (80 kam/h) Ls less chan
che actual computed value (175 fc

(114.3 @) vs 376.6 Ee (l14.7 m))., How-
aver, the effecc of chis shorcfall is
chat che maxipum allowable perception-

raaction cizne is reduced only to 2.48 sec.

As formulaced above, there are chree
basic human performance characteriscics
considered for stopping sight distancae:

e isual Capabllity - abilicy to
detect and perceliva an object {n
the roadway

¢ Informacion Processing - abilicy
to assess the informacion per-
celved and decide upon alternate
course of accion, L.e., dacision
making

¢ Brake Reaction - response time in
moving foot to brake pedal.

Collectively these characteriscics are
referred to as brake reactlon, P, or more
precisely termed che perception brake
reaction time. AASHTO (5) staces chat
"nerception time is che time required for
motor vehicle operators co come to che
reallzacion that the brakes mustc be
applied. It is che time lapsa from che
instant an object is visible ro the driv-
er to the instant he realizes that the
object is in his path and chat a scop
must be made’”. The brake reaction time
is "che cine required co apply brakes".
This was formerly labeled as the percep-
clon-intelleccion-emocion-volicion (PLEV)
Cime.

Tha current AASHTO specificacion for this
driver characterisctic is 2.5 seconds. As
specified in cthe AASHIO's Policy on Geo-
mecric Design of Rural Highways (1) chis
vaiuls was dete ne ol an assumed per-
caption time of 1.5 seconds and a brake
veaction time of 1.0 seconds. The valuas
do not relate to smy specific percentilae
of driver performance gut, rather, were
selected as being '"large enocugh to in-
clude the time taken by nearly all driy-
ers under most highway condicions.

Passing Sight Distance

AASHTO (5) has a design policy related co
minimwen passing sight discance required
o safely compi.:o normalrga::ing manaeu-
vers on two lane roads. e discancaes
recommanded by AASHTO are based on the

swmaction of the Ffollowiang four dis-
rances:

dy. the discance traversed during
perceprtion and reaccion time and
during che inicial acceleracion
to the point of encroachment on
che lefc lane;

dz. the discance traveled while che
passing vehicle occupias che lefct
lane;

d5, cthe distance between cthe passing
vehicle at the and of ics maneu-
ver and the opposing vehicle; and

d,, the discance traversed by an op-
posing vehicle for two-chirds of
the time che passing vehicle
occuples cthe left lane, or 2/3 of
dz.

The inicial maneuver discance, d,, has
two componants: a tima for pqrchcton
and reaction and a time during which che
vehicle i3 brought to the point of en-
¢roachment on che left, or passing, lans.
Fleld observacions. principally chose
documented by Prisk (6§), indicated chat
equation (2) below offers a relatively
accurate estimation of the discance
needed by the average driver to make che
initcial maneuver in 3 delayed, racher
than flying, pass:

d, = 1.47¢, (v - o+ “1) (2)
-7

at

V - m+ 1
(“1 =t ( T))
3.6
where: d1 = initial maneuver distance,
£t (m}

€t = initial maneuver time, ses

a = average accelsration, mph/
sec (km/h/s)

V = average speed of the passing
vehicle, mph (km/h)

m = difference in speed betwaen
the passing vehicle and the
passed vehicle, mph (km/h).

Note that equation (2) does not include

a specific driver characteristic variable
even though it is acknowledged that there
is a perception and reaction process.
This driver characteristic Ls actually
overlapped with the acceleration/maneuver
cime prior to encroachment on the passing
lane. That is to say that while the
driver is initlating a passing maneuver,
the driver is both perceiving/reacting
and accelerating/maneuvering. In com-
bination, the driver and vahicle charac-



teristics form a performance characteris-
tic--initial maneuver time. AASHTO esti-
mates the total time for the initial ma=-
neuver to fall within the 3.6 to 4.5
second range based on the results of
empirical sctudies. :

The distance d, travelled by the passing
vehicle in the“left lane, like the d
distance described above, is estimatld
by AASHTO based on field observarions.
The formula used to compute the design
values 1is as follows:

d, = 1.47 Vo, )]

(d,

0.28Ve,)

where: d2 = distance traveled in the
passing lane, fr (m)

t, = time that the passing vehi-
cle occuples the left lane,
sec

V = average speed of passing
vehicle, mph (km/h)

This distance is based on cbserved driv-
er performance which could be considered
to be a function of both driver and vehi-
¢le characreriscies. Driver/vehicle per-
formance is integrally related to the
vehicle capabilities and the control
skills of the driver. From an analytical
perspective of the driving task, it would
be impractical to attempt to separate the
two.

The minimum preferred clearance lengths,
d,, between the passing and opposing
vghicles at the end of the passing maneu-
ver vary between 100 feer (30.5m) and
300 feet {91.4m) depending on vehicle
speeds. The values were based on field
observations of driver performance. Al-
though not specified, an inherent driver
characteristic is the driver's abilicy
to judge the distance between the two
vehicles and the relactive speeds and the
driver's acceptance of minimum clearance
threshold. This situation is analogous
to gap acceptance at intersections or
for lane merging.

" The discance,

d,, traversed by the oppos-
ing vehicle is éom

puted as two-thirds of
the d, distance. The basis for this
figurz is chat passing sight distance
should include the distance traversed by
an opposing vehicle during all but the
first phase of the total passing maneu-
ver. Since d, {5 simply a function of
d,, then the éiscussion of the driver
cgaracteristic for that element applies
here.

Decision Sight Distance

Decision sight distance is a new geomet-
ric design standard being included in

the AASHTO's "A Policy on Geometric
Design of Highways and Screets” (5). It
has been defined as ''the distance re-
quired for a driver to detect an unex-
pected or otherwise difficulc-to-perceive
information source or hazard in a road-
way environment that may be visually
cluttered, recognize the hazard or its
threac porential select an appropriate
speed and path, and initiate and complete
the required safety maneuver safely and
efficiently” (7). McGee et al. (8) analyt-
ically derived and empirically validated
a range of decision sight distances based
on premaneuver and maneuver times.

The distances are displayed in a table in
the AASHTQ policy (5) but can be derived
from the following formula:

DSD = 1,47VT (&)
(DSD = 0.28VT)
where:

DSD = decision sight distance
fr (m)

V = design speed, mph (km/h)}

T = total time for detection
‘and recognition plus
decision and response plus
time to change lanes™®, sec

Decision sight distances is meant to be
provided "whenever there is a likelihood
for error in either information recep-
tion, decisionmaking, or control
actions” (S5). Examples would be inter-
changes and intersection locations where
unusual or unexpected maneuvers are re-
quired, changes in cross section such as
toll plazas and lane drops, etc.

Decision sight distance is very much de-
pendent upon several driver characteris-
tics, those being the time it takes for
a motorist to detect and recognize an
object or situation requiring some
action, the time it takes to decide what
course of action to take, and finally,
the physical response time to initiate
the manuever.

*Since in many cases changing lanes would
be the desired maneuver, e.g., for lane
drops, a time for lane changing was used
as the maneuver element. If, however, a
different maneuver is more critical to a
particular design situation, the time to
complete that maneuver could be used in
lieu of lane changing time.



Also, it could be argued that the maneu-
ver time is a driver characteristic¢ in
that the rime it rakes to change a lane,
for example, is dependent not only upon
the characteristics of the vehicle but
also the driver's performance.” However,
it seems more logical to treat this as-
pect as a vehicle characteristic.

The specifications for cthe driver char-
acteristics are presented as a law and
high value and dependent upon speed.

For the combined detection plus recogni-
tion characteriscic, the values are 1.5
to 3.0 seconds for design speeds of 50
mph (B0 km/h) or lower. For higher
speeds, the range is 2.0 to 3.0 seconds.
For the combined decision and response
initiation, a range of values is 4.2 to
6.5 for the lower speeds and 4.7 to 7.0
seconds for the higher speeds.

The ranges were provided with the general
guideline that the lower end is the
minimum acceptable for situations of
moderace complexity or visual clutter and
the upper is desirable for highly complex
or visually cluttered locations, The
values do not apply to any specific driv-
ing population; although in seleccing
them the value of the mean plus one
standard deviation from the field scudies
(8) was used as a comparison value.

Intersection Sight Distance

AASHTO (5) states the following in re-
gard to intersection sight discance:

"The operator of-a vehicle approach-
ing an intersection at grade should
have an unobstructed view of the whole
intersection and a sufficient length
of the intersecting highway to permit
control of the vehicle to avoid col-
lisions. When traffic at the inter-
section is controlled by signals or
signs, the unobstructed view may be
limited to the area of control. The
minimum sight distance considered
safe under various assumptions of
physical conditions and driver be-
havior is directly related to vehicle
speeds and to the resultant distances
traversed during perception, reaction
time, and braking.'

"The minimum intersection sight distances
have been computed by AASHTO (5) for five
general cases:

I - Enabling Vehicles to Adjust
Speed
IT - Enabling Vehicles to Stop
LIT - Enabling Stopped Vehicles to

Cross cthe Major Highway

I3

IV & V - Safe Distances for Pas-
senger (P} Vehicles Turning
Left Onto Two-Lane Highways
from a Stopped Position.

The last two cases are new standards for

AASHIO. Each case is discussed sepa-
rately.
Case I

- Enablin§7Vehicles o
Adjust Speed

At an intersection where no approach leg
1s controlled by stop signa, yield signs
or traffic signals, a driver of a vehicle
approaching an intersectcion must be pro-
vided adequate sight distance both to
perceive the potenrially confliccting
movement of a crossing vehicle and co
take the necessary countermeasure. In
this case, only enough sight distance ig
provided co enable approaching vehicles
to adjust speed and avoid a collision.
The AASHTO policy provides distances for
various vehicle speeds. These distances
are rounded off values derived from the
following equation:

+ D= 1.47 Vt (5)
(D = 0.2BVe)
where:

D = minimum sight triangle dis-
tance, fc (m)

V = vehicle speed, mph (km/h)
t = 3 seconds

The three seconds is the sum of two sec-
onds for perceprion and reaction and one
second to activate braking or accelera-

ting to regulate speed.

The equation above is technically in-
correct since it applies the same vehicle
speed for the full three seconds. In
fact, for the last second there is, pre-
sumably, a changing speed, either higher
or lower. However, given the short time
of only one second, the actual distance
is closely approximated by the formula.

The driver characteristic here is the
perception-reaction time. One of the
two approaching drivers has to perceive
the other oncoming vehicle and react to
it. The specification for this charac-
teristic is set at 1.5 to 2.0 seconds,
although 2.0 seconds is used in deriv-
ing the recommended values. The addi-
tional second is technically not a
driver characteristic but rather a time
period over which speed is changed. No
statement is made as to what percentile
of drivers the specification applies.



Cage II - Enabling Vehicle to Stop

The AASHTO (35) policy for Case [I Inter-
section Sighet Discance requires that a
driver of a vehicle moving toward an un-
controlled intersection be-able to see
the incersecting highway in sufficient
cime to stop the vehicle before reach-
ing the intersection. ''Seeing che incer-
secting highway'” means sighting a vehi-
cle on the adjacent approach not yet in
the intersection proper.

The distances recommended are those used
for the design at any octher section of
highway, L.e., stopping sight distance.
Consequently, the driver characteristic
1s the perception-reaction time which

19 specified as 2.5 seconds.

Case III - Enabling Scopped Vehicles
to Lrogs Major Street

Case III applies to incersections con-
trolled by scop signs on the minor road.
The current AASHTO(5) standard calls for
the driver of a sropped vehicle at the
intersection to be able to see enough of
the major highway to safely cross before
a vehicle on the major highway reaches
the intersection. AASHTO states, "'The
length of the major roadway open to view
must be greater than che product of ics
design speed and the time necessary for
the scopped vehicle to start and cross
the road"”. The AASHTO formulation is

as follows:

D= 1.47 v (J * ¢, (6)
(o = 0.28 V(I + ta))

where: D = minimum or desirable sight
distance along the major
highway from the intersec-
tion, fr (m)

V = design speed on the major
highway, mph (km/h)

J = gum of the perception time
and cthe time required to
actuate the clutch or actu=-
ate an automatic shift, sec

t, = time required to accelerace
and traverse the distance,
S, to clear che major high-
way pavement, seg

S = the distance chac the c¢ross-
ing vehicle must travel to
clear the major highway,
fr (m)

=D +W +L

D = distance from near edge of
pavement to the front of a
stopped vehicle, Eft (m)

W = pavement width along path of
ctossing vehicle, fr (m)

L = overall length of vehicle,
fc (m)

The driver characteriscic in che above
formulation is the perception-reaction
time, J, which "represents tha time nec-
essary for the vehicle's operator to
look in both directions on the roadway,
to perceive that there is sufficienc cime
to crosy cthe road safely, and te shife
gears, if necessary, preparatory to
starcing” (5). The specification Ls

2.0 seconds which "represents the time
caken by a small percentage of 3slower
drivers”. AASHIO furcher indicates that
a lower, unspecified value mighc apply
in urban and suburban areas where there
are many stop sign controlled intersec-
tions.

Case IV and V - Safe Discance for
P Vehicleg Turning Lefc Onro Two-Lane
Highways from a Stopped Fosition

These are two new cases which were in-
cluded inco the draft AASHTO design
policy (5). Case IV is for a passenger
(P) vehicle turning left from a stopped
position across the path of a vehicle
approaching from the lefr. Case V is
for a passenger vehicle turning lefr and
1g overctaken by a vehicle approaching
from the right. (The case for a vehicle
turning right 1s not explieicly dis-
cussed but it would be somewhar less
than Case V.)

The AASHTO policy does not provide forme-
ulas for determining the two sight
distance requirements; racher, it in-
cludes Figure 1 which is a plot of
speed versus sighet distance for Cases
[I-V. Background information (9) re-
lated to the development of the plots
for Cases IV and V indicate that the
same driver characceriscic applies, i.e.
the perception-reaction time prior to
entering the intersection. 'The differ-
ences between Cases III, IV and V is
with the relevant manuaver times, which
for the purposes of this scudy are not
considered driver characteristics.
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FIGURE 1 - Intersection Sight Distance at At-Grade Intersections

Scurce:

Note:

AASHTO (5) (Note: original source: The Dynamic Design for
Safety, October 1975, and expanded by data furnished by
Jack E. Leisch & Associates)

The SI (metric) conversions are 1 mph = 1.61 km/h
and 1 fe = 0.3 m.



Driveway Sight Distance

Another specific case where sight dis-
tance deserves special attention is at
driveways. However, there is a great
deal of inconsistency among the basic
references. Only general guidelines on
location and spacing of driveways appear
in the draft of A Policy on the Geomet-
ric Design of Highways and Streets (5]).
this AASHTO policy cites two volumes of
a report entitled "Technical Guidelines
for the Control of Direct Access to
Arterlal Highways" (10) as suggested re-
ferences for the major design and con-
trol features. The minimum driveway
sight distances recommended in these
reporta are the outdated minimum stop-
ping sight distances and the outdated
desirable stopping sight distances that
appeared in A Policy on Geometric Design
of Urban Highways and Arterial Streets
{Zy. These sight distances were based
on an explicic specification of a driver
perception-brake reaction time of 2.5
seconds.

The 1980 Federal Highway Administration
report, "Design of Urban Streets" (l1),
recommends the adequate driveway sight
distances formulated in "NCHRP Report 53,
"Guidelines for Medial and Marginal
Access Control on Major Roadways'
These required sight distances are
tabled below:

(12)

Throuzh Speed Minimum Sight Distance

mph {km/h) fr (m)
20 (32) 235 ( 70)
30 (48) 430 (130)
40 (64) 700 (210)
50 (80) 1,015 (303)
60 (97 1,400 (420)
These values were developed on the as-

sumption that vehicles have to turn into
the traffic stream rather than just cross
the street. The assumptions used were a
perception-reaction time of 1 second and
the time required to accelerate to the
operating speed as a rate of 3.0 faer/
second® (0.9m/sec<) for the vehicle
entering the street and a minimum safe
following headway of 1 second berween

the entering vehicle and the main

street vehicle. The 1 second perception-
reaction time is lower that that used

by AASHTO for intersection sight dis-
tance standards. 5Still the values are
nearly idencical with those determined
from curve D of Figure 1, which repre-
sents Case V, the longest distance stand-
ard for an intersection.

One of the Institute of Transportation
Engineers recommended practices, Guide-

lines for Driveway Design and Location
(13), also specifies driveway sight dis-
tances. Different sight distances are
recormended for:

(1) passenger cars exiting from
driveways onto two-lane roads,

(2) passenger cars exiting from
driveways onto four- and six-
lane roads,

(3) semi-trailers exiting from
driveways onto two-lane roads,

(4) semi-tralilers exiting from
driveways onto four- and six-
lane roads,

(5) passenger cars entering one-way
driveways by left turns, and

(6) semi-trailers entering one-way

driveways by left turms.

A table with recommended distances 1is
provided for each of the six cases cited
above., How the values were determined
is not described, but the distances
were calculated to enable exiting vehi-
cles:
(1) upon turning left or right, to
accelerate to the operating
speed 'of the street without
causing approaching vehicles to
reduce speed by more than 10
miles per hour, and
(2) upon turning left, to clear the
rear half of the street without
conflicting with vehicles ap-
proaching from the left.

The driver characteristic, perceprion-
reaction time, must have been consider-
. ed in the development of the distances
as evidenced by the following passage
from the ITE document:
The sight distances are for urban
conditions. In order to convert
these to rural conditions, where
driver reaction times are longer
sight distances should be increased
by 10 percent.

Therefore, the driveway sight distance
standard is based on an unspecified
driver perception-reaction time,

Railroad-Highway Grade Crossing Sight
Distance

An imporrant element in the design of
railroad grade crossings is the pro-
vision of adequate sight distance

10



especially at locations not controlled
by signal or gates. This sirtuaction is
analogous to highway intersection sight
distance requirements in that chere must
be an adequate corner sight triangle as
well as sighct discance along the rail-
road for vehicles stopped ar the cross-
ing.

Sight distance requirements for railroad-
highway grade crossings have appeared in
several refarences including AASHTO's A
Policy on Geometric Design ?or Rural
Highways and Screets (5), NCRHP Report

, and the Railroad-Highway Grade

Crossing Handbook (37). However, the
most current standard 1s now included in
Traffie Control Devices Handbook, Parc

T raftic Contro ystems for Rallroad
Highway Grade Crossings (L7..

This reference establishes sight distances
for chree events which can occur at a
highway-rallroad grade crossing. These
events are:

¢ cthe motorist moving at highway
speed can cbserve the approaching
train in a sight line which will
safely allow the highway vehicle
o pass thraugh the grade crossing
prior to che crain's arrival ac
the crossing;

¢ the motorist can observe che
approaching train in a sight line
which will permit che highway
vehicle tc be brought to a stop
prior to encroachment in the
crossing area; and

® che motorist has stopped and can
aobserve the approaching train in
a line of sight that will safely
allow the highway vehicle co
accelerate and clear the crossing
prior to cthe arrival of the train.

The first two resulcs in a corner sight
distance criangle which, for the purpose
of this analysis, will be labeled Case I,
and the third event resulcs in a sighc
distance along the rallroad from a stop-
ped véhicle posicion which will be label-
ed Case II. Each i3 discussed separately
In regard cto the driver characteristcic
and its specificacion.

Case I - Corner Sight Distance Triangle-~
The first of the two sight distance re-
quirements applies to a visiblitcy cri-
angle such that a driver can see an
approaching train from a cercain cricical
distance from che crossing. The triangle
is defined by cwo sides: the distance
along the tracks (D..) and the distance
along che highway (B }. These discances
are developei from tile following two
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equations:

v
Dy = L.&7 V t + qgz + D + &

@

D. = U1
o~

(DT

where: DH -

:VT
7

V.2
(1)

V.2

v
= (0,28 v,t +25§? + D + de)

V.2
v
(1.‘07 VVE + m + 2D + L + W)(g)

T]"'z
(o.za Voo bysip 0+ L+ ))

sight distance along the high-
way for a vehicle to cross
tracks safely even rhough a
train is observed at the same
inscant, or to safely scop

the vehicle without encroach-
ment of the crossing area,

fc (m)

sight distance along the rail-
road tracks to permit the same
vehicle manuevers as for dH

fc (m)

assumed velocitcy of the wvehicle,
mph (km/h)

velocicy of the train, mph
{km/h)

perception/reaction time, sec
coefficient of fricrion

distance from the stop line or
front of che vehicle to rhe
nearest rail, fc (m). This
value is assumed to be LS5 feer
(6.5 m)

discance from the driver to the
front of cthe vehicle, ft (m).
This value ls assumed to be

LO feer (3 m)

lengch of vehicle, fr (m).
Thig ls assumed to be 65 feet
(19.5 m)

discance between outer rails,
fr (m). For a single track
this value {3 5 feet (1.5 m).

The basis for equacion (7) is chac a

driver ctravelling at speed V

shauld be

able to see the crossing (ch¥ cracks,

or train on
the scop

line.

ic) such that he can stop at
In ocher words it 1is che

stopplng sighc discance plus the distance

from che

driver eye to the front of the



vehicle, and the distance from che scop
line o the nearest rail.

The basis for equation (8) is that a
driver travelling at speed V_ should be
able to see an approaching ttain travel-
ling at speed V., at a distance D, along
the track so thSc he can cravel cﬁe dig-
tance from the poinc escablished by equa-
tion (7), {.e., the stopping sight dis-
tance, to the other side of che cross-
ing wich che rear of the vehicle ac the
opposite side stop line by the time chat
the train reaches the crossing.

Both equacions incorpcorace a driver
characteristic--perception-brake reac-
tion time. 1Its current speciflicacion is
2.5 seconds. Nowhere 13 there any dis-
cussion of the origin or validicy of che
2.5 second value. Presumably it is
carried over from the perception-brake
reaccion time specificacion used for
scopplng sighe distance.

Case IT - Sight Distance Along Railroad
tor Stopped Vehicles te Cross in Front

of Train--lhe second sight distance re-
quirement is to provide the driver suf-
ficient sight discance along the railroad
in order to cross in front of a train
from a stopped position at the crossing.
This would apply for all crossings re-
gardless of the type of control because
there is always the likelihocd thac ve-
hicle will be stopped at the crossing.
Unless exempted (as indicated by a sup-
vlemental sign) vehicles carrying pas-
sengers for hire, school busesg or vehicles
carrying flammable or hazardous materials
are required to stop at all crossings.

The required sight discance can be derer-
mined from the following formula:

vc L +20 +W - da
T - 4 ! e ———————————————————
Dy = L.47 JT( " + v + J) (9
¢
v L+20 +W-~4d
(Dr = 0.28 vl.(;g + - 2, J))
1 G

where: D, = sight discance along the
rallroad required for a
stopped vehicle to cross
in fronc of a train, mea-
sured from either the left
or right edge of the travel-
led way, whichever ls neater
ch§ approaching train, fr
(m

UT = speed of che train, mph
(km/h)

VC = maximum speed of vehicla in
firsc zear, assunmed 3.8 £os
(.64 m/sec)

1, = acceleration of vehicle in
first gear, _assumed l.47 fc/s*®
(0.44 m/sec?)

L = length of vehicle, assumed
65 feer (19.5 m)

D » disrance from scop line to
nearest rail, assumed 13
feert (4.5 m)

W = distance berween outer rails,
for single track, W = 5 feec
(1.5 m)

J = sum of the perception cime
and che time required to
activace che clutch or an
automati¢ shifc (assumed
2 sec)

d_ = distance vehicle travels
while accelerating -o maxi-
mum speed ln first gear; or:

ma.an " 26.4 feer (7.92 2)

The formula merely sctates thact che dis-
tance required is equal co the speed of
the train cimes the rime ic cakes for a
vehicle to reach maxioum speed in firsc
gear and travel across the cracks co a
postiion where the rear of the vehicle is
act the opposite side stop line. Also
included in this process is a zime for
percepcion-reaction which is cthe driver
characteristic. The specification fer
the driver characreristic is 2.0 seconds
which 13 the same thact is used for Inter-
section Sight Discance, Case [LII.

Crest Vertical Curve Length
As noted by AASHTO (53), the major control
for safe operation on crest vertical curves
Ls the provisicn of ample sight distance
for the design speed. For most situations
stopping sight discance i3 required but

for some complex decision areas, decision
sighe discance should dictate.

The formulas provided by AASHIO for deter-
mining the lengcth of parobolic vercical
curves are in terma of cthe algebrailc
difference in grade and sight distance:

For <L 2
AS

A TT——————— (1o
L = 230¢ i+ /@) )
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For S >L s
200( yH +J H }
L = 2§ - J_—; = (1L
where: L = length of vertical curve,

fr (m)
S = sight distance, ftr (m)

A = algebraic difference in
grades, percent

H = heiahc of driver’'s aye above
roadway surface, fr (m)

H_ = height of sighted object
above roadway surface, ft
{m)

Lengths of crest vertical curves are ex-
plicitly based on two driver character-
istics: —the perceprion brake reacrion
time required for stopping sight dis-
tance and driver eye height. The speci-
fication for the former is 2.5 seconds
as discussed under Stopping Sight Dis-
tance.

Driver eye height is defined by AASHTO
{(5) as the vertical distance between the
roadway surface and the driver's eyes.
This vertical distance is a function of
both driver and vehicle characteristics.
The principal driver characteristic’in-
fluencing the eye height is the driver's
anthropometric measurements; in partic-
ular seated eye height, weight, and
driving posture. The seated eye height
is the distance begween the seatr and the
eyes of the seated individual; obviocusly,
this measurement when combined with the
height of the seat relative to the road-
way surface yields the driver eye heighrt.
In addicion, however, the weight of the
individual has a direct bearing on how
compressed the seat springs and cushion
are (and cthus che height of the seart)
when the driver is seated. Also, the
driver has a preferred driving posture

as reflected in the front-to-back posi-
tioning of the seat (which usually has a
vertical component as well as horizontal)
and the seat back angle (if it is adjusc-
able in the particular vehicle model).

In AASHTO's A Policy on Geometric Design
of Rural Highways (l) and in the MUTCD
(3), the driver eye height is specifled
as 3.75 feet (l.14 m)* which was only
slightly lower than the median eye height
for the 1960 model year. The current
draft of AASHTO's revised policy manual
(5) specified a driver eye height of

3.5 feer (1.07 m) which is purported rto

*A reduction to 3.5 feet (1.05 m) was re-
cently proposed for the MUTCD.

represent the average for vehicles since
1960.

Sag Verrical Curve Length

Lengths of sag vertical curves have been
designed in the past using four different
methods: 1) headlight sight discance,

2) rider comfort, 3) drainage control,
and 4) a general appearance rule-of-
thumb. AASHTO (1,5) has established the
headlight sight distance method as the
criterion to establish design values for
sag Vertical curve length.

The basic premise of the headlight sight
distance method is that sight distance
at night i3 dependent on the height of
the headlamps above the roadway surface,
the direction of the light beam, and the
geomerrics of the sag vertical curve.
The formulas used to compute this dis-
tance as listed by AASHTO (1) are as
follows:

for S <L
2
- AS
L +5 tan (EE)
for S>L
L =25 - 2?0 (4 Z S_tanB) (13)
where: L = Length of sag vertical curve,

fr (m),
§ = Sight distance, fr (m), -

A = Algebraic difference in
grades, percent,

B * Divergence angle of light
beam from the longitudinal
axis of the vehicle head-
light, degrees,

H = Headlight height, fr (m)

AASHTO (5) recommends the use of 2.0 feet
(0.61lm) for the headlight height and 1°
for the upward divergence of the light
beam from the longitudinal axis of the
vehicle. Based on these two assumptions,
the formulas reduce to:

for S<L
2
_ AS
L = 250+ 753 (1e)
2
/v _ AS
\L (1 + 58 )
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for SDL
L = 25 - 400 + 3.58
400 + 3.58

(L - 28 - (122 + 3.55))
222 ¢ 3.39

The sight distance on a sag vercical
curve should be designed to be no smaller
than the stopping sight distance needed
for vehicles traveling acr the roadway
design speed. The length of the curve
is, therefore, a function of stopping
sight distance which can be subscituced
for "S"” in the above formulas, With
length of sag vertical curve being de-
pendent, in part, on sctopping sight
distance, the driver characteristic is
the perceprion-brake reaction time.

Horizontal Curvature

The maximum degree of curvature, or the
minimum radius, is a limiting value for
a gilven design speed determined from
the maximum rate of superelevation and
the maximum side friction faccor

(AASHTO, 1l). The minimum safe radius,
R, can be calculated from the standard
curve formula:
v? 16
R T (19
2
v
(R TTIT e ¥ E))
where: R - radius of curve, fr (m)
V - vehicle speed, mph, (km/h)
e - rate of roadway supereleva-
tion, fr/fec(m/m)
f = side fricrcion factor
At first glance it would seem that there

i3 no explicic driver characteristic
involved here. But furcther examination
of the basts for selecting the design
values of gide friction Ffactor, f, in-
dicates that there may be.

From the dynamics of a vehicle operating
on a curve and for given superelevation
there is a speed, known as equilibrium
speed, at which a car steers itself
around the curve and the side friction
factor, f, is zero. At other than
equilibrium speed, side fricrion or a
side thrust develops which is felt by
the driver. There is a maximum value of
"f' at which skidding is imminent and
this depends principally upon the speed
of che vehicle, the condicion of che
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tires, and cthe characteriscics of the
roadway surface. As reported in the drafe
of the revised AASHTO design manual (5)
studies show that maximum side friction
factors developed between new tires and
wet concrete pavement range from about
0.5 at 20 mph (32 km/h) to approximately
0.35 ac 60 mph (97 km/h). For normal
Wet concrete pavement and smoocth tires
the value is abour 0.35 ac 45 mph (72
km/h). These values are applicable to
automobilas.

However, curves are not designed on the
basis of cthese maximum side friccion
facrorg. The AASHTO manual (5) states
"the portion of the side frictlon factor
that can be used witch comforc and safecy
by a vast majority of drivers should be
the maximum allowable value for design.
In selecting maximum allowable side
friction factors for use in design, one
cricterlon is the point at which the
centrifugal force is sufficient to cause
the driver to experience a feeling of
discomfort and cause him to react in-
stinctively to avold higher speed. The
speed on a curve, at which discomforct
due to the centrifugal force i3 evident
to the driver, can be accepted as a
design control for the maximum allowable
amount of side friccion.”

So for rthis standard, there is a driver
characterisczic, driver (dis)comfort, which
i3 a term to describe the driver's kin-
eschetic feeling as he drives through a
curve. The discomfort threshold is
likely to vary by che driver and the
vehicle, specifically its center of
gravity. Figure 2, extracted from
AASHTO (5), surmarizes the resul:zs of
early studies of side friction factors.
Special note is made of the Arizona curve
which purports to represent the values

at each speed where comfort ends and dis-
comfort begins, f.e., the discomforc
threshold. The straight line represents
the values assumed for design and, there-
fore, represent the specifigation of the
driver characteristic.

Lateral Clearance to Sight Obstructions
an Horizontal Clrcular Curves

Sight distance for drivers of vehicles
onn horizontal curves can be obstructed
by the terraln, cut slopes, walls,
buildings, guardrail, etc. on the in-
side of che curve. In order to provide
adequate sight distance for stopping or
passing, it is necessary for these
obstructions to be set back from the
roadway pavement a sufficient distance
for che driver to see across the inside
of the curve. The required set back
can be calculated from the following
equacion:
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m = R vers (28.65)5

(m - R vers(Q&ﬂ#

minimum laceral clearance
(or the middle ordinace of
the horizontal curve) meas-
ured from the centerline of
the inside lane to the sight
obszruccion, £fe (m)

where: m =

S = sighc distance measured
along the centerline of the
ingside lane, fr (m)
R = radius of che curve measured
to the cencerline of che
ingide lane, ft (m)
vers = 1 - cos

AASHTO (5) provides design scandards for
the provision of stopping sight distance.
The AASHTO guidelines note that design
for the provision of passing sight dis-
cance 1s usually flmpractical except on
very flat curves. Because sighc distance
is an independent variable in the egua-
tions, elther stopping or passing sight
distance can be inserted to calculate rhe
appropriate outputs. Using the minimum
stoppling sight distance as the lower
limic and the desirable stopping sighe
distance as the upper limit, che minimum
lateral clearance can be determined.

This AASHTO standard is simply an appli-
cation of stopping sighc disctance formu-
lation which in turn is based direectly
on cthe driver characteristic perception-
brake reaction time., The AASHTO speci-
fication for perception-brake reaction
time ‘13 2.5 seconds.

Sight Distance Measuring Criteria

The various design sight distance re-
quirements are verified through measure-
ment, Sighe digcance i3 the distance
along a roadway that an objlect of speci-
fled height is continuously visible to
the driver, It {3 measured from a
specified driver eye height to a speci-
fied object height and often recorded
graphically on plans. In A Policg on
Geometric Design of Highways an treets
(37, the helghc of driver’'s eye is
specified as 3.5 feet (1.07 m) above the
roadway surface. Consequencly, stopping
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sight discance, passing sighe disrance
on two-lane highways, decision sight
distance, lntersection sight discance,
railrcad-highway grade crossing sight
distance and all other sight distances
shall be measured from a driver's eye
height of 3.5 feetr (1.07 m).

Although the driver's eye height i3 an
explicic specificarion of a driver charag-
teriscic, the object helght is noc. How-
ever, Lt could be considered indirectly
related to a driver characteriscic:

visien and, in particular, visual acuicy.

The object heighc specificarion for meas-
uring stopplng sight distance and decision
sight distance is 6 inches (0.15 m).

"The basis far itrg selecrion was largely
an arbitrarg rationalizacicon of possible
hazardous object size and a driver's
abilicy to perceive and react to a hazard-
ous situation.” (5)

Tha currenc object heighr specification
for measuring intersection sighc dis-
tance, design passing sight distance for
two-lane highways, and stopping sight
distance on two-directional, one-lane
roads ig 4.25 feer (1.30m). This value
represents the present average vehicle
height. It is alsc noted by AASHTO (5)
that "passing sight distances calculated
on this basis (using 4.25 feet (1.230m)
above the pavement as the object height)
are also considered adequate for night
condicions because the beams of the
headlighcs of an opposing vehicle gen-
erally are seen in the daylighc".

In che MUTCD (3), a 3.75 feet (1.07m)
object height 1s specified to measure
sight distance for placing no passing
zone markings on completed highways.
No rationale could be ascertained for
chis specification.

TRAFFIC OPERATIONS AND TRAFFIC CONTROL
DEVICE STANDARDS -

As wich cthe geomecric design standards,
there are a variecy of references which
contain nationally recognized standards
related to traffic operations and traf-
fic control devices. However, the one
reference which contained the majoricy
of driver characteristic based stand-
ards tg the Manual on Uniform Trafflec
Control Devices For Streets and Highways
(3) approved and published by tawWaA.
Another reference which provided the
standards included the ITE's Transpor-
tation and Traffic Engineerin Ransﬁook
(L8} and the lraffic Eéf

ntrol Device




Handbook (17) which is currencly under
Tevision by FHWA. A discussion of the
relevant standards follows.

Adequate Gap Time for School Crossing
Traffic Signal Warrant -

Warrants for traffic signals are listed
in the MUTCD (3). One warrant pertalns
to schodl crossings and is stated as
follows:

A traffic concrol signal may be war-
ranted at an established school
crossing when a traffic engineering
study of the frequency and adequacy
of gaps 1n the vehicular traffic
stream as related to the number and
size of groups of achool children

at the school crossing shows that the
number of adequate gaps in the traf-
fic stream during the periocd when the
children are using the crossing is
less than the number of minutes in
the same period. (Section 4C-6)

The recommended traffic engineering
study is prescribed in the MUTCD (3):

A recommended practice for determin-
ing the frequency and adequacy of
gaps in the vehicular traffic stream
is given in the Institute of Trans-
portation Engineers publication,

A Program for School Crossing Pro-
tection. (Section /7A-3)

The ITE publication (18) presents a
step-by-step procedure to determine if
traffic control i{s warranted. The
second of the four step procedure is to
compute an adequate gap time using the
following equation:

G =3 +W+ 2(N-1)
T35

(c =3+ W + Z(N-l))
1.07

where: G = adeguate gap time, sec
W = widcth of roadway fr (m)
N = number of rowsi

The equation assumes that:(l) pedestrians
cross in rows of $ with 2 seconds be-
tween rows, (2) the average walking speed
is 3.5 feet per second (1.07 m/s), and
(3) it takes pedestrians 3.0 seconds to
look both ways at the crossing, to make
the decision to cross, and to start to
walk across the street.

From the above discussion it can be seen
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that this standard is dependent on an
adequate gap time which is a function
of two pedestrian characteriscics--ped-
estrien percepticn-reaction time and
walking speed,

The pedestrian perception-reaction time
1s defined in the ITE recommended prac-
tice, A Program for School Crosain
Protection %IB), as the number ofgsec-
onds required for a child to look both
ways, make a decision, and commence to
walk across the street”. The current
specification employed in the standard
is 3.0 seconds. A design percentile is
not specified.

The pedestrian walking time is defined
as "the number of seconds required te
walk across the roadway of specified
width without coming into conflict with
passing vehicles" and is equal to the
widch of the roadway, in feet, divided
by the walking speed, in feet per sec-
ond. The current specification for
walking speed employed in the standard
is 3.5 feet per second (1.07 m/s). Al-
though not explicitly stated, it can be
inferred that the average walking speed
is the average of children crossing the
street individually, unimpeded by

other children. The effect of other
children is considered in the term,
2(N-1).

.

Vehicle Change Interval for Traffic
Signals

For a vast majority of traffic signals
in this country, there is a yellow
vehicle change (clearance) interval
following the green indication and prior
to the red indicaction. The length of
this interval is specified in at least
three basic references: MUICD (3) con-
tains a standard for vehicle change in-
rervals, the ITE Transportation and
Traffic Engineering Handbook (l6) has a
standard for yellaow change and clearance
intervals, and the Traffic Cormtrol
Devices Handbook, An Operating Guide(l7)
contains a standard tor phase change
intervals.

The MUTCD states that "the exclusive
function of the steady yellow interval
shall be to warn traffic of an impend-
ing change in the right-of-way assign-
ment. Yellow vehicle change intervals
should have a range of approximately 3
to 6 seconds. Generally, the longer
intervals are appropriate to higher
approach speeds’”. The MUTCD continues
to say that after the yellow change in-
terval is terminated, a short all-red
clearance interval may be used in order
"to permit the intersection to clear



before cross traffic is released”.

Quite simply, the yellow change interval
is intended to serve solely as a warning
"that a red indication will be exhibited
immediately thereafter when vehicular
traffic shall not enter the intersec-
tion". 1In other words, according to the
MUTCD, the 3-6 second standard yellow
change interval is intended to be long
encugh so that at ics termination all
vehicles not yet 1in the intersection

are capable of being brought to a stop.
The MUTCD does not stipulate that the
intersection be cleared of vehicles ac
the beginning of the red indication,
only that no vehicles enter the inter-
section afrer the red indication is
displayed. The MUTCD does not provide a
mathematical formulation so there is no
way to determine if a driver character-
istic was considered in arriving at the
J-6 seconds.

The ITE Transportation and Traffic
Engineering Handbook (l16; treats both
yellow change and clearance intervals.
For yellow change intervals, the follow-
ing equatlon is used to determine the
minimum duration:

yp =t #*

-
W<

where: y; = yellow interval, sec
perception-reaction time
of driver, sec

approach speed, ftr/s (m/s)

deceleration rate, ft/s2
(m/s<)

For a yellow clearance interval, which
allows vehicles chat have entered the
intersection legally sufficient time to
clear the point of conflict prior to the
release of opposing pedestrians or vehi-

cles, a longer period is required. The
equaticon for this condition is:.
Yy, =t + 1V +W+1L (EE)
73 v
where: ¥y, = nondilemma yellow interval,

sec
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W = width of intersection,
{m)

ft

L = length of vehicle, ft (m)
t,a,V = as described above.

In these equations there is an explicic
driver characteristic--perception-
reaction time. The specification for
this characteristic is one second. Al-
though not mentioned in the Handbook (16)
the 1 second value can perhaps be traced
back to a 1934 MIT research effort (19)
which found that 95 percent of the
sampled drivers had brake reaction times
of one second or less when in an azlerted
condition.

The design deceleration rate, a, re-
flects the limitations of both the vehi-
cle and the driver. For the vehicle

the limitation L{s the coefficient of
friction exerted between the vehicle
tires and the roadway surface. The
limitations imposed by the driver are
essentially comfort-related, i.e., how
much '"g" force the driver is willing to
accept. This combined vehicle/driver
characteristic is being considered as
part of another study which is evaluat-
ing vehicle characteristics related to
geometric design.

Pedestrian Signal Timing

The MUTCD (3) contains standards for
boch pedestrian clearance and pedes-
trian walk intervals, which when com-
bined form the basis for timing pedes-
trian signals. The pedestrian walk
interval sctandard reads as follows:

"Under normal conditions, the WALK
interval should be at least &4 to 7
seconds in length so that pedestrians
will have adaquate opportunity to
leave the curb before the clearance
interval is shown.” (Section 4D-7)
Before the pedestrian actually begins
crossing the intersection there are two
processes which are assumed; perception-
reaction time and sidewalk queue time.

Perception-reaction time (for the pur-
poses of the following analysis of
pedestrian walking speed) is assumed to
include attention/fixation time, per-
ception time, and response time for the
decision-making process on whether or
Not Lo Cross a street,

Once a pedestrian has perceived that it
is safe and legal to cross the streec,
the pedestrian must move from the orig-
inal observation point to the street



prior to crossing the street and the

time taken to leave the curb is negli-
gible. However, in Instances where large
pedestrian volumes are present, pedes-
trians will form a queue at the curb and
thus the pedestrian must also. traverse
part of the sidewalk prior to leaving Cthe
curb. This amount of time taken for cthis
maneuver 1s a function of borh the number
pedestrians present (and thus the den-
sity) and the in-motion walking speed of
pedestrians in advance of the other ped-
estrians. The 4 to 7 second pedestrian
WALK interval is intended to accommodate
both the pedestrian perception-reaction
time and the discharge time from the
curb.

The pedestrian clearance interval, which
consists of a flashing DON'T WALK in-
dication, standard reads as follews:

"The duration of the clearance inter-
val should be sufficient to allow a
pedestrian crossing in the crosswalk
to leave the curb and travel to the
center of the farthest travelled

lane before opposing vehicles re-
ceive a green indication."

(Section 4D-7)

A formula is not provided but from the
above statement it can be assumed to be:

PCI = gg (21)

PCI = pedestrian clearance in-
terval, sec

where:

D = distance from the near curb
to the center of the
farthest travelled lane,
fr (m)

WS = walking speed, ft/sec (m/sec)

Walking speed is the pedestrian charac-
teristic. The MUTCD assumes a ''normal”
walking speed o ps (1.2 m/s).

Traffic Signal Face Location
The MUTCD (3) specifies the location of

traffic signal faces in the following
paragraph.

"Except where the wideh of che inter-
secting street or other conditions
make it physically impracrical, at
least one and preferably both of the
(required) signal faces...shall be
located between two lines intersect-
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ing with the cencer of the approach
lanes at the stop line, cne making
an angle of approximately 20 degrees
to the right of che center of che
approach extended and the other mak-
ing an angle of approximately 20
degrees to cthe left of the center of
the approach extended, ...and not
less than 40 feet nor more than 120
feer beyond the stop line."

{Section 4B-12)

Implied in this standard is the driver
characteristic--cone-gof-viaion which
refers to that portion of the visual
field which is normally in focus. By
stating that the signals must be located
within 20 degrees either side of center,
a cone-cf-vision speclification of 40
degrees 1is implied.

Traffic Signal Face Visibiliry

The required minimum visibilicy dis-
tance for traffic signal faces is speci-
fied in the MUTCD in Section 4B-12. A
formulacion for determining.the distances
is not provided but based on the listed
distances for the various 85 percentile
speeds, they can be calculated using the
following formula:

D = 100 + 15 (V-20)
(D = 30.5 +2.85 (V- 32))

(22)

where: D = minimum signal visibilicy

distance, ft (m)

V = 85th percentile speed, mph
(km/h)

In a review of this standard by FHWA,
the required visibility distances were
judged to be roo low especlally at the
lower speeds. Consequently, a revised
set of minimum visibilicy distances
have been suggested for the MUTCD.
Furthermore, the new Traffic Control
Devices Handbook (17) will recommend
these revised distances as a minimum
visibility distance bur also recommend
higher desirable values. While not
specified in either the revised MUTCD
standard or in the Handbook, the tweo
equations are:

a) Minimum visibilicy distance

D, = desirable stopping sight (23)
; distance, fr (m) + 50 ft
(15m)



b) Deslirable visibilicy distance

Dd = degirable stopping (24)
sight distance +
J sec times speed in
fps (m/s) .

In tracing the development of the
"degirable visibility distance" it was
found that the addicional three seconds
was to allow for ""detecrion and identci-
fication of the signalized intersection
and che indications applicable zo the
approach,” (20) In essence then chis
representd an addicional perceprion-
reaction time for the drivers. In
summary, minlmum and desirable
visibility distances are based on the
driver characteristic of perception-
reaction time which i3 specified at 2.5
seconds for the minimum level and 5.5
seconds for the desirable level.

Sign Letter Height

Sign legibility involves the recogniticn
of information on a sign by a mororist
at a safe enocugh distance to allow suf-
ficient time to comfortably execute ap-
propriace driving maneuvers. In terms
of sign legibility, legibility distance
is the necessary distance for che motor-
ist to read the sign before passing Lt,
and involves both the processes of de-
tection and recogniction.

Letter legibility values, in terms of
legibility distance per inch of lerrer
height, have been determined in a series
of field trails using 412 different
people as obgervers (21). Subjecrs were
instructed to record the distance a>
which chey could read place names of
varying letter height and widch while
standing, for different illuminacion
conditions. Eightieth percentile legl-
bility distance values (based on in-
dividuals wich 20/20 vision) obcained
during normal (day) illumination condi-
tions were divided by the corresponding
Place name letter heights, and the
following values were then established

as constants to calculace sign lectter
height:

Letter Legibility, K, in
Feer Per Inch of Letter

Letter Widch Height (m/m)

larrow 33.0 (396:1)
Mgdium 42.5 (510:1)
Hide 50.0 (600:1)

The FHWA minimum letter and numeral size
standards for highway guide signs re-
ferenced in Table II-1 of the MUTCD
apparently have been established by the
application of che following formula

for letter height (37).

He=L (25)
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H = Minimum letter height re-
quired for sign letcter
height, rounded up to the
nearegt even inch

where:

L = necessary legibility dis-
rance, fc

,Q = approprlace letter legibilicy
constant (ft per inch of
letter height) according to
the width of che chosen al-
phabet series.

From the above discussion it can be
stated that there are chree driver char-
acteristics implicitly considered in sign
letter height: (1) visual acuity,

(2) minimum glance/reading time, and

(1) perception-reaction time, No specl-
fictions are explicitly established al-
though they can be implied. For visual
dacuity it can be assumed to be a static
visual aculcy score of 20/20 since the
testing that was done was based on sub-
jects wicth 20/20 vision., For minimum
glance/reading time and perception-
reaction ctime, Ln the late 1930's Forbes
(21) reported test results of 1.0 and
1.5 seconds, respectively. As was the
case for che visual acuity tescs, these
tests likewise waere conducced on sub-
jects wich normal vision.



IIT. PROFILES OR DRIVER CHARACTERISTICS
One of the major objectives of this study
was to derive the distribucion of the
driver characteristics included in high-
way design and operation standards for
the U.S. driving population. This
chapter of the report describes what has
been gleaned from available literature
and data sources that can be used to
establish a distribuction. If a full dis-
tribuction is not derivable, then, where
possible, averages, minimum/maximums or
some representative values are provided.

There are many human characteristics chat
are applicable to driving. For instance,
McKnight (23) identified nearly 80 dis-
tinct driver characteristics, traits or
conditions that are relevant to the tasks
associated with driving. If one were to
model the driving task in all its as-
pects (similar to McKnight's work and
others) undoubtedly all of these char-
acteristics would have to be considered.
Individual characteristics alone and in
combinacion affect the ability of the
driver to perform the numerous tasks
associated with driving.

Many of the characteristics listed for
the driver also apply to the pedestrian.
In addition there are other specific
characteristics unique to a pedestrian
such as walking speed, handicaps, etc.

However, while there are indeed numerous
human characreristics involved in driv-
ing and walking, there are relatively
few that are considered, or need to be
considered, in standards for highway
geometric design and operation. An in-
depth review of numerous design manuals
guide, handbooks, etc. revealed that
there are only 21 specific design stand-
ards that explicitely consider a driver
characteristic in its formulation. For
these design standards there are only

10 driver characteristics since a few
include the same driver characteristics
or variations of it. Table 2 lists these
standards, the driver characceristic and
the specificacion.

The standards review also identified
other specific standards which are basged
on a driver characrteristic indirectly or
in a purely qualitative way. Most of
these standards involve the same charac-
teristics listed in Table 2 but are not
explicitly mentioned, and of course,
there are no specificarions.

Each of the principal driver character-
istics is discussed in the remaining
secrions. In most cases the order of
discussion is to describe or define the
characteristic, how it is measured, what
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standards it applies to, what data is
available on quantifying driver perform-
ance for the characteristic and, fin-
allv, what the driver population distri-
bution, or average or some statiscic is
that can be used for the sensitivity
analysis.

AGE AND SEX

Neither the age nor the sex of the driver
are explicitly considered in any highway
design or operations standards. However,
the age and sex distributions of the
driving population have a direct bearing
on the distribution of driver character-
istics. As a result they have affected
and will continue to affect highway
design and operational standards.

With regard to age, it can be seen from
Table 3, that the distribution of the
driver’s age has changed considerably
from cthe earlier years when most of the
design standards and driver character-
istic specificarions were formulated.
As of 1979, the percentage of drivers

60 years or older was 16 percent as com-
pared to 11.4 percent in 1960 and only

5 percent in 1940. Table 4 further
points to an increasing share of the
elderly population driving--in 1969,
77.0 percent of the 50-54 age group had
driver licenses; by 1979, this same
group (now aged 60-64) had increased its
percentage to 83.9. The 1979 percentage
for the 50-54 age group has risen 10
percentage points to 87.0; thus, an in-
creasing percencage of the individuals
passing the age of 60 hold driver
licenses.

The U.S. Buyreau of the Census ""Series II"
popularion projecrions show an increase
in the percentage of the total popula-
tion which is over age 65. In 1980, the
percentage was 11.2; by the year 2000,
the percentage is projected to be 12.2;
and by the year 2030, the percentage is
projected to be 18.3 percent (24)., 1If
the present fertility rate continues at
the current level of 1.8 instead of
climbing to the Census "Series LI" rate
of 2.1, the future proportion of older
people will be even larger. Based on
these projections, it can be safely
assumed that by the year 2000 che per-
centage of elderly (over 60) drivers
will increase 10-20 percent from the
current level of 16.0 to approximately
1B or 19 percent.

While elderly drivers are increasing as
a percentage of all drivers they appar-
ently are not driving as much. Data
available from the U.S. Bureau of



TABLE 2--Standards

Based on an Explicit

of a Driver Characteristic

STANDARD

Sight Dictance, Genersl:
Stopping Sight Distance
Design Passing Sight

Distance
Dacision S5ight Distance

Sight Distance Msasuring
Critaris
Sight Distance, Specific: .
Interasccion Sighc Distanca
e Case I

o Cane I
o Case 1II

Railroad-dighway Crade
Crossing Sight Distanca
o Casa I
e Cass Il
Sight Distance Along a
Ramp
Sight Distance Through a
Grade Separation
Sight Distance At & Ramp
Terainal

Horizoncal Alinemsnt:
Lateral Clearance to
Sight Obstruccions on
Horizontal Circular
Curves

Vartical Alipenent:

Crest Vertical Curve
Lengths

Sag Vertical Curve
Langths

Sag Vertical Curve
Leangths Through a
Grade Separation

Traffic Control Devices:

- Adequate Gap Time for
School Crosaing
Warrant for Traffic
Signal Inscallation

Traffic Signal Face
Locaction

Yellow Vehicle Clasrance
Interval

Pedestrian Clearance
{DON'T WALK) Intarval

*Specifications come from AASHTO (5) unless o
reference number in parenthesis.

DAIVER CHABACTERISTIC

Brake Rssction Tine

Initial Manuever Time

Detection & Recognition Time
Decisicn & Response time
Maneuver Time

Iye Haight

Pearcaption - Reactiom Time

Time to Brake or Accelerate
(indirectly) Brake Reaction Time

Perception Time & Time to
Actuace an Autcmatic Shife

Perception -~ Reaction Time
Perception - Reaction Tima
(indireccly) Brake Reaction Time
(indirectly) Brake Reaction Time

Perception Time & Time to
Actuate an Autcmatic Shife

(indirectly) Brake Raactiocn Time
Eya Haight

(indirectly) Brake Reaction Tiem
(indirectly) Brake Raaction Tise

Eye Height
(indirectly) Brake Reaction Time

Pedestrian Walking Speed
Pedestrian Perception ~ Reaction

Cone of Vision
Percepticn ~ Reaccion Time

Pedestrian Walking Speed
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Specification .

SPECIFICATIONS *

Tima

» o~ W

2.5 sac.
sec.
sec.

seC.

Os
.0
.0
5 sec.

1.5 fc.

sac.
sec.
sec.
sec.
sec,
eec.

sac.

L L -

sec.

sec.

faet
aec.

N
.
WA

~
*
w

a8c.

faet
sec.

~ W
1
LY Y]

3.5 fe./eac. (3)
3.0 sec. {18)

(1)
1.0 sac.(16)

40 degraes

4.0 ft./ssc. (3)

therwise noted by



TABLE 3--Distribution of Drivers by
Age-Group and by Sex

acE crovp 19601 1950) 1960 (B02)  1965(2) 196913} 1495(4)
16-19 12 11 7.2 9.8 9.0 8.3
20-24 18 12 11.2 10.4 13.1 13.3
25-29 11 12 12.7 9.6 11.3 13.0
30-34 13 1) 12.5 10.1 9.3 11.6
35-39 12 12 11.6 11.1 9.1 2.3
40=44 11 11 10.3 10.8 9.7 7.6
45-49 8 9 9.1 9.7 9.7 7.1
50-54 é 7 7.8 8.5 8.2 7.1
55-59 4 & 6.2 6.8 6.8 6.8
60-64 P k) 4.7 5.2 5.4 5.6
65-69 1 2 il 3.7 3.7 4.5
70 and Over 2 2 3.6 4.1 4.7 5.9
Male NA NA 70 61 56.3 53.4
Female NA NA 30 19 43,7 46.6
Sources: (1) Marsh, B.W., (25)
(2) National Safety Council, Secondary Source, Berg (26)
{3) U.S5. Bureau of the Census, (24}
(4) FHWA, (27) ‘
TABLE %--Percent of Population Registered to
_ Drive by Age-Group and by Sex
AGE GROUP MALE DRIVERS FEMALE DRIVERS TOTAL
AEQE(I) l212(2) 2222(1) l212(2) gggg‘l’ 1212(2)
16-19 70.1 61.2 53.6 52.6 61.9 56.9
20=-24 90. 6 97.7 76.5 87.5 83.3 92.6
25-29 6.1 100t 9.4 96.0 87.6 100
30-34 93.2 100 17.4 95.1 85.1 100
35-39 94.9 100 75.8 91.8 85.1 98.0
40=44 94.6 100 74.5 87.6 84.3 94.8
“45=49 94.0 98.6 72.9 a83.3 83.1 90.8
50=54 92.6 95.9 62.6 78.7 77.0 87.0
55-59 90.5 96.0 $3.4 75.9 71.1 85.5
60-64 B7.4 97.%" 45.6 71.8 65.1 83.9
65-69 74.0 92.8 8.9 58.8 54.6 73.9
70 and Over 61.8 B2.2 20.2 35.0 37.0 53.2
TOTAL 87.0 94.1 61.5 75.5 73.6 84.4
Sources: (1) U.S5. Bureau of the Census, (24)

Note:

(2) FHWA, @27)

(3) Number of registered drivers equaled or exceeded census
estimated populacion
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Census indicates that drivers 60 and
over account for about 10 percent of the
total vehicle miles traveled and this
has not changed from 1969 to 1979 (see
Table 3).

With regard to sex, it can be seen from
Table 1 that the percentage of the re-
gistered driving population which 1is
female is approaching 50 percent. But
although female drivers accounted for
46,7 percent of the registered drivers
in 1979, only 27.6 percent of the VMT
traveled in the U.S. 1is driven by
females. While slightly longer brake
Teaction time have been observed for
f:males (93), the principal influence
cf sex relates to their size and more
specifically their lower eye heights.

TABLE 5 --Annual VMT Driven by
Age-Group and by Sex

PERCENTAGE OF TOTAL VMT

AGE GROUP 1969 (1) 1979¢2.3)
16-19 4.8 4.7
20-34 37.1 42,1
J5-49 32.13 28.5
3J-59 16.0 14.5
63 and Over 9.9 10.1
MALE 73.0 72.4
FEMALE 27.0 27.6
Sources: (1) U.S. Bureau of the
Census, (24)
(2) FHWA, "Highway Statistics,
1979" (27)
(3) FHWA, '"'1977 Nationwide
Personal Transportation
Study" (28)
VISION

Various senses serve as input channels
in driving, but vision is undoubtedly
one of the more important. The driver
depends largely on visual input to pro-
vide informarion regarding the driving
environment. The driver's responses to
that environment depend in part on his/
her basic visual capabilities and how
effectively they are employed at any
given time; however, physiological fac-
tors alone cannot account for the
efficieny of a driver's vision or the
quality of his/her driving. This may
explain why direct relationships be-
tween visual ability and driver perfor-
mance have not been established.

Any driver characteristic requiring or
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incorporating visual perception detec-
tion or recognition will be impacced by
the visual characreriscics of the driv-
ing population. These would include
information processing capacicy, decrec-
tion and maneuver time, perception-
reaction time, ete. The factors in
vision most pertinent to the driving
task as they relate to cthe standards of
interest include: wvisual acuity (statig,
dynamic, and kinetic), field of view,
cone of vision, and color vision. The
following sections consider each of
these factors in terms of their physio-
logical bases, their effects on driver
characteriscics forming the basis for
design specifications, and where pos-
sible their distriburions {n the driv-
ing population.

Visual Acuity

Visual acuity has been defined in a
number of ways, but is most easily
expressed as the ability to resolve de-
tail at a distance or the smallest
visual angle of detail that can be dis-
criminated. The limiz of human visual
acuity appears to be in the vicinicy

of one half minute of arc under clinical
testing conditions.

A distincrion can be made between three
types of visual acuicy: scactice, dynamic,
and kinetic. “Staric visual acuity in-
volves resolution when the target is
stationary in the observer's field of
view. Dynamic acuity involves resolu-
tion when there is angular movement of
the target in the observer's field of
view, regardless of whether it is the
target or the observer in motion. Kiner-
ic visual acuity involves resolution irn
those instances where the distance be-
tween target and observer is being
changed without an angular movement of
the target in the field of view., In
this case, the target is moving towards
or away from the observer, or the ob-
server is moving towards or away from
the target.

All three forms of acuity are important
in driving. When both the driver and
the target are stationary, such as
stopped for a light and trying to read
a street sign, staric visual acuity is
of concern. In approaching and trying
to read an overhead informacion sign,
the driver is moving towards the targert,
but the target remains in the cone of
vision. This involves kinetic visual
acuity. Resclving a child's ball bounc-
ing into the street from the sidewalk

or reading a sign mounted off the shoul-
der as one drives towards it involves
dynamic acuity.



Static visual acuity is one of the few
driver performance characteristics that
is rested during licensing and for which
standards are eatablished. According
to data gathered by NHSTA (29), 35 Scates
require Z0/40 vision or better in both
eyes with glasses, 5 States require at
least 20/50 vision, another 5 States re-
uire at least 20/60. and still another
require only 20/70 (although some of
these last five have special require-
ments). Drivers in the last categories
will have significancly less time to re-
spond to visual scimuli since they will
not be able to discriminacte the targer
object until they are much closer to it
than a driver with "average" visual
acuicy.

There is no standard test for dynamic or
kinecic visual acuicy, although some
have been devised for research purposes
(see Burg (30)). Currently no Sctates
test for dynamic or kinetic visual
acuicy.

The most comprehensive source of data on
visual acuity in drivers comes from the
extengive data collection efforts in
California by Burg (31). Figure 3 shows
the cumulacive percentile discribution
of static visual acuity scores for 669
passenger car drivers of both sexes

{37 percent female) and all ages (16
years to B& years). A prototype testing
device was used to arrive at an acuity
score comparable to Snellen cest scores.
Tests were conducted under normal illumi-
nation, low level illumination (night
driving), and under two experimental

conditions designed to simulate veiling
and spot glare.

Scaling from the normal illumination

curve, the following values are found:
50%tile -- 20/20
mean -- about
857%cile -- 20/33
95%tile -- 20/40

acuity or better
20/26 acuicy
acuity or better

acuity or better

Under illumination levels representa-
tive of night draving (2.3 to 0.2 fe-L
(7.9 to 0.7 cd/m¢)), these values are
much worse as shown bhelow:

50%tile -- 20/28 acuity or better
mean -- 20/132 acuircy
85%tile -- 20/175 acuity or bette:

e 95%tile -- 10/190 acuity or better

While this data is for California driv-
ers, there is no apparent reason for
believing that the distribution would be
much different for drivers from ocher
states.

More recent data on driver's visual
acuity is provided by Davison and Irving
(32) for British drivers. The authors
compared thelr results with those sup-
plied by Burg for 3,848 California
drivers (not the same sample as describe
earlier). The comparison, indicating
nearly equal propertions, is shown in
Table 6.
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TABLE 6 --Comparison of Acuirties
of UK and USA Drivers
USA Drivers
UK Drivers (Burg (31}
Criterion (N = 1368) (N = 3848)
20/20 or better 90.7 85.8
20/30 or better 97.0 96.1
20/40 or better 99.0 99.0
20/60 or berter 93.6 59.8
Worse than 20/60 0.4 0.2

Source: Davison & Irving (32)

Both static and dvnamic visual aculty
decline with advancing age, especially
afrer about age 45. Trends in static
acuity as determined by Davison and
Irving and by Henderson and Burg (33)
indicate 30 to 50 percent worse static
visual acuity for a 70 year old compared
to a &5 year old.

Dynamic visual acuity is generally poorer
than static acuity, and this difference
becomes more pronounced with increasing
angular velocity of target movement.
Further, the degenerarive effects of age
on acuity is more pronounced for dynamic
acuity. These relationships were inves-
tigated by Burg (30) and by Allen et al
(34). It also appears from their data
that males have a slight but consistent
advantage in terms of acuity (static

and dynamic) over females.

Acuity is one of several factors affect-
ing sign legiblility. Therefore, one
would expect that the elderly with
poorer acuity would have less time to
read signs. This was found to be the
case from rthe work of Sivak et al. (35)
who observed a significant reduction

in nighrcime legibility distance for
older -est subjects compared to younger
subjects.

Field of View/Cone of Vision

The inner-most, interior surface of the
eye, the retina, is che light-sensitive
area containing the receptors for sight.
These receptors are divided structurally
and functionally into cwo groups, the
rods and the cones. The cones function
under condirions of high {lluminaction
and give rise to color vision. The rods
function under conditions of low illum-
ination and give vision only in shades
of gray.

The point on the retina at which the
central ray of incident light focuses

is known as the fovea. The fovea covers
about lmm, or 2 degrees, of the retina

and the central portion, or 1l degree,
contains only cones. Cones continue to
predominate out to about 5 degrees, be-
yond which point the rods are most num-
erocus, reaching their maximum density at
about 16 degrees from the center of the
fovea.

It is this retinal physiology which
determines the driver characteristics of
field of view and cone of vision. The
driver must of necessity possess some
breadth of lateral visual awareness in
order to pass approaching vehicles safely
and to be aware of vehicles, pedestrians,
or animals approaching from the side.

He must be able to see more than straight
ahead (field of view), while "straighc-
ahead" must be defined in terms of an
area of clearest perception (cone of
vigion).

Cone of vision refers to that portion of
the visual field which is normally in
focus; the primary line of sizht plus a
certain angular extension corresponding
to distribution of cone cells in the
fovea. Field of view is the area visible
to the subject without head or eye move-
ment, and is determined by the distribu-
tion of rods in the retina.

Any highway design standard based in
part on a driver characteristic involv-
ing visual perception 1is impacced by the
concepts of field of view and cone of
vision. For example, perceptien-
reaction time will be affected by the
initial location of the stimulus. If
the stimulus falls outside of the field
of view, it will not be noticed and will
not be responded to. If its image inic-
ially falls within the cone of vision,
its detection and recognition should
prove relatively rapid. As the inictial
image of the stimulus object approaches
the periphery of the field of view,
detection time increases, motion of the
cbject becomes more critical for detec-
tion, and the image must be transferred
to the cone of vision (through head or
eye movement) for recognition to occur.
All of these factors increase percep-
tion-reaction time.

Field of view without any movement of
the head is generally considered to
extend approximately 180 degrees later-
ally binocularly, and 130 degrees verci-
cally (Henderson and Burg (33)). Figure
4 presents the cumulative distribution
of lateral field of view of 17,249
California drivers, as derived from darta
by Burg (36). The mean value based on
these figures is 171.6 degrees, and
there is no reason to believe at this
point that California drivers would
differ significantly from drivers in
other States.



100

80

70

60

50

40

CUMULATIVE PERCENT

30

20

10

140 150 le0

170

180 1390 200 210

LATERAL FIELD QOF VIEW IN DEGREES

- FIGURE &4--Cumulative Discribution of Lateral Field of View
in Degrees Derived from Statlistics by Burg (36)
for 17,249 California Drivers

Source: Burg (36)
Currently, only l4 States require testing
of, and set standards for, field of view
for licensing purposes. Within this
group, one requires only 70 degrees, one
100 degrees, one 110 degrees, three 120
degrees, one 130 degrees, and seven re-
quire 140 degrees for binocular field of
vision (29). Based on the data of Burg,
it would appear thar practically all
drivers (over 95 percent) have a field of
view more than the maximum limic of 140
degrees.

Cone of vision is generally accepted to
be 10 degrees (5 degrees to either side
of the line of sight) on a theoretical
level as reported by Mitchell and Forbes
(37). However, no popularion data has
been located which would define the exact

nature of the characteristic discribuction.

.Color Vision

Only eight States currently set minimum
standards of color perception for pas-
senger car licensing. Of these eight,
three require red, green, amber discrimi-
nation, and one requires red-green dis-
crimination (29).

Table 7 presents the frequency of various
types of color deficiencies in terms of
the percentage of the population possess-
ing the various visual systems. From
these figures we can see that 0.0025 per-
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cent of the general population is totally
cclor blind. .Another 1.06 percent lack
red-green color vision, and 3.15 percent
are eirher red-green weak. Thus, a

total of approximately 4.21 percent
(predominately males) of the general
population has some degree of difficulrty
with red-green color perception. Another
0.0026 percent have some degree of dif-
ficulty with yellow-blue perception.
These figures most liley apply to the
driving population as well, given so

few States examine for color blindness.

DRIVER EYE HEIGHT

Driver eye height is defined by AASHTO
{1) as the vertical distance becween the
roadway surface and the driver's eyes.
This vercical discance is a function of
both driver and vehicle characteristics.
The principal driver characteristic in-
fluencing the eye height 1s the driver's
anthropometric measurements; in parcticu-
lar seated eye height, weight, and driv-
ing posture. The seated eye height is
the distance between the seat and the
eyes of the seated individual. Obviously,
this measurement when combined with the
height of the seat relative to the road-
way surface yields the driver eye height.
In addition, however, the welght of the
individual has a direct bearing on how
compressed the seat springs and cushion
are (and thus the helght of the seat)




TABLE 7--Percentage of Population with
Various Color Deficiencies

Designat ion Nontheoretical Percentage of Population
by Number of Designation that have these Visual
Components (Kries) Systems
Male Female
Anomalous Protanomaly 1.0 0.02
Trichromatism (red weakness)
Deuteranomally 4.9 0.38
(green weakness)
Tritanomaly 0.000} 0.0000
{yellow-blue weak)
5.90 0.40
Dichromatism Protanopia 1.0 0.02
(green blindness)
Deuteranopla 1.1 0.01
(red &/or green blindness)
Tritatanopia 0.0001 0.0000
(yellow-blue blindness)
Tetartanopia 0.0001 0.0000
(yellow-blue blindness)
2.10 0.03
Monochromatism Total Color Blindness 0.003 0.002
Abnormal Systems 8.0 Q.42
Normal Systems 92.0 99,57

Source:

Reference (39)
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when the driver is seated. Also, the
driver has a preferred driving posture
as reflected ln che fronc-ro-back posi-
tioning of the seat (which usually has a
vertical component as well as horizontal)
and the seat back angle (if it ig adjusc-
able In the particular vehicle modal).
The principal vehicle characrteristic in-
fluencing driver eye height is the seat
height; that is, che vercical distance
berween the seat and the roadway surface.
The seat height dimension, however, is
not solely dependent on the vehicle de-
sign; it also varies as funcrion of how
the vehicle is loaded. Another aspect
of rhe vehicle which affects driver eye
heighc L3 the seat back angle (if the
seat back if adjustable, che sear back
angle 1s varlable and depends on the
driver's preferred driving posture).

Measuyrement Technigues

A variety of techniques have been used
over the years ro measure driver eye
height; each falls within either of two
basi¢ categories: dynamie and scatiec.
(The results from 10 studies using these
techniques are summarized in Table 8.)
Static Mmeasurements are those taken

while the vehicle Is scationary. This
technique generally involves the measure-
ment of applicable seat dimensicns (e.g.,
seat height and sear back angle) for all
(or a sample of) vehicle makes for the
study year(s) and combining this data
with measurements taken of drivers
seated in a mock-up driver's seat.
scientific approach of breaking the
characteristic (driver eye heighr) inco
its components and analyzing each in-
dividual component certainly has its
advantages. In terms of vehicles, his-
torical trends can ke drawn on the
average seat height (and, for that mat-
ter, the lowest, highest or any percen-
tile in between) for a particular fleet
vear based on vehicle sales. The mea-
surements of individual drivers can be
disaggregated by age and sex and subse-
quently be manipulaced to depicet total
exposure that reflects changes in VMT
occurring for age and sex groups. A
tefinément ta the static measurement
technigue has been the development of
eyellipse discributions for stationary
vehicles that accounc for bath the
variety of seat back angles and cthe
elliptical motion of the eyes when driv-
ing. Recent trends have been away from
the static measurement technique and
toward the dynamic measurement technique
because of its direct results from
"real world" operations of vehicles.
variation of the stacic technique has
been the determinacion of driver eye
height by assuming a standard discance
between the top of the vehicle and the
driver’s eyes for particular percentiles

A
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of drivers. For example, studies (40)
have shown thac rhe median (50th percent-
ile) driver eye height is approximately
10 inches (0.25 m) less than chat overall
vehicle height in American-made cars.

Dynamic Meagurements are those made while
the vehicle 15 in motion, The driver is
photographed while operating the vehicle
and che eye height i3 calculated from

the photographs. These dynamic measure-
ments deplct actual vehicle loading con-
ditions and accual driving postures and
thus could be more representative of
actual driver eye heights than the staric
measurements. However, the dynamic
measurement technique has several shorc-
cemings when compared with the stacic
measurement technique. Perhaps the most
Lmportant shortcoming is the potenrial
for more imprecision in the eye height
measurement than occurs in the static
technique. For example in the 1960 scudy
conducted by C.E. Lee (40), the smallest
legible gradation in the photographs
corresponded to a change in driver eye
helght of 0.25 inches (6.35 mm); in the
1979 study conducted by W. Cunagin and

T. Abrahamson (41), the smallesc measure-
able gradation corresponded to a change
in driver eye height of 1.0 inches

(25.4 mm).

Sicte selection for the field measurements
is critical to the validity of the tcech-
nique. The horizontal and vercical geo-
metrics of the roadway and the presence
of peripheral discractions (e.g., signs)
will affect driver eye height. The ctime
of day for the measurements also has a
direct bearing on driver eye height; in
particular, the position of the sun and
the presence of glare can cause the
driver to significancly change the driv-
ing posture and thus the eye height. For
this reason, dynami¢ measurements are
typically conducred during cthe mid-day,
However, rhe common practice of taking
mid-day measurements suggests anocher
shortcoming of the dynamic technigque--
the porential for the samplé to nor be
representative of all VMT. It could be
conjectured that the mid-day driving
population is comprised of a greacer
percentage of the young, the elderly and
females than i3 found the rest of the
24-hour period. Likewise, locale can be
a significanc factor; boch a college town
and rural areas would have younger driv-
ers than large cities. This potentcial
skewing of the driver eye height digcri-
buticn needs to be recognized in any
analysis of dynamic measurements taken
of an uncontrolled sample.
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TABLE 8--Historical Summary of Automobile
Driver Eye Height Study Results

YEAR OF vEHIGE DRIVER EYE HEIGHT (in.) — Ses Mote 1 STATIC(B) AUTHOS COMMENTS
STUDY YRAR - MINLMM 951 [ 134 50X WELGHTRD ok ol
STUDIED MEAN UYMAMIC(D)  REFERENCE
_ . 56.5
1958 Hj: 1930's o 155 [ Stonax (46)
1960 FLERT 47.4 50.8 0 Lee (56) fecomssndsd 1.95 fi (4).4 in)
av Dasign Scandard; Sample of
161
1961 1962 39.5 48 46,3 D Les (47) Rucomsended 1.5 fr (42 in) ae
Design Standard; Mustrallian
Study.
k]
1970 1969 9.4 bbb H Sager (48)
1970 1910 &47.2 )] Aodersca (49) Austrslisan Study
1974 1971-1 §1.2 43.8 H Boyd (45) Canadian Study
1978 1975-6 &0 41.9 44.3 D Boyd (43) DomesLic Cars Only; Msap for
Compacts was bl 1in.
1976 34,7 LU, ? 4.9 4.4
1978 1978 97 203 rYeY 3% 5 BVMA (44) Domestic Cars Only
1919 FLAET 40.2 41.8 43.3 D Cunagla (41) Sample of 161; only 11X of
Compacts and 271 of Full slse
cars excesdad 3.73 It. acandard
1976 348,30 37.80 43.1 Les (38 %All other “Static” Testlngs in
(38) thia Table defiped 95ch
* porcentliie aw the sverage deiver
io a 95th parceniila car. This
study defined it as Lhe 95ch
1981 percentils drivar In the 95th
1979 26. 3 . s purcentile car.
-3 3.8 43.1 Likeulss, ihs “minimun” Flgures

are basad on avarage driver and
95th percentila driver,
respectivaly, in the shortesr
haight car.

MOTE: (1) Minlswe is the shoriest abserved driver eye height. The parcentiles fndicatad what percantage of gample

pmlltiﬂll excesdad che ldenciliad height. Weighted mean Is baianced to reflect distribution of
suto sales,

The matric convereion unitw are L dn = 25. 4 mm and | ft » 0.3 m.



Driver Eye Height Specifications

Starting in the late 1940's, the commonly
used driver eye height for highway design
was 54 inches (1.37 m). Several studies
in che lacte 1950's and early 1960's
prompted AASHTO to adopt a driver eye
height of 45 inches (3.7 ft) (1.19 m) in
A Policy on Geometric Design of Rural
Highways (1). Tne lactesrt MUTCD (3) Lssued
y the U.S. DOT in 1978 alsc uses the 45
inch driver eye height standard. AASHTO
is currently developing an updated ver-
sion of the "Blue Book." The latest
version (5) recommends a driver eye
height of 42 inches (3.5 ft) (1.07 m).
This downward movement of recommended
driver eye heights has followed the
American trend toward increased reliance
on foreign compact cars and downsizing of
full size and intermediate car models.
Similarly, the Roads and Transportation
Association of Canada (42) has adopted
an eye height value of 1.05 m (41.3 in).
The standards for driver eye height that
are used in European countries are typi-
cally lower than the current American
standard of 45 inches (l1.14 m) and pro-
posed standard of 42 inches (1.07 m). As
reported at an OECD meeting in 1976 (43),
the United Kingdom uses 41.3 inches
(1.05 m) and Germany and France use 39.4
inches (1.0 m). Australia at the time
was also using the 3.75 feet (45 in)
(1l.14 m) scandard.

Distribution of Driver Eve Height for
Driving Population

As shown in Table 8., four studies of
auto driver eye height have been re-
ported in the past four years. Despite
the availability of data from these
recent sctudies, it is not possible to
directly develop a percentile distribu-
tion of American auto driver eye heights
for the current or a recent point in
time. Each of the four has a flaw.

The 1978 study "Driver Eye Height Com-
parison for 1976 and 197B8" by MVMA (44)
presents a distribtulon of driver eye
heights ‘based on actual sales of 1976

and 1978 American-made automobiles. The
listed driver eye height for each model
automobile 1s based on the estimated
seated characteristics of the "average"
driver. Thus, the 85th percentile driver
eye height lisced for 1978 by MVMA should
not be construed to be the same as the
85th percentile of all individuals that
drive 1978 fleet automobiles; instead,

it depicts the 50ch percentile driver
seated in the 85th percentile autcmobile
of the 1978 fleer. As noted, the dis-
tribution pertains only to American-made
auros which in 1976 and 1978 comprised
8l.1 and B81.9 percent of all new car
sales in the U.S.

The MVMA study does, however, provide
useful data on relationships between
different percentiles of vehicle seat
heights. The study found that the 85:h,
90ch and 95th percentile heights dropped
0.3-0.5 inches (8-13 mm) between 1976
and 1978. Also, the difference in the
median driver's eye height seated in the
50th percenrile car from the height
estimated for the 95th percentile car
was 2.7 inches (69 mm) in 1976 and 3.1
inches (79 mm) in 1978.

The 1978 study "Determination of Motor
Vehicle Eye Height for Highway Design”
by Boyd (45) gathered data on automo-
biles considered representative of 1974
through 1977 model years based on rela-
tive sales. The study involved dynamic
measurements of randomly sampled cars
and thus was more indicative of the
actual distribution of driver height

and statures than was the MVMA study.
However, in the Boyd study only 3 of the
15 models reported were small or com-
pact cars and none were imports. Ward's
Automotive Yearbook for 1975 estimacred
that 1n 1573 approximately 12 percent of
all operating automobiles in the United
States were imported. Despite this
shortcoming, the study's relationships
between percentiles are useful because
of their accounting for "real life"
distributions of varying driver sizes

in varying vehicle sizea. The Boyd
study, as shown in Table B, found that
the 85th percentile driver had an eye
height 2.4 inches (61 mm) less than the
median driver eye height.

The 1979 study by Cunagin and Abraham-
son (41), "Driver Eye Height: A Field
Study," involved dynamic measurements

of random automobiles and their drivers.
The technique resulted in a fairly rep-
resentative sample of the actual auto-
mobile fleet in 1978 (42 percent of the
observed auromobiles were compacts or
smaller; according to Ward's Automotive
Yearbook the current split betwéen com-
pacts and larger cars is practically
even). Despite the fact that this study
involved dymamic measurements of a prop-
erly (relatively) discribucted sample,
two shortcomings of the study prohibit
the direct extrapolation of the data as
a means of determining the current dis-
tribution of driver eye heights. First,
the photograph techniques used by Cuna-
gin et al. limited the estimated driver
eye heights to be read to no greater
level of precision than one-tenth of a
foor (0.03m). This relarive impre-
cision is especially important when ic's
realized that the 1978 MVMA study de-
scribed above revealed one-tenth foot
(0.03m) incremencs between the 73th,
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85ch and 95th percentiles. The second
weakness of the study is its relatively
small sample size--only 148 automobiles
were photographed as compared to 195

by goyd et al.in 1978 and 761 by Lee in
1960.

The 1981 study by Lee and Scott (38)
"Driver Eye Height and Vehicle Sales
Trends' which was based on a 1980 scudy
by R.L. Lee used static measurements to
estimate driver eye heights. Unlike pre-
vious static measurement technique stud-
ies, this analysis estimated the eye
height of the 95th percentile driver
seated in the 50ch, 85th, 95th and 100ch
percentile vehicle. These estimates

were based on the assumption that the
95th percentile driver has an eye height
1.7 inches (43 mm) less than that of

the 50th percentile (or median) driver
which in turn is estimated to be 10
inches less than that of the vehicle 1ic-
self. This figure of 1.7 Linches (43 mm)
was drived from the Society of Automo-
tive Engineers eyellipse template.

In contrast, a 1969 sctudy by Stoudt (50)
of static seated individuals indicated a
50th~to-95th percentile increment of 2
inches (51 mm) for males and 3.3 inches
(84 mm) for all drivers when males and
females are weighted according to their
driving exposure; a 1980 study by Hasle-
grave (51) revealed a 50th-to-95th per-
centile increment of 2.3 inches (58 mm)
for males and 3.3 inches (84 mm) for all
drivers. The identical results of the
Sroudt and Haslegrave studies would in-
dicate that the 1.7 inches (45 mm) used
in the Lee study should be approximately
doubled. Another prubably erroneous
assumption made in the Lee study is that
a 95cth percentile driver (albeit derived
using the "1.7 inch rule') seaced in the
95th percenrile auto will yield the 95th
percentile driver eye height. Although
this assumption is possible, it is never-
theless more likely that the "shorteat"
5 percent of all drivers do not just
drive the '""shortest"” 5 percent of the
auto fleer. Therefore, the Lee study
estimatés for 95ch percentile driver
eye heights are based on two erronsous
. assumptions which have confliccing (and
-possibly negating) effects: (1) the
underestimate of a 1.7 inch (43 mm) in-
crement between the 50th and 95th per-
centile driver would indicate that the
95th percentile eye height is calculated
tco high, and (2) by combining the 95th
percentile auto with che 95th percentile
driver, the study produces a 95th percen-

tile driver eye height which is calculated

too low. One final peint, the assumed

10 inch (254 mm) distance between the eye
height and the top of the vehicle may be
too large because cars have become small-
er and more compact since the 10 inch
@254 mm) increment was measured.
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Current Driver Eye Height Estimates

By using the data from the above four
studies (and recognizing the limitatio:s
of the data), the distribution of auto
driver eye heights for the current fleet
is estimated to be as follows:

® 50cth percentile (median) is esti-
mated to be 43.1 inches (1.0%m)--
Lee study of median heights for
1979 domestics and imports yielded
a figure of 43.1 (1.09m); in 1978
Cunagin estimated a total fleet
median eye height of 43.3 inches
(1,10m) which would have been ex-
pected to decrease a small amount
in the past 3 years.

e B5th percentile is estimted to be
41,1 inches (1.04m)--the incremen-
tal change in total fleet driver
eye heights becween the 50th and
B85th percentiles measured by Boyd
and Cunagin were 2.4 and 1.5 inches
(61 and 38 mm ) respectively: by
applying this factor to the 50ch
percentile estimate and averaging
the result, a height of 4l.1 inches
(1.04m) is obtained.

e 95th percentile is estimared to be
40.2 inches (1.02m)--by applying
the MVMA--developed relationships
between-the median, 85th and 95th
percentile vehicle heights in 1976
and 1978, an average figure of
40.2 inches (1.02m) is obtained

These values are, of course, crudely
developed estimates. Comprehensive field
tests ¢ffxr the :zaly proper neans of ob-
taining reliable estimates.

Truck Driver Eye Height

The 1978 study by Boyd (45) estimated a
median driver eye height of 100.8 inches
(2.56m) for cab-behind-engine truck
models and 94.1 inches (2.39m). for cab-
over-engine truck models (American-made
only). The "1977 Census of Transporta-
tion, Truck Inventory and Use Survey"
{52) estimated a distribution of VMT by
cab-behind and cab=over models to be 52.7
percent to 47.3 percent. The U.S. FHWA
annual publication "Highway Sracistics”
(27) estimated that in 1979 these truck
types accounted for approximately 4.4
percent of all VMT in che U.S5. Thus a
design that does not account for the
highest 5 percent driver eye heights
effectively excludes all large trucks.
An estimated maximum driver eye height
could be computed by combining the maxi-
mum median driver eye helght for various
COE cruck makes (which is 102.8 inches,
2.61m) wich the relationship between
50ch and 99th percentile driver seated
eye heights (3 inches, 76mm) as observed



by Stoudr and Haslegrave and verified by
Sanders (53). The resultant "maximum"

driver eye height 1s 105.8 inches (2.69m).
The "minimum'" driver eye height for large

trucks probably approximates the "minimum’

Stopping Sight Distance

"The standard for stopping sight discance

‘pertains to a situaticn where a driver

median driver eye height observed by Boyd

{(45) for CBE trucks--89,3 inches (2.27m).

Each of these driver eye height values
is greater than the 72 {nch (1.83m)
specification value used in the 1965
AASHTC "Blue Book'" to develop minimum
lengths for sag vertical curves chrough
grade separations.

Proiected Future Trends

The task of projecting driver eye height
trends for the future is a difficult one,
not only because of the uncerrtainty of
future auto sizing trends but also be-
cause of uncerctainty as to the accuracy
of the estimates for the current driver
eye height distribution.
that the 95th percentile vehicle and the
lowest domestic vehicle have been hold-
ing steady for the past 5 years at vehi-
cle heights of 39.4 and 38.0 inches

(1.0 and C.96m), respectively. As these
compacts become a greater proportion of
the toral vehicle fleet, the median dri-
ver eye height will decrease. However,
the 95th percentile will remain rela-
tively stable ar its current estimated
level of 40 inches (1.02m) with its pro-
bable lower limit being approximately
39.5 inches (1.00m). 1In addition, the
85th percentile value will approach

{but probably never reach) the 95th per-
centile as the percentage of compacts
and subcompacts increases.

PERCEPTION-REACTION TIME

Perception-reaction time consists of
three components: the time it takes for
a driver to perceive and recognize a
particular object or situation, the time
it takes to decide what action should

be taken, and the time it takes to
initiate the action (e.g., move foot
onto the brake pedal and activate the
brakes).

The duration of each of these components
is a function of the parcicular situa-
tion and of the location, type, and rela-
tive movement of the object to be
sighted. For that reason it is nec-
essary to address the driver character-
istic perception-reaction time in terms
of the particular standard involved.
Discussed below are several highway
design and operations standards and their
appropriate perception-reaction time
values including those for stopping
sight distance, intersection sight dis-
tance, railroad grade crossing sight
distance, passing sight distance, and
vehicle clearance interval.

Lee (38) showed

'of a vehicle on a tangent section, vertic-

al curve, or horizontal curve sights an
object in the roadway ahead and stops the
vehicle prior to reaching the object
(thus, the commonly used term perception-
brake reaction time).

The current 2.5 second specification
value appears to be based on the results
of the Johansson and Rumar study (54)
which measured the brake reaction times
of 321 drivers under an anticipated con-
dition and a much smaller sample under
surprise conditions. The researchers
concluded that on 10 percent of the
occasions (test), brake reaction time

was estimated to be 1.5 seconds. On what
basis the additional one second was added

‘to arrive at 2.5 seconds is not clearly
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stated in AASHTO Manual ( 5) but presum-
ably it was added to account for the per-
ception time. A careful review of the
Johansson and Rumar study reveals that
what was really measured is brake reac-
tion time exclusive of any perception
time since the subject, regardless of
whether they were alerted or not, knew
they were to apply the brakes upon hear-
ing a signal (a horm) in the car. As
stated in the AASHTO Manual the 2.5 sec-
onds is supposed tc be 'large enough to
include the reaction time required for
nearly all drivers under most highway
conditions” (emphasis added). 1Tt is
implied that 90 percent of drivers con-
stitutes "nearly all" drivers.

Perception-brake reactrion times can be
determined in either of two ways: ex-
periments which measure the entire per-
ception-brake reaction time or by simply
adding the individual values experi-
mentally dectermined for each of the com-
ponents, perception, decision, and limb
movement. The first method is preferred
because it is more realistic. The pro-
cesses of detection, perception, decision
making and physical response are often
overlapping and can not simply be added
as step-by-step tasks. For inscance,
the driver can take his/her foot off the
accelerator while he/she decides whether
or not to stop.

There are numerous studies which have
attempted to develop data on perception-
brake reaction time or components of irt.
A good summary of most of these is found
in a recent paper by Taoka (55). Table
summarizes the results of the various
studies on brake reaction time. The
first group are experiments that were
conducted under simulated conditions in
the laboratory or field controlled con-
ditions. As such the values (primary



TABLE 9--Summary of Studies on

Brake Reaction Time Studies

Sample Staadard Parcencile Values
Investigatoe/Data Size Maan Deviation 50 75 80 [}] 30 95 99 Commencts
LABORATORY/FLELD CONTROL STUDIES
1. Creasshields/L936/ 1,461 0.496 0.0913 laboratory
13 0.86 automobile
7 0.74
2. Forbes & Kats/
1936 & DeSilva
§ Forbes/ 1937 307 0.64
1. Jones et al
(cepotced 1a 489 0.697 0.121
Porbea & Katz/ cruck
1938) drivers
4. Kons (1947) 12 0.39
40 Q.47
ON THE ROAD STUDIES
1. moss and Allen/

1923 46 0.54 0.88 1.01 reaponse to
audicery
deatectiocn

2. MassachusetLs 144 aen 0.686 0.80

Tascicuce of 36 wowsn 0.85 1.0 :':r’":: to

Technology/1934 rake lighe
of car ahead

3. Drew/19638 1,000 0.357 wan alerced
0.62 womsn . condltica
4. Norman/1933 51 0.73 0.7 0.77 0.8 0.83 0.89 0.9 1.1 alected
cnndlt}m
5. Johanseon & Rumar/ 121 0.7% 0.6 Q.82 Q.86 0.92 1.08 1.21 1.60 supactad,
91 sudicory
] 0.89 0.8 1.11 1.16 1.24 1,42 1.63 2.1& surprise,
auditory
6. Mortiaer/1970 80 1.30 1.42 1.88 1.56 3.29 response to
braks lighe
of car ahead
7. Sivak/1981 i1l 1.2 0.62 L.04 1.5% L.70 1.88 2,15 2.6 2.58 cresponsd to
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means) are conslidered only brake reaction
rimes under expected conditions. Taoka
refers to it as "simple laboratory
response time”, which is not indicative
of actual driving situations.

The second group are results of field
driver response experiments which attempt
to duplicate actual conditions. All of
the studies have deficliencies inherent

in thelr procedure which makes their
results less than ideal, Most measured
subjects were already alerted and antic-
ipating a signal and some were respend-
ing to an auditory signal. Visual per-
ceprion of objects, other than a brake
light ahead that would require a motorist
to stop, were not considered in these
studies.

Visual perception can inveclve several
components: latency, eye movement, fixa-
tion and focusing (detecticn), and
finally recognicion. For the purposes

of this study, an object is perceived
once it has been detected and recognized
as the object.

For a laboratory study, latency is
defined as the delay between the time
the stimulus is presented and cthe time
the eyes begin to move to the stimulus.
This has relevance to the highway when
the object is in the peripheral vision of
the motorist either because the object
is off the side of the road while the
motorist 1s fixating down the road or,
more importantly, if the object is in
the travel lane and the motorist is
fixating away from the object. Such
might be the case if the motorist is in-
attentive (daydreaming, fatigue, etc.),
or distracred or in the course of normal
head and eye movements. That a driver
might not be fixating down the travel
lane is common enough that this scenario
should be considered in the perception
process. (An argument against chis
assumption can be based on Rackoff and
Rockwell's (56) studies of eye movements
and fixations.) During the day cthey found
that their test subjects fixated straight
ahead 92.6 percent of the time on free-
ways and 64 percent on rural highways.
However, these subjects were in a more
attentive state and had helmets on which
would limit cheir "normal" head move-
ments). :

Data on latency eye movement times are
provided from laboratory studies by
Bartlett and his colleagues (57) which
examined the cumulative distribution of
latencies of eye reaction to scimulil
located 10, 20, and 40 degrees off cthe
visual axis. The various percenrile
values for the 20 degree curve, which is
not unrealistic for driving situations,
are as follows:

Percentile 50 75 80 85 90 85 99

Latency (sec) .24 .27 .29 .31 .33 .35 .45
These data are based on only 3 subiects.
Eye movement times for a target 20 de-
grees off the visual axis averages

about 0.09 seconds according to White

el al (58). This value is compatible

with the 0,15 to 0.33 seconds cicted by
‘Matson,

Smith & Hurd (59) as the time
for moving the eye to fixate to the left
or righr in scanning an intersection
scene~-a situation with a much wider
angle than 20 degrees.

The time it takes to bring the object
into focus on rthe retina can be consider-
ed minimum fixation time. Data on this
component is skimpy and each is quali-
fied by its own experimentation appara-
tus, precedure, and purpose. Matson,
Smich & Hurd (59) cite a range of 0.1
to 0.3 seconds for fixation time and
Mourant et al, (60), reported mean fixa-
rion times of 0.27 seconds of various
objects during open road driving. No
studies were uncovered that would yield
reliable distribution profiles for this
component.

The last component of the perception
process ia rermed the recognition phase
and is defined here as the time for the
brain to interpret the image that the

eye has focused on as a recognizable
object. For many targets this recogni-
tion phase is, in all likelihood,
instantaneous with detection. But as
objects become less familiar to the
motorist and where legibility and read-
ing are required, this recognition phase
can take on a measurable time period.

The object height used for stopping sight
distance is 6 inches, which was arbic-
arily selected by AASHTO as "representa-
tive of the lowest object that can creace
a hazardous condition and be perceived as
a hazard by a driver in time ro stop be-
fore reaching it" (5). Objects this low
would be animals, rocks, or vehicle debris
such as a muffler. More commofi objects
particularly at intersections would be
pedestrians and vehicles, both of which
exceed the 6 inch (1.5 m) object heighre.

The fact that recognition time is a mern-
tal process makes it nearly impossible
to measure it alone. The recognition
component can not be isolated from the
total information gathering process and,
consequencly, is measured only as part
of the total perception phase. Data
which could be used to approximate this
component is available from the work of
Ells and Dewar (6l) and Ells et al, (62).
Ells er al. found the mean response time
of 12 subjects responding to sign tar-
gets afrer being detected to be from 0.42



ro 0.48 seconds. In another similar
study, Ells and Dewar found this co be
about 0.6 ro 0.7 seconds.

Alchough Lt has not always been recogniz-
ed, there can be a decision process in-
volved in the perception-brake time. For
the purposes of stopping sight discance,
the amount of decislion time i3 probably
inversely proportional co the amount of
time remaining before collision. This is
ro say, if a panic maneuver is necessary
to avoid a collision wich an opposing
vehicle, then the decision time i3 likely
instantaneous with the moment of percep-
tion. However, a review of the litera-
ture could nefither confirm nor refute
this hypothesis. The most pertinent

data available from the licerature is
that of Lunenfeld (63) which states chat
85ch percentile driver decision times
would be as follows for both expected

and unexpected situacions:

Iaformacion Decision Time
Content (Items) Expected Unexpected
0 0 sec. 0 sec.
l 0.7 sec. 1.0 seec.
2 1.3 sec. 1.6 sec.
3 2.0 sec. 2.6 sec.

For the case of sighting an object in the
roadway, the decision is relacively sim-
ple and thus ic 13 likely the decision
time will fall between 0 seconds and a
maximum of 1.0 seconds.

The last component is brake reaction.
The values suggested are those from che
Johansson and Rumar scudy (54) under an
unalerced condition.

To summarize, Table 10 shows the various
sercentile values for che individual
componentcs of the perception-brake re-
accion ctime as suggested by the litera-
ture. Three totals are shown. If it is
assumed that all the components should be
included, chen "Total A" applies; if it
is assumed that the driver i3 fixating
down the road, then latency and eye
movement could be deleted and "Total B"
applies, and 1f it is assumed that there
is no decision making component but
lacency and eye movement are included
then "Totral C" applies. In all cases,
ic has been assumed chat the driver is
in an unalerted condirion and chat he

is not expecting to have teo scop.

For most of cthe upper percentile levels,
these values are higher chan che current
speclficacfon of 2.5 seconds. While
higher, they are not unrealiscic when
compared to the perceprion-brake re-
accion times cited by Mortimer (64) and
Sivak (65) (see Table 9). However, thay
should nocr be congidered a statiscically
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reliable distrribution of the driving
population, They are based on escinmates.
assumprions and data from experimental
procedures not truly indicative of actual
conditions. Furthermore, they are deriv-
ed from summacions of components of the
process. As discussed previously, this
may not be realiscic because che human

is capable of time-sharing sensory,
informacion processing and psychomecor
tasks.

It is worthwhile noting cthact recent Cana-
dian research as reported by Scotc (42)
recommends cthe use of a variable tinme
value for desirable perception-reac:ion
time. The desirable time would vary as
a funccion of vehicle speed--as speed
increases, the perception-reaction cime
likewise increases. The Canadian de-
sirable values range from 2.5 seconds
at a spead of 25 mph (40km/h) to 1.5
seconds at a speed of 85 mph (137 ka/h)
These values were developed from an
analysis of the theoretical poincs in
time at which various proporcions of a
6 inch (0.15m) object come into view on
a crest vertical curve. Low and high
speed curves were investigacted and ic
was found that on higher speed curves
the "viewed" portion of an object grows
more slowly than it does on a lower
speed crest vertical curve.

Decision Sight Distance

As discussed in Chapter II, Decision
Sight Distance i3 a new geometric design
standard to be included in the revised
AASHTO Manual (5 ). Essencially, the
standard recognizes rhact for cerrain com-
plex highway situations, such as freeway
incerchanges, toll plazas, lane drops,
etc. enough sight distance oughc co be pro-
vided so that che driver can detect, and
recognize the situation, decide on alter-
native courses of acrion, select the
appropriate couse, and perform the re-
quired maneuver in a safe and efficient
manner, It also assumes chat cthe sicua-
tion or object to be sighted may be in a
visually cluttered environment which may
require longer perception times as well
as decision times.

The driver characteristics, therefore,
i3 a perception-reaction time but it in-
volves more complex informacion pro-
cessini and reaction cthan for stopping
sight discance. The only driver perfora-
ance data for thig characteristic was
that analytically developed by McCee eC
al. (8) and chen empirically validaced
using only 19 test subjects varying in
age from 16 to 60, both male and female.
This data became the bagis for selecting
the range of perception-reactcion cimes
found in the standard. The values which
represent the total time for decection,



TABLE 10--Perception-Brake Reaction Time for
Various Percentiles of Driving Population

Percentile of Drivers
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Element 50 75 85 90 95 99
" 1. Perception
a, Latency 0.24 0.27 0.31 0.33 0.35 0.45
b. Eye Movement 0.09 0.09 0.09 0.09 0.09 0.09
c. Fixation 0.20 0.20 0.20 0.20 0.20 0.20
d. Recognition 0.40 0.45 0.50 0.55 0.60 0.65
Decision 0.50 0.75 0.85 0.90 0.95 1.00
Brake Reaction 0.85 1.11 1.24 1.42 1.63 2.16
Total A (la-d+2+3) 2.3 2.9 3.2 3.5 3.8 4.6
Total B (le¢,d+2+3) 2.0 2.5 2.8 3.1 3.4 4,1
Total C (la-d+3) 1.8 2.1 2.3 2.6 2.9 3.6



recognition, decision and response are
dependent upon speed and range from

5.7 to 10 seconds., The lower value was
established as the minimum applicable to
situations of moderate complexity or
visual clutter and the upper value as
desirable for highly complex or visually
cluttered locations.

Incersecction Sight Distance--Case I and
IT

Case I and II intersection sight distance
enables the driver of a vehicle approach-
ing an uncontrolled intersection to
determine whether a speed adjustment or

a complete stop is necessary in order to
avoid a collision with another vehicle
(or vehicles) approaching the intersec-
tion on a conflicting leg.

The perceprion-reaction process in this
case is the ability of a driver to per-
ceive a vehicle moving across his/her
path, judge its trajectory in relacicn

to his/her vehicle and then decide wheth-
er some speed adjustment is necessary

to avoid collision. A litcerature re-
view did not uncover any studies on how
long it takes drivers cto perform this
task. In the absence of any empirical
research, estimates of the actual dis-
tribution of perception-reaction cimes
for the driving population may be based
on a sum of the times for the components
of the process determined from the avail-
able literature.

If one were to model the driver's task
for this situation, the following steps
would likely be considered:

1. Driver picks up (through periph-
eral vision) an object moving
towards the intersection.

2, Afcer a latency period, eye and/
or head movement to detect the
object.

3. Object is recognized as vehicle.

4. Opposing vehicle's speed and time
to reach intersection are esti-
mated.

5. Decision is made whether decelera-
tion or acceleration is required.

6. Declded action is initiated.

7. Vehicle speeds up or slows down
to aveid collision.

This is a relatively simple model of the
driver's action and does not consider
any overlapping of the discrete steps.
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Nonetheless, by assigning time values
to each of the steps and then summing,
at least areasonable upper value can be
established.

Table 11 provides the time values for
the elements of the perception reaction
time as suggested by the literature.
The latency and eye movement times are
from the work of White et al, (58) which
investigated latencies of eye reaction
to stimull located 10, 20, and 40 de-
grees off the visual axis. In this case,
the values for the stimulus 40 degrees
off center are appropriate since rhe
vehicle in the adjacent leg is likely to
be first sighted in the far periphery.
It should be noted that 1f both vehi-
cles are traveling at che same speed,
the sight angle is 45 degrees off-
center; 1f the vehicles are traveling
at different speeds, the sight angle
for the driver of the slower vehicle is
greater than 45 degrees. However, the
driver 1s within sight distance of the
intersection and thus 13 alerted of
potential conflicting vehicles and is
already scanning the conflicting ap-
proach legs. Therefore, the latency/
eye movement value for objects 40
degrees off-center would seem to be a
reasonable estimate.

Fixation and gecognition time estimates
can be assumed to be the same as for
the stopping sight distance situation.

The most pertinent data available from
the literacure relative to the decision
making process is that of Lunenfeld (63)
which states that 85th percentile driver
decision times would be as follows for
both expected and unexpected situations:

Information
Content (Bits)

Decision Time (sec)
Unexpected Situation

0 0

1 1.0

2 1.6 ©
3 2.6

Using the definicions of the differing
levels of informatrion content presented
by Lunenfeld, for the purposes of inter-
section perception reaction time charac-
teristic the decision time is likely to
fall between 1.0 second and a maximum of
1.6 seconds.

The last component is brake reaction.
The values suggested are those from the
Johansson and Rumar (54) study under an
alerted condition. 1In this case the
alerted condition values are justified
since it is assumed that the driver will
already be in that condition because of



TABLE 1l --Perceprion-Reaction Time for Various
Percentiles of Driving Population
Related toCases I & II, Intersection

Sight Distance,

(Sec.)

Percentile of Drivers

Elements S0 75 as 90 95 33
Latency 0.28 0.33 0.4 0.136 0.39 0.45
Eye Movement 0.12 0.12 0.12 0.12 0.12 0.12
Fixation 0.20 0.20 0.20 0.20 0.20 0.20
Recognicion 0.40 0.45 C.50 0.55 0.60 0.65
Brake Action 0.63 0.82 0.92 1.05% 1.21 1.60
TOTAL 2.60 3.20 3.40 3.70 4,00 4.60
che awareness of the intersection and
visual detection of the vehicle,
The totals (as shown in Table ll1) for ’
the estimated percentile values range
from 2.6 seconds for the 50th percenctile (1) head/eye movement to scan inter-
to 4.6 for the 99th percentile. section,
Intersection Sight ‘Distance--Case III1, (2) fixation/decision, and
IV, and V
{3) reaction (i.e., move foot from

Case III, IV, and V intersection sight
distance enables the driver of a stopped
vehicle on the minor leg of an intersec-
tion to see enough of the major highway
to elther cross the highway or merge into
the traffic stream safely.

The driver characteristic perception-
reaction time is defined by AASHTC (5)
as '"the .cime necessary for the vehicle's
operator to look in both directions on
the roadway, to perceive that there is
sufficient time to cross the road safely,
and to shift gears, if necessary, pre-
paratory to starting. Ic is the time
from the driver's first look for possibdle
oncoming traffic to the instant the car
begins to move."

In order to develop an estimated distri-
bucion of driver characteristic values
for the driving population, it is neces-
sary to divide the driver characteristic
into a series of steps. Basically the
steps are:

brake to accelerator).

The AASHTO definition of the driver char-
acteriscic includes time for the driver
“ro look in both directions on the road-
way.”" A careful critique of the driver's
actual required scan movements_reveals
that only one head movement {(not two as
is called Tor in the definition) is
needed in order for the driver to safely
¢cross the intersection. No matter how
many times a driver may scan the two
intersection approach legs, the critical
head/eye movements on which the decision
to proceed or stay is made are the last
two. If the driver scans cone direction
(as illustraced in Figure 5) and sees no
approaching vehicle, the decision would
be to proceed if a scan of the other
direction reveals no approaching vehicle
either. In scenario 2 of Figure 5, the
driver has performed che two scans and
has decided to proceed {(even though
another scan to the right would reveal
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SCENARIO 1: The first scan of the driver of the atopped vehicle is to the left: no approach-
ing vehicle ia sighted. Driver moves head and scans to the right where an
approaching vehicle 19 sighcted. Driver decides tc not attempt to cross.

Approaching vehicle had been at the position denoted 3 when the driver was
first scanning to the lefc.
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SCENARIO 2: The first scan of the driver of the stopped vehicle is tao the right; the
approaching vehicle at t, cannot be seen due to the sight aobstruction.
Driver then scans to the left where no approaching vehicle is sighted. Driver
decides to cross intersection because no vehicles had been sighted in elther
direction. At that point in time, the vehicle approaching from the right is
at position :2.

FIGURE 5--Case II1l1 Intersection Sight Distance -- Driver
of Stopped Vehicle Scanning Approaching Roadways
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an approaching vehicle). The distance
which the approaching vehicle travels
before the atopped vehicle starts across
the intersection is the former vehicle's
velocity multiplied by the sum of the
time it takes for the driver of the stop-
ped vehicle to move his/her head/eyes

to the left, to decide to proceed, and
to move hia/her foot to the accelerator.
Thua, the head/eye movement component of
the driver characteristic perception-
reaction time should account for a acan
of only one leg of the intersection.

No empirical research has successfully
measured the total perception-reaction
time for drivers of stopped vehicles for
the driving population, it 18 necegsary
to assign values ro individual elements
of perception-reaction time and sum them,

Robinson (66) timed driver head movements
at an intersection and found that an
average scan to one direction (head move-
ment plus fixation plus decision) took
1.1 seconds. Johansson (67) measured
brake reaction time for drivers in an
alerted condition., Brake reaction time
18 appropriate in this application be-
cause accelerator reaction ia simple a
motor movement equal and opposite to
brake reaction; the driver is in an
alerted condition due to the intersec-
tion scan. Johansson found values rang-
ing from 0.63 seconds at the 50th per-
centile to 1.21 seconds at the 95th
percentile, Interestingly. 1f the B85cth
percentile value of 0.92 seconds is add-
ed to Robinson's 1.1 second described
above, a total perception-reaction time
of 2.02 seconds results (only 0.02 sec-
onds)higher than the current specifica-
tion).

The 1965 edition of the Traffic Engineer-

ing Handbook (91) provides cthe following
ata as the total time required for a
driver to scan one leg of an intersec-
tion:

Shift (head/eye
movement )

0.15 - 0.33 sec

Fixate on object 0.10 - 0.30 sec

TOTAL 0.25 - 0.63 sec
The time needed for the driver to decide
to proceed can be estimated in the same
manner as was done earlier under Stop-
ing Sight Distance. The estimate
values range from 0.50 seconds at the
S0cth percentile to 0.95 seconds at the
95th percentile, By summing this deci-
sion time and the head/eye movement time
with Johansson's reaction time, another
range of estimated values for perception-
reaction time results--1.38 to 2.79 sec-
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onds. Note that the average of these two
values is 2.08 seconds. If the mid-range
values for head/eye movement are esti-
mated to be the 85th percentile values,
the 85th percentile value for rhe rotal
perception-reaction time would be:

0.24 sec head/eye movement

0.20 sec fixation

0.85 sec decision

0.92 sec reaction

2.21 sec TOTAL--estimated B5th
percentcile value

Railroad-Highway Grade Crossing Sight
Distance--Case I

Case I Railroad-Highway Grade Crossing
Sight Distance involves a crossing which
has no control other than the standard
croas buck sign. The driver must first
detect and recognize that a railroad
crossing is ahead, and that there is no
active control, then search left and
right for an epproaching train and, 1if
one is vigible, then must decide whether
to stop or maintain speed depending

upon the relative speed and position of
his/her vehicle and the train. This
being the case, the perception-reaction
should be longer than for just stopping
sight distance.

The literature review did not i{dentify
any studies that developed data applying
directly to the perception-reaction time
for the railroad grade crossing situa-
tion. 1In the absence of any empirical
daca, reasonable estimates of the per-
ception-reaction time can be made by
considering the individual elements of
the process.

Table 12 shows the time values for the
individual elements of the perception-
reaction time as suggested by the liter-
ature. The components include: eye
fixation on the target (L.e., the rail-
road grade crossing itself or the cross-
buck sign), recognition time (to recog-
nize that the crossing has no active
control), time to search left and right
for on-coming trains, decision time

(to decide whether or not to stop), and
finally brake reaction time (activate
the brakes 1f a stop 1s selected). The
individual values cam from material pre-
sented earlier.

The values range from a low of 2.3 sec-
onds for the stimacted 50th percentile
value to a high of 4.2 seconds for the
95th percentile. The 85th percentile
value is estimated to be 3.5 geconds,
one gsecond longer than the 2.5 second
specification.



TABLE 12 --Estimated Perception-Reaction Times for
Various Percentiles of Driving Population
Related to Railroad-Highway Crossings

Times (seconds) for
Element . Percentiles of: )
50 85 95
L. Perception of RR X ing
a. Eye Fixation &/ 0.20 0.20 0.20
b. R.ecogni::ion L 0.40 0.50 G.6
2. Search Time for Train 2/ 0.50 1.00 1.26
3. Decision 1/ 0.50 0.85 0.95
4, Brake Reaction Q_/ 0.83 0.92 1.21
TOTALS (Rounded) 2.3 3.5 4.2

l/from Table 10
2/from Reference (16)
3/from Reference (54)
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It should be emphasized that these are
estimated times, analytically derived

by adding estimated times for discrete
elements of a human informarion detection-
processing-reaction process. Findings
from empirical studies might find them to
be conservative or liberal. However,

they at least provide a range to conduct
the sensitivity analysis.

Railroad-Highway Grade Crossing Sighc
Distance--Case L1

Case I1I Railroad-Highway Grade Crossing
involves a driver stopped at a crossing
stop line having sufficient sight dis-
tance to proceed safely through the grade
crossing.

The literature search did not identify
any studies which determined the time
taken by motorist in searching for trains
while at a stop. 1In absence of such data
values can be derived, as was done with
other characteriscics, by considering

the cowponents of the process.

The 1965 edition of the Traffic Engineer-
ing Handbook (91) states that the time
Tequired for a driver to scan an inter-
section from left to right is as follows:
0.15 - 0.33 sec
0.10 - 0.30 sec
0.25 - 0.63 sec

shiftc to right
fixate on Tight
Total scan time

No indication is given as to how what
percentile of drivers these ranges of
values might apply.” Added to these com-
ponents should be a time for decision

and then reacrion. The decision com-
ponent is not very complex, merely to
confirm whether or not a train is there.
The 0.5 second at the 50th percentile

and the 0.85 second at the 85th percen-
tile suggested for stopping sight dis-
tance would be appropriare to this situa-
tion. The reaction is to move one's foot
from the brake cto the accelerator.
Alerted reaction times as measured by
Johansson (54) are applicable to this
situacion. The above values can be sum-
med to arrive at a range of total per-
ception-reaction time, as follows:

Scan/Fixate Time 0.25 - 0.6 gec

Decision 0.50 - 0.85 sec
Reaction 0.63 - 0.92 sec
Total 1.38 - 2.40 sec
Rounded 1.4 - 2.4

It can not be stated for certainty what
percentile of drivers these values apply,
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but it would be reasonable for this
analysis to assume 1.4 seconds is the
50th percentile and 2.4 seconds the
B85th percentile.

Passing Sight Distance

The driver characteristic perception-
reaction time in rhe AASHTO standard for
passing sight distance is actually over-
lapped with the acceleration/maneuver
time prior to encroachment on the passing
lane. That 19 to say that while the
driver is initiating a passing maneuver,
the driver is both perceiving?teacting
and accelerating/maneuvering. In com-
bination the driver and vehicle charac-
teristics form a performance characteris-
tic--initial maneuver time. Field
observations documented by Prisk (6)

and Normann (68) prior to 1960 indicate
that the toral time for the initial
maneuver falls within the 3.6 to 4.5 sec-
ond range.

In every passing maneuver the passing
driver reaches a critical pesition which
if passed requires the passing driver

to complete the passing maneuver (rather
than decelerate and pull behind the
otherwise passed vehicle) in order to
avoid an opposing vehicle.

Since it is at this position that the
passing driver must decide to complete

or abort the maneuver, it, therefore, de-
fines the location at which an opposing
vehicle chat would ceconflict with the
completion maneuver must be able to be
perceived. Basically, the driver has

two options when an opposing vehicle
appears at the instant the passing vehi-
¢cle reaches the critical position: cto
complete the passing manuever or to
decelerate and pull back behind the vehi-
cle that was to be passed. During the
time that the driver of the passing
vehicle is perceiving and initiating
reaction to an opposing vehicle, the pass-
ing vehicle continues to travel at the
passing speed. Therefore, if the driver
decides to complete the passing maneuver,
the perception-reaction time does not con-
tribute addicional time (or distance) to
the total time (or distance) needed to
complete the passing maneuver. However,
if the passing driver decides to abort
the passing maneuver, the perception-
reaction time does add to the total time
and distance needed for the 'pass abort"
maneuver.

It can be assumed that a driver in the
“"eritical position'" will require no time
for perception or decision if an oppos-
ing vehicle appears. With regard to



reaction, the brake reaction times ob-
served by Johansson and Rumar (54) for
drivers in an alerted condition would

seem the most appropriate. They range
from a median value of 0.63 seconds to
an 85th percentile of 0.92 seconds to

a 95th percentile of 1.2]1 seconds.

Vehicle Change/Interval for Traffic Signals

A 1934 MIT research effort (1%) found
that 95 percent of the sampled drivers
had brake reaction times of one second
or less when in an alerted condition.
Subsequent studies in the early 1960's
of driver reactions to the amber signal
by Gazis, Herman, and Maradudin (6%9) and
by Olson and Rothery (70) continued the
use of the 1.0 second specification.
However, a recent field study by Wortman
and Matchias (71) observed driver percep-
tion-reaction times that were signifi-
cantly greater than the specification
values. At all sites in the scudy, the
mean observed perception-reaction time
was greater than 1.0 second. In fact at
most of the intersections the 85th per-
centile value approached two seconds.

Experimentally-derived data on driver
perception-reaction time was discussed
in dectail earlier under Stopping Sight
Distance. Applicable to the ye%Iow
signal case is the data presented by
Johansson and Rumar (54) on brake re-
action times for "alerted" subjects.
The stimulus in the Johansson and Rumar
study was auditory (not visual) and
thus could be expected to require litrle
if any perception time. Likewise, be-
cause the subjects were instructed to
perform a particular task upon hearing
the stimulus, no appreciable decision
time would be expected. The Johansson
and Rumar distribution is as follows:

"Alerced"” Brake
Reaction Time, sec
50ch Percentile 0.63
85cth Percentile 0.92
35th Percentile 1.21

It should be noted, however, that this
“distribution depicts a pure case of
brake reaction. That is, the decision
is made instantaneously upon perceiving
the circumstances (no decision time)
and perception of the situation occurs
simultaneously with the onset of the
situation (i.e., no perception time).
Obviously, no driver is able to decide
to brake the vehicle at the same instant
the yellow indication starts. Rather,
the driver must first detect and/or
identify that the signal indication has

44

turned yellow and decide whether to con-
tinue through the intersection or to

stop prior to the intersection., Detec-
tion/identification of a signal phase
change depends greatly on the amount

and criticality of other information that
must be processed. Some other factors
that compete for a driver's attention in-
clude traffic conditions, approach speed,
directional uncertainty, and proximity

to the intersection. (Note: King pro-
vides a thorough discusaion of techni-
ques to minimize thesge distractions in
Guidelines for Uniformity in Traffic
Signal Design Confi urac¥ons (20)). With
these discractions_gnd other potential
temporary blockages (e.g., trucks), it

i3 quite conceivable that a driver will
not instantaneously detect a signal

phase change.

After the signal phase change is detected
the driver muat still decide whether to
continue through the intersection or to
stop. This decision is more complex
than the one facing a driver who sights
an impassable objeet lying in the road.
And the "signal phase change" decision
i1s less complex than that faced by a
driver approaching an uncontrolled inter-
section who must judge relative speeds
of potentially conflicting vehicles.

For the decision under discussion here,
the driver must aimply decide if it is
possible ro stop based on the speed of
the vehicle, distance from the inter-
gsection, roadway conditions (e.gs., wet
vs dry; level vs grade), and traffic
conditions (e.g., i3 the vehicle ahead
going to stop??. The same decision time
distribucion presented earlier under

Stopping Sight Distance can be assumed
as EoIIows:

Decision Time, sec
50ch Percentile .50
85th Percentile 0.85
95th Percentile 0.95
If latency, fixation and recognition
times are assumed to be zero %T.e.. in-

stantaneous recognition of the amber
signal phase chanfe), the decision-brake
reaction time estimates become the per-
ception-brake reaction time estimates

as follows:

Perception-Brake
Reaction Time, sec
50th Percentile 1.11
85th Percentile 1.77
95th Percentile 2.16



These empirically-derived values compare
quite favorably with the observed values
documented by Wortman and Macchias (71).
For example, the mean value observed by
Wortman was 1.30 seconds as compared to
the 1.13 seconds median value -derived
above. Wortman's average B85th percentile
value for all study intersections was 1.8
seconds; the estimate above i{s 1.77 sec-
onds.

It should be noted that the estimates
derived above assume the driver's in-
stantaneous perception and recognition
of the amber signal phase change. In
gsome, if not most, cases the driver will
indeed give primary attentiodn to the
signal when the vehicle approaches and
passes through the point at which the
appropriate decision changes from "stop
if signal changes to yellow" to "proceed
even if signal changes to yellow'. In
other words, the experienced driver is
aware of this threshold point and knows
that it is not critical to focus atten-
tion on the slignal well before or well
after this point but that it is critical
around that distance from the intersec-
tion. In some cases the driver may not
be able to focus attention on the signal
when the vehicle is near the threshold
point due to other factors such as traf-
fic congestion. In these instances, the
driver does not instantaneously perceive
and recognize the amber signal phase
change. This lag time actually would be
added to the perception-brake reaction
time estimates derived above.

Adequate Gap Time for School Crossing
Traffic Signal Warrant

The pedestrian perception-reaction time
is defined in the ITE recommended prac-
tice, A Program for School Crossing
Protection ), as 'the number of sec-
onds required for a child to look both
ways, make a decision, and commence to
walk across the street”. It is assumed
to include attention/fixation time, per-
ception time, and response time for the
decision making process on whether or
not tocross & streat. Abrams and Smith
(72) observed five different intersec-
tions for a total of 17 hours. They
-observed a range of average gerception-
reaction times from 0.61 to 2.53 seconds;
the observed mean and median values were
1.31 and 1.18 seconds, respectively.
It should be noted that the estimated
85th percentile value for driver percep-
tion-reaction time while stopped at an
unsignalized intersection was estimated
as 2.21 seconds, roughly comparable to
the Abrams and Smith data. Several words
of caution about thege estimates, how-
ever, are necessary. First, the Abrams
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and Smith study examined pedestrian
perception-reaction time at signalized
intersections, and that was perception
of and reaction to pedestrian WALK/
DON'T WALK signals. The task facing

a pedestrian at an unaignalized inter-
section 18 significantly more complex.

The second caution is that the data pre-
sented above (both the field data and
the laboratory data used for intersec-
tion estimates) 1ias strictly based on
measurements of the adult population.
Without any data to support this claim,
it is nevertheless a reasonable assump-
tion that a "safe" value for a child's
perception-reaction time should exceed
that for an adult. Therefore, the cur-
rent specification value of 3.0 seconds
appears to be a realistic estimate.

INFORMATION PROCESSING CAPACITY

In most driving task models (e.g.., Forbes
(73). Shinar (74)) the driver is con-
ceived as a processor of information
received through his sensing skills. The
driver detects various inputs through

his sensing skills, organizes and inter-
prets these as recognizable objects,
events, situations, etc., weighs alter-
native actions and then makes a decision
leading to a vehicle response, if neces-
sary. The prgcess of sensing-perception-
decision-making can be considered col-
lectively as information processing and
it is generally held that there is a
capacity limitation for each driver.

Dewar (75) talks of channel capacity as
the upper limit of a person's ability

to process information coming into the
nervous system, King and Lunenfeld (76)
in their discussion of channel capacity
cite Miller's (77) definition as the
asymptotic value where an increase in the
input of quantity of information yields
no increase in the transmitted quantity
of error-free information.

Since the driver is continuously pro-
cessing information during this travel;
it is a driver characteristic inherent

in many aspects of highway design and
traffic operationa. However, it has
particular relevance in the design of
sign information systems since the motor-
ist has a limit as to how much sign

copy he can read, comprehend, and make
decisions on. This driver characteristic
1s acknowledged, at least indirectly, in
the standards for design of guide sign
legend.

The MUTCD in Section 2E-9 specifies thac
direcctional copy on a guide sign should
not exceed three lines and that there



should not be more than three signs each
with one destination on one support. The
MUTCD explicitly states that "...three
destinations and the directional copy
are as much as most drivers can compre-
hend readily at high speed.”

The support for this maximum of three
pleces of information seems to be based
on the early work of Mitchell and Forbes
who wrote in 1942 (37) regarding the
design of letter sizes:

"Minimum Reading Time and Safety
Factor.--The shortest possible glance
from the road to read the sign and
back to the road consumes from 0.6

to 1.0 seconds. During this glance
the maximum amount of copy which can
be read by the ordinary person is
from three to four familiar words,
This time value results from the fact
that it takes approximately 0.2 sec-
onds for the eye to satop. focus and
read, and another 0.2 seconds for the
eye to start and move through one of
the 5 degree of 10 degree jumps. To
be conservative, therefore, 1.0 sec-
onds ia adopted as the time necessary
for a single minimum glance from road
to sign and back to the road, allowing
the shortest possible glance at both
the road and the sign.

If more than three familiar words are
included in the copy. it has been
shown that the time for reading the
sign may be increased to as much as
from 3 to 11 seconds, and such signs,
therefore, are impracticable on high-
speed highways. Where they are um-
avoidable the reading time should be
increased by one second for each addi-
tional three or four familiar words,
thus making allowance for the driver
to glance back to the road between
glances at the sign.

It is still necessary to add a time
interval as a safety factor in case
the sign is not seen at once. The
smallest possible safety factor is

one l-second glance; that is, the
ninimum reading time 18 2 t_, in which
ty is the time required forSa single
;Tance or 1.0 aecond and when signs
contain the minimum number of words.
When the sign contains more than three
worda:

N
tg'3’+1.0 ‘
in which N equals the number of famil-
iar words on the sign. If the atten-
tion or target value has been prop-
erly designed inte the sign, the
motorist will have seen it before he

46

is able to read it, and Egq. 3, with

2 seconds as an absolute minimum
will guarantee him time to rTead the
sign twice unless something distracts
him or obszructs his vision."

This limit of three to four familiar
words appears to have been accepted and
included in the current design atandards.
While there has been considerable re-
search in other aspects of sign design
(e.g., reading time, legibilicy dia-
tances, etc.), the literature review did
not identify any other research that pro-
vided data on maximum amount of informa-
tion that can be included on a sign(s)
based on the limitations of driver infor-
mation processing capacity.

PEDESTRIAN WALKING SPEED

Pedestrian walking speed in roadway
crossing applications can be defined as
the distance travelled by the pedestrian
(e.g., curb-to-curb) divided by the time
elapsed between the decision to proceed
across the roadway and the arrival at
the destination point (e.g., far curb).

Components of Characteristcic

The process which a pedestrian undergoes
in crossing a roadway can be divided into
two distinct componenta: sidewalk queue
time and walking time. Once a pedestrian
has perceived that it is safe and legal
to cross the street, the pedestrian must
move from the original observation point
to the street itself. 1In most cases, the
pedestrian has stood at the curb of the
street prior to crossing the street and
the time taken to leave the curb is neg-
ligible. However, in instances where
large pedestrian volumes are present,
pedestrians will form a queue at the

curb and thus the pedestrian must also
craverse parc of the sidewalk prior to
leaving the curb. This amount of time
taken for this maneuver is a function of
beth the number of pedestrians present
(and thus the density) and the in-motion
walking speed of pedestrians in advance
of the other pedestrians. Means of
accommodating this queuing problem are
?gggd in a report by Abrams and Smith

The second component of a pedestrian street
crossing is the actual walking time between

the curb and the destination point. Sev-
eral studies have been conducted to meas-
ure this walking speed, As Institute of
Transportation Engineers Technical Com-

mittee report (78) estimated a mean walk-
ing speed for street crossing to be 3.7 fps
(1.13 m/s).
a mean speed of 4.72 fps (l.44 m/s). In

A study by Hoel (79) estimated



1968 Weiner (80) estimated a mean speed
of 4.22 fps (1.29m/s) and a 1967 Swedish
study by Sjostedt (Bl) estimated a mean
speed of 4.5 fps (l.4m/s). The wide
disparicy between these four estimated
mean values 13 indicative of the com-
plexity of the walking speed component
Walking speed is a function of a varlety
of factors including pedestrian density,
age or other impairment of the pedes-
trian, sex of the pedestrian, street
width, and trip purpose.

Factors Affecting Walking Speed

Pedestrian Density--In general, walking
speeds decrease as pedestrian density
increases. Hoel estimated 10 percent of
individual, unconstrained pedestrain
crossings to have walking speeds less
than 4.0 fps (1.2 m/s). Abrams and

Smich took Hoel's relationship and fac-
tored into it the constraint of increased
pedestrian volumes to develop a direct
mathematical formula which they then
validated with field counts. This form-
ula estimates that an intersection with
a 2-way pedestrian volume of 10 per cycle
will result in 33 percent of the signal
cycles having pedestrian platoons with
walking speeds lesg than 4.0 fps (1.2 m/s).
For 20 pedestrians per cycle, the per-
centage rises to 57; and for 30 pedes-
trians per cycle, the percentage exceeds
80. Weiner made the observation that
even in an unconstrained condition, walk-
ing speeds tend to decrease for pedes-
trians accompanylng other pedestrians.
The Weiner research indicates that aver-
age male walking speeds drop from 4.22
fps (1.29 m/s) when walking alone to

3.83 fps (1.17 m/s) when not alone, for
females the drop is from 3.70 fps to

3.63 fps (1.13 m/s co 1.1l m/s).

Age of Pedestrian--The distriburion of a
pedestrian platoon’'s walking speeds
fluctuate as a function of the platroon's
age distribution. Sleight (B2) developed
2 cumulative walking speed distribution
for three distinct age groups: the
elderly, adults, and children. Sleight
found that in unconstrained movement,
the average adult and the elderly
‘crossed the street at approximately 4.5
fps (1.4 m/s) and that the average child
crossed at 5.3 fps (1.6 m/s).

Sex of Pedestrian--ITE Committee 5-R re-
ported an average street crossing speed
for males at B.g fps (1.2 m/s) and for
females at 3.3 fps (1.0 m/s). As cited
above, Weiner reported average speeds of
4.22 fps (1.29 m/s) for males and 3.70
fps (1.13 m/s) for females. Each report
estimates that female walking speeds are
12-13 percent less than for males.
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Street Width--Street width affects the
walking speed of a pedestrian. Bruce
(831) observed that walking speeds will
vary as &8 function of the street width
(i.e., as street width increased, walk-
ing speed likewise increasea). The
Bruce data counted a range of average
speeds from 4.8 fps (1.5 m/s) for a 132
foor (40/m) street to 4.1 fps (1.2 m/s)
for a 60 foot (18 m) street to 3.6 fps
(1.1 m/s) for a 42 foor (13 m) street. -

Trip Purpose--Pushkarev (84) assembled
data in the book Urban Space for Ped-
estrians which describes the etffect of
g3.rlans

trip purpose on walking speeds. For
instance, walking speeds for commuters
are typically greater than for any other
type of pedestrian. Students and shop-
pers generally walk slightly slower
(except at very low densities, when stu-
dent walking speeds increase signifi-
cantly).

The distribution of walking speeds found
at any intersection is tied directly to
each of the above five factors--pedes-
trian density, age or other physical
impairments of the pedestrians, sex
distribution of the pedestrians, street
width, and the trip purposes of the pe-
destrians.

Intersection walking speed distributions
are completely site-dependent. Perhaps
the only way to adequately portray these
distributions 1s to present ranges of
values for the 50th, 85th, and 95th per-
centiles. These ranges will be developed
from three intersection scenarios: heavy
elderly concentration with no pedestrian
density constraints; 'average' CBD dis-
tribution by age group and no pedestrian
density constraints; and "average" dis-
tribution constrained by heavy pedestrian
volumes.

® A high concentration of elderly
pedestrians, according to Sleight
(82) would yield a walkifig speed
distribution as follows:

Speed
Percentile fgs st

50 4.5 1,22
85 1.4 1.04
95 3.0 0.91

e Based on statistics reported by
Bruce (83), an "average" CBD dis-
tribution of walking speeds un-
contrained by pedestrian densities
would be as follows:
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eed
Percentile s m/s

50 4.2 1.28
85 3.6 1.10
95 3.1 0. 94

e Based on Abrams and Smich (72)
field studies dealing with con-
gested intersections, the follow-
ing distriburion appears to be

realiscic:
f_Sp_%_
Percentile tps m/s
50 3.9 1.19
85 3.4 1.04
95 3.0 0.91

Thus, in general, the distribution of
walking speeds at intersections falls
within the following ranges:

50th percentile is 3.9-4.5 fps
(1.2-1.4 m/s)

85th percentile is 3.4-3.6 fps
(1.0-1.1 m/s)

95th percentile is 3.0-3.1 fps
(0.91-0.14 m/s).
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IV. SENSITIVITY ANALYSIS AND
CRITIQUE OF SPECIFICATION

Having discussed the relevant geometric
design and traffic operacions standards,
and identified the current specifications
and range of values for the relevant
driver and pedestrian characteristics,
this chapter will:

& present the results of the sensi-
tivicty analysis which identifies
those standards that are sensitive
to a change in the characteristic
specification;

® 1Indicate, where possible, what per-
cent of the driving or pedestrian
population 1s being excluded by
the current specification and
what might be the impact of this
exclusion; and

e critique the current speclification
in light of what is now known about
the characteristic and how it
affects the standard.

The sensitivity analyses which follow
employ the basic apprcach of determining
the change in the standard value which
corresponds to a specified change in the
driver characteristic value. In its
simplest form, the sensitivity 1s the
ratio,

Unit Change in Standard
nic ange in Driver Characteriscic.

In certain circumstances, a better um-
derstanding of the relationship between
the standard and the driver characteris-
tic can be presented by calculating the
ratio,

Percent Change in Standard
Unit Change in Driver Characteristic

or

Percent Change in Standard
Percent Change in Driver
Characteristic.

In all of the sensitivity analyses, the
base from which these sensitivity analy-
ses are calculated is the current speci-
fication value for the driver character-
istic. A unit change from the specifi-
cation is chosen (e.g., 1 second) and
the resultant driver characteristic
value 1s used to calculate a revised
standard value, or in equation form the
sensitivity is

Standard2 - Standard1
Driver Cﬁarac2 - Driver Characl
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This computation yields a value for the
incremental sensitivity of the standard
to the driver characteristic. For some
standards, those involving exponential
or trigonometric fumctions in the
standard formulation, the sensicivity
changes as the driver characteristie
values change even if the unit change in
the driver characteristic 1is held con-
stant. In other words, the instantaneous
sensitivity rate is a function of the
driver characteristic value and does not
equal the incremental rate. The in-
stantanecus rate is computed by taking
the partial derivative of the standard
formulation with respect te the driver
characteristic.

For several standards, the population
distribution for the driver characteris-
tic remains somewhat in doubt, as docu-
mented in Chapter I1I. For these stan-
dards, the sensitivity analysis involves
varying the standard values by certain
percentages (e.g., 5, 10, 20 percent)
and computing the required change in the
driver characteristic to accommodate
these variations. In that way, the
analysis shows if a significant change
in the standard requires only a smsall
change in the driver characteristie.

Or conversely, if a significant change
in the driver characteristic yields only
a small change in the standard.

STOPPING SIGHT DISTANCE

Sensitivicy Analysis

Stopping sight distance is determined
from equation (l). The instantaneous
and incremental change in stopping sight
distance (S5D) with respect to an in-
stantaneous (or incremental) percentage
change in the driver characteristic,
perception-brake reaction time (P), can
be expressed as follows:

2 (SSD)
2 T v
30(t+g)

Application of equation (26) for both
minimum and desirable stopping sigh dis-
tances ylelds the "sensitivity indices”
which are plotted in Figure 6. At the
design speed of 30 mph (48 km/h) where
there is no grade, a one percent change
in the perception-brake reaction time
will yleld a 0.580 percent change and a
0.563 percent change in the minimum and
desirable stopping sight distances,
respectively. This percent change de-
creases with increasing design speed.

Another observation is that the minimum
values are more sensitive to a change in

1.47 PV
1.47 PV +

(26)
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the perception-brake reaction time
than are the desirable values because
of the shorrer braking distances
associated wicth the minimum values.

Longer stopping sight distances are re-
quired on downgrades (because of the
longer braking distances); therefore,

an Increase in the perception-brake re-
action time would have less effect than
on level grade. Conversely, for up-
grades, less stopping sight distance is
required and, therefore, the perception-
brake reaction component has more affect
on the overall stopping sight discance.
Consequently, stopping sight distance

is more sensitive to an increase in
perception-brake reaction time for up-
grades.

Referring back to Table 10, several
values of perception-brake reaction time
were suggested based on the literature
synthesis. The values of 2.3, 2.8 and
3.2 seconds, which are the B5th percent-
ile values for each of the three dif-
ferent assumptions, will be used for the
sensitivity analysis. These values were
selected because they at least provide

a reasonable range of values that brack-
et the 2.5 second specification.

Table 13 displays the new minimum and
desirable stopping sight distances and
the percent changes from the current
calculated stopping sight distances for
the three values of perception-brake
reaction time.

If 3.2 seconds was to be used as the
gpecification value for perception-brake
reaction time then the calculated
minimum scopping sight distance would
be nearly 1é percent higher than the
current value at 30 mph (48 km/h) and
nearly 10 percent higher at 70 mph
(113 km/h ). The 3.2 seconds represents
the estimated 85th percentile value of
driver perception-brake reaction time
under the worst case assumption, i.e.,
the driver is not fixating down the
travel lane and requires some decision
time be¥ore activacing the brake.

The question as to whether or not stop-
ping sight-distance is sensitive to a
change in the specification for the
perception-brake reaction time can not
be answered simply. About all that

can be said is that a change in the
perception-brake reaction time results
in a measurable change in the stopping
sight distance becoming less signifi-
cant as design speeds increase. This
finding raises the question as to
whether or not perception-brake reaction
time varies with speed. The brake re-
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action time probably doesn't, but it is
possible that the perception-decision
component might vary with speed. Hy-
potheses could be rationalized for
either increasing or decreasing time
with changes in speed. The literature
does not provide much evidence for
either case.

Exclusion Analysis

The current specificacion for percepcion-
brake reaction time is 2.5 seconds. It
apparently does not represent any speci-
fic percentile value of the driving popu-
lation but was considered by AASHTO (1)
to be "large enough to include the time
taken by nearly all drivers under most
highway condirions". Based on the avail-
able literature on perception and brake
reaction time, it could be argued that
the 2.5 seconds may not be adequate to
compensate for '"mearly all drivers'". As
shown previously in Table 10, a conserva-
tive assumption, the driver 1is looking
down the travel lane still yields an
estimated 85th percentile value of 2.8
seconds for perception-brake reaction
time. The current specification of 2.5
seconds would accommodate an estimated

75 percent of the driving population
under this assumption.

All of the percentile values in Table 10
are to be condidered estimates. They
were determined by adding values, in some
instances estimates themselves, of dis-
crete components of the perception-brake
reaction time. It can not be stated with
certainty that these values do represent
the true distribution of the driving
public, as they were based on relatively
small sample sizes and less than actual
driving conditions.

Perception-brake reaction varies among
the driving population and varies for
any one driver depending upon the situa-
tion. Consequently it 1is difficult to
state categorically that a certain per-
centage of drivers are being excluded
with the 2.5 second specification. It
can be safely assumed that the current
specification does not accommodate all
drivers for all situations. Our esti-
mate is that about 25 percent of the
drivers may be excluded at some time by
adoption of the 2.5 second specification.
It can not be stated what group of
drivers are being excluded but the elder-
ly, with cheir slower reaction times, are
likely predominant in the excluded group.
Whether or not the excluded group com-
pensates in any way by reducing travel
speed is unknown and should not be
assumed without evidence.



TABLE 13--Stopping Sight Distances and Percent Change
from Current Computed Distances for Three
Values of Brake Reaction Time

Design Assumed Perception-Brake Reaction Time (sec)
Speed Spead £ 2.1 2.8 3.2
mph mph min des min des min des
169 187 190 209 206 227
30 28 0.35
-5.1 -4.5 6.7 6.6 15.7 15.8
257 302 283 331 304 355
40 36 0.32
-3.7 -3.8 6.0 5.4 13.9 13.0
364 447 396 484 422 513
50 44 0.30 ’
-3.2 -3.0 5.3 5.0 12.2 11.3
487 617 525 661 555 696
60 52 0.29
-3.0 -2.7 4.6 4.3 10.6 9.8
596 820 639 871 673 913
70 58 0.28
-2.8 -2.4 4,2 3.7 9.8 8.6

The SI (metric5 conversions are 1 mph = 1.61 km/h and 1 ft = 0.3 m,
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Stopping sight distance (ft)

-—

p——— Percent change from current computed SSD.




Equally undeterminable 1s what effect
takes place by not designing for those
motorists with perception-brake reaction
time longer than 2.5 seconds. Logic
would lead to the conclusion that those
excluded motorists would be more suscep-
tible to accldents involving stopping
situations and limited sight distance.

A longer time to perceive and react to

a stopping situation leaves a shorter
distance for braking.

Unfortunately not very much is known
regarding the relationship of sight dis-
tance and accidents except that, in
general, the greater the minimum sight

ilscance the safer the highway becomes.
A 1975 study by Gupta and Jain (85)
attempted to relate accldents to road-
way width, horizontal curvature, verti-
cal clearance and sight distance re-
strictions. They found that only 5
percent of the variation in accldent
rate was explained by these variables,
Other similar studies have not been
successful in isolating the relation-
ship of sight distance to accidents.
Without such a relationship it cannot
be determined what the effect would be
on safety 1f a longer minimum sight dis-
tance were adopted as a result of a
higher driver perception-brake reaction
time specification value.

Critique of Specification

The current 2.5 second specification for
perception-brake reaction time has been
used for stopping sight distance for
many years. It has been argued that
this value is too low by others (Glen-
non,86) and estimates of the charac-
teristic developed for this study can
support this claim. It is estimared
that the 2.5 seconds may be applicable
to only 75-85 percent of the driving
populaticn. On the other hand, there
is no strong evidence that the current
minimum and desirable stopping sight
distances, which are based on 2.5 sec-
onds, are inadequate or at least un-
acceptable on the ground of safety.

As stated before, studiass of accidents
relacted to sight distance restrictions
have not shown any strong correlations.

-There would appear to be no justifica-
tion for lowering the 2.5 second speci-
fication. Most of the estimates for
perception-brake reaction time (see
Table 11} are indeed higher than the
current specification. Any lowering of
the specification would place more
drivers in situations where they would
not have enough rime to perceive and
react to a stopping situation. There
might be justification, however, for

increasing the specificatien if the
values estimated here are considered
reliable. (It should be noted here
that the concept of decision sight dis-
rance essentially does this by providing
longer premaneuver times). However,
before this is considered, further em-
pirical research is needed to derive a
more reliable distribution of percep-
tion-brake reaction time for the driving
gopulation. This research would require
oth laboratory and field studies on
large samples of the driving publiec.
The test procedures should be developed
so that the reaction times for the un-
alerted driver could be measured.

PASSING SIGHT DISTANCE

Sensitivity Analysis

As noted previously, it is difficult to
isolate the driver characteristic in the
AASHTO standards for passing sight dis-
tance. Nevertheless, it might be useful
to evaluate the sensitivity of the AASHTO
design standards to changes in what 1is
termed the reaction time distance, dj
which 1is expressed by equarion (2). The
diatance d; is added to distances dz, dj,
and dy to arrive at the design sight
distance value.

Table 14 lists the total computed sight
discance values for varying values of
inicial maneuver time for two speed groups.
For instance, for the 30-40 mph (48-%& km/h)
speed group, a 50 percent increase in
initial maneuver time over the current
specification ylelds only a 7.9 percent
inecrease in total computed passing sight
distance. The effect of a 50 percent
increase ranges between a 7.9 and 8.4
percent increase. These relatively low
ylelds from substantial changes in the
specification value would indicate thatr
the AASHTO standard for passing sight
distance is relatively insensitive to
changes in the initial maneuver time
(which, in turn, is indirectly™a fune-
tion of the driver characteristic,
perception-reaction time).

Exclusion Analysis

The driver characteristic perception-
reactio time is cited by AASHTO as bein
an element of the sight distance standarg.
However a driver at the beginning of the
passing maneuver is not provided sufficient
sight distance to be assured of a safely
completed pass. Rather, the driver is

not assured of a safe pass until the
"eritical position'" is reached and no
opposing vehicle is si;hted. Therefore,
variations in a driver's perception-reaction
time will not affect the driver's ability



TABLE l4--Effect of Changes in Initial Maneuver
Time Necessary for Passing Sight Distance

Percent Change in COMPUTED SIGHT DISTANCE, ft
Initial Maneuver (Percent Change in Sight Distance)
Time SPEED GROUP
30-40 mph 60-70 mph
-50% ' 962 ft (-7.3%) 2190 ft (-7.9%)
-40 977 (~5.9%) 2227 (-6.3%)
-30 992 (-4.4%) 2264  (~4.8%)
-20 1007 (-3.0%) 2302 (-3.2%)
-10 1022 (~1.5%) 2340 (-L.6%)
-5 1030  (-0.8%) 2360  (-0.8%)
0 : 1038 (0) 2378 (0)
5 1046  (0.8%) 2397 (0.82)
10 1054  (1.5%) ' 2417 (1.6%)
20 1070 (3.1%) 2457 (3.3%)
30 ‘ 1086  (4.6%) 2497 (5.0%)
40 1103 (6.3%) 2537 (6.7%)
50 1120 (7.9%) 2578 (8,4%)

Notes:l)Values are computed based on the AASHTO formulation and specifications:
‘and agsumes that the "v-m" value equals 10 mph (16 kph).
2)Values shown for a zero percent change may be different from the AASHTO
- design standards due to rounding.
3)Percentages are computed from the calculated values.
4)The SI (metric) conversions are L mph - 1.61 km/h and 1| ft = 0.3 m,



to safely initiate and complete a pass-
ing maneuver. One possible exception to
this statement must be mentioned--in the
case of marking the beginning of a pass-
ing zone, a driver with a short percep-
tion-reaction time will be capable of
initiating the 'pass-or-no-pass"” deci-
sion process earlier in the passing

zone than the driver with a slower per-
ception-reaction time. Nevertheless,
once this decision process is initiared,
the "slow'" and "fast' driver are on
equal footing. Therefore, no drivers
are treated unequally by the current
passing sight distance standards be-
cause of their particular driver charac-
teristics.

At the "critical position', the driver
has two optionsg: to complete the pass-
ing maneuver or to decelerate and pull
back behind the vehicle that was to be
passed. During the time that cthe

driver of the passing vehicle is per-
celving and iniciating reaction to an
opposing vehicle, the passing vehicle
might continue to travel at the passing
speed. Therefore, 1f the driver decides
to complete the passing maneuver, the
perception-reaction time does not con-
tribute additional time (or distance) to
the total time (or distance) needed to
complece the passing maneuver. However,
if the passing driver decides to abort
the passing maneuver, the perception-
reaction time does add to the roral

time and distance needed for the "pass
abort" maneuver. Therefore, drivers
with slower perception-reaction time
might be excluded by the current AASHTO
standard from executing a passing maneu-
ver in the prescribed, safe wanner.
Instead these drivers must either ac-
celerate to pass the slower vehicle

at a greater than 10 mph (18km/h)
differential, reduce the clearance
between the passing and passed vehicle
or between the passing and opposing
vehicle, or abort potential pass com-
pletions more often than drivers with
lower perception-reaction times.

Critigue of Specification

The current specification value for the
initial maneuver time is based on field
cbservarions and so is generally repre-
sentative of the driving population.

The primary fault of the field data used
to develop the current specification is
that it may now be outdated. The most
recent appropriate passing data was
collected by Weaver and Glennon (87) and
reported in 1971. The AASHTO standard
is based on data documented by Prisk (6)
and Norman (68) prior to 1960,
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DECISION SIGHT DISTANCE

Sensitivity Analysis

Decision sight distance is expressed by
equation (4). The instantaneous and in-
¢remeintal percentage change in decision
sight distance with respect to an instan-
taneous (or incremental) percentage change
in the driver characteristic, pre-maneuver
time (which equals the sum of derection,
recognition, decision, and response ini-
tiation time), is expressed as follows:

d(DSD
d':tdc) tae ¥ 5 o
tdc
where: DSD = decision sight distance

fr (m)

= pre-maneuver time, sec

detection time, sec
= recognition time, sec

= decision time, sec

= regponse time, sec

= maneuver time, sec

ts
Application of formula (27) results in
the sensitivity indices as shown 1in
Table 15. For each design speed two values
are shown, a low value which is based on
the low end of the recommended range of the
pre-maneuver times and a high value which
1s based on the high end of the range.

TABLE 15--Sensitivity Indices for
Decision Sight Distance
with Respect to Change
in Driver Characteristic

Specification
20 in DSD With
Design Speed 124 in Cde
@R Y@k~ Low  High
30 48 0.56 0.68
40 64 0.56 0.68
50 80 0.56 0.68
60 97 0.60 0.69
70 113 0.63 0.72

The SI (metric) conversion is
1 wph « 1.61 km/h.



These index values indicate that decision
sight distance is sensitive to a change

in cthe collective detection-recognition-
decision-response driver characreriscic.
1f, for example, the driver characteristic
specification of 6.7 seconds (the low

value for design speed of 60 mph (1113 km/h)

was ‘changed by +l0 percent (0.67 sec) the
resulcing decisiIon sight distance value
would change +6.0 percent. For the high
value at the same speed the change would
be 6.9 percent.

Exclusion Analysis

The values used for the detection-
recognition-decision-response driver char-
acteristic do not relate to any specific
percentile of the driving population.
However, it is likely that they apply to
a: least the 85th or even higher percent-
ile, given the way they were developed,
Initially they were estimated by summing
the mean or higher values for the dis-
crece components of the progess. This
procedure likely results in a conserva-
tive value, since it assumes that there
is no time sharing of the four tasks,
which does occur. Subsequently they were
“validated” by a field experiment using
test subjects. While the sample of
drivers was very small (n=19) it did in-
clude a full range of age. Consequently,
it can be reasonably assumed chat very
few motorists are excluded by the values
used for driver characteristic specifi-
cation.

Crictique of Specification

There appears to be no reason to modify
the driver characteristic values used
for decision sight distance, especially
since the low-high ranges suggested re-
sult in a wide range of distances. In-
creasing the specifications would result

INTERSECTION SIGHT DISTANCE - CASE T

A o L

Sensitivity Analysis

The necessary distance from an intersec-
tion (which a vehicle must be in order
for the driver to safely sight an ap-
proaching vehicle) is a function of the
velocity of the driver’'s vehicle and of
the driver's perception-reaction time as
expressed by equation (5). Thus for each
incremental change in the design value
for perception-reaction time, there is a
corresponding incremental unit change in
the necessary intersection sight distance.
The formulation is as follows:

Ap
ac (=

This sengltivity varies from a rate of
29.3 feet per second change in PRT

1.47 (V)

. (46.9 m/s) at a design velocity of 20

aph (32 km/h) to a rate of 103 feet per
second (164 m/s) at a design velocity of
70 mph (113 km/h). The percentage change
(rather than unit changei In the neces-
sary intersection sight distance per unit

change in perceptlion-reaction time is com-
puted using the following formula:

248inD _ 1 (29)
At 3
~here: ty = initial perception-reaction
time, sec

At the specification for perception-
reaction time, 3.0 seconds, the instan-
taneous percentage change in necessary
sight distance per one second change in
perception-reaction time is 33.3 percent/
second.

To take this type of analysis one step
further, the percentage change in neces-

sary sight distance per one percent change
in perception-reaction time is 1; in other
words, necessary sight distance and percep-
tion-reaction time vary at the_same per-
centage rate. For example, an increase in
perception-reaction time from the specifi-
cation of 3.0 seconds to the estimated
85th percentile value of 3.4 seconds, an
increase of 13.3 percent, would increase
the calculated necessary sight distance

by a corresponding 13.3 percent.

in a overly conservative standard. Pro-
viding sight discances "more than enough”
for the rask does not necessarily make

it a safer or more efficient design. It
has been observed that motorists will
oftentimes not take advantage of che
extra sight distance. For example, they
will change lanes or exit "at the last
moment' even though they could see the
need for it a long distance away.

What is suggested for this standard are
better guidelines for the use of decision
sight distance and specifically what
values between the recommended limits

are appropriate for various conditions.
Since the low-high range is based on
ranges of the driver characteriscics,
further research may be warranted to
define these values more precisely.

The formulation for Case I Intersection
Sight Distance provides the driver of a
vehicle time to perceive and recognize
the approaching vehicle, to decide what
type of evasive action (1f any) is neces-
sary, and to move his/her foot to either
the accelerator or brake pedal. The for-
mulation does not provide any time for
the evasive action to be taken. In other
words, the vehicles collide at the inter-
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section before either driver has had time
to change the vehicle speed. Obviously.
a more desirable sight distance would
allow the drivers of the vehicles to be
able ro take adequate evasive action,
Considering this concept, a proposed
formulation is as follows:

wv
A dW (30)
Dp = L-67V\P * = T9Iv7
(DA = VaP + Wa o 1.8aw?
3.F "8 Vp? -
where: DA = minimum intersection sight
distance for vehicle A,
fr (m)

V, = design speed for vehicle A,
mph (km/h)

P = perception-reaction cime,
sec

W = width or roadway on which
vehicle A 1s traveling, ft
fr (m)

VB = design speed for vehicle B,
the conflicting vehicle,
mph (km/h)

d = deceleration rate of vehicle

A, mphps (km/h/s)

Table 16 lists the minimum allowable in-
cersection sight distances for inter-
sections with various approach speeds, as
computed with the formula presented
above. Each of the values, as expected,
exceeds the AASHTO design standard for
Case I Intersection Sight Distance. For
each design speed, the minimum allowable
sight distance decreases as the approach
speed of the "conflicting” vehicle in-
creases. In ocher terms, as the speed
of the conflicting vehicle increases,
that vehicle passes through the incer-
section faster and thus the design
vehicle does not need to decelerate for
as long a period of time nor for as great
a distance. It should also be noced
from Table 16 that an increase in per-
ception-reaction time from the specifi-
cation value, 3.0 seconds, to the esti-
mated 85th percentile value, 3.4 seconds,
results in over a 10 percent increase in
calculated minimum intersection sight
distance.

Figure 7 illustrates the effect of
providing the AASHTC (5) Case I Inter-
section Sight Distances on minimum allow-
able perception-reaction time. Based on
the proposed formulation described above,
all values are below the specification
value of 3.0 seconds and well below the
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estimated 85th percentile value of 1.4
seconds. The computed values range from
as low as 2.19 seconds to as high as 2.85
seconds.

Exclusion Analysis

As shown in Table 11, it 1is estimated
that one-half of cthe driving population
has a perception-reaction time greater
than 2.6 seconds when confronted with

the traffic condicions presented in Case
I. And as shown in Figure 7 , the per-
ception-reaction time value of 2.6
seconds falls somewhere in the middle of
the range of maximum allowable percep-
tion-reaction times that are based on

the proposed revised methodology for com-
puting Case I Intersection Sight Distances,
Therefore, it 1s estimated that approxi-
mately 50 percent of the driving popula-
tion cannot perform to meet the AASHTO
{5) standards.

Even if the AASHTO formulation is used as
the basis by which population exclusion

is estimated, a high percentage results.
The specification value, 3.0 seconds,
corresponds to approximately the 65th per-
centile driver; thus cver one-third of all
drivers cannot even satisfy this cricerion.

INTERSECTION SIGHT DISTANCE -

.

Sensitivity Analysis

CASE II

As was noted previously, the Case 1II In-
tersection Sight Distance formulation is
merely an application of the stopping
sight distance formulation. A detailed
sensitivicty analysis of this latter for-
mulation is presented earlier in this
chapter under Stopping Sight Distance.
The reader 13 referred to that section
for the complete analysis of the inter-
relationship between stopping sight dis-
tance and che driver characterisctic,
perception-brake reaction time.

The 50th, 85ch, and 95th percentile values
for Case II perception-reaction time are
estimated to be 2.6, 3.4, and 4,0 seconds,
respectively. The current specification
value is 2.5 seconds.

Table 17 displays revised minimum and de-
sirable stopping sight distances and the
percent changes from the current rounded
stopping sighc distances for the four
values of perception-brake reaction time.
For example, Lf the value of 1.4 seconds
was selected as the new specification, the
calculated degirable stopping sight dis-
tance would be percenc higher than the
current standard value at 30 mph (4B km/h)
and nearly 10 percent higher at 70 mph
(113 km/h) .



TABLE 16--Actual Sight Distance Required for Case I
Intersection Sight Distance Based on Suggested

Revised Formulation '

Minimum Allowable In:ersection(l)
Sight Distance (@PRT = 3,0s/@PRT =3.4s) Design Intex-
Design Speed of &) feet sectlon 4
Vehicle Approaching (2) Sight Distance
An Uncantrolled Approach Speed of "Conflict" Vehicle, “mph.
Intersaction, mph 20 30 40 50 60 70 feet
107 102 99 97 95 94
20 119 116 | 110|100 L 107 106 |
163 154 149 146 143 142
30 181 | 171 | 166|163 161 159 | 130
219 206 199 194 191 189
40 243 229 222 218 215 213 180
275 258 249 243 239 237
20 304 287 278 272 | 269 266 | 220
331 1o 299 292 287 284
60 166 | 345 |14 | 327 | 523 319 | 260
87 362 349 341 335 332
70 428 L7403 | 390 | 382 | 3716 373 | 310
Minimum Allowable Sight Distance
349 s @PRT = 3.0s 8 -
A Minimum Allowable Sight Distance
@PRT = 3.4g
NOTES: (1) Values calculated based on methodology presented inm text,
values expressed in feet; assumes roadway width is 24 feet and
deceleration rate is 10 mphps.
(2) Speed of vehicle approaching intersection which driver {5 decelerating
to avoid. i
(3) Speed of vehicle approaching intersection which will be decelerated.
- (4) Standard value recommended by AASHTO (1).

The SI (metric conversions are 1 mph =.l.6l km/h and 1 £t = 0.3 m.



MAXIMUM ALLOWABLE PERCEPTION-REACTION TIME, sec

ﬂ
3‘0-1--—--—--——-———---- Specification
2.91
20 mph
40 mph
2.B+ 70 mph
50 mph
30 wph
2.74 60 mph
2.6
2.5
2.4
NOTES: The value is the design speed of the
2.3 driver's vehicle approaching the inter-
ﬂ aection: P, calculated ag follows:
- P =D, + () (W/2.933)% - WV, /Vy)
1.47 VA
2.1 where: D, = Design std for Intersection Sight
e A
Distance
d = 10 mphps
W= 24 ft,
LN L 1 L T T
10 20 30 40 50 60 70

DESIGN SPEED OF ''CONFLICTING" VEHICLE, (Vn) mph

The SI (metric) conversions are 1 mph = 1.61 km/h and 1 ft = 0.3 m.

FIGURE 7 --Maximum Allowable Perception-Reaction Time
For Case I Intersection Sight Distance Design
Values Based on the Revised Formulation
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TABLE 17 --Computed Case II Intersection Sight Distances Based
on Various Values of Perception-Brake Reaction Time

Design Design(l) COMPUTED SSD, ft/ (PERCENT INCREASE ABOVE STANDARD)

Speed, SSD, @RT = 2.5 S @RT = 2.6 S @RT = 3.4 S JdRT = 4.0 S
mph ft (Specification) (50th Z%ile) (85th Zile) (95th %ile)

30 200 (min) 177 181 214 239
(-12) (-9.5) (7.0) (20)

200 (des) 196 200 235 262
(-2.0) (0) (18) (31)

40 275 (min) 267 272 315 . 346
(-2.9) (-1.1) (15) (20)

325 {(des) 313 319 366 401
(-3.7) (-1.8) (13) (23)

50 375 (min) 376 383 435 473
(0.3) (2.1) (16) (26)

475 (des) 461 468 527 571
(-2.9) (-1.5) (11) (20)

60 525 (min) 501 509 570 616
(-4.6) (3.0) (8.6) (17)

650 (des) 634 643 713 766
(-2.5) (-1.1) (9.7) (18)

70 625 (min) 613 622 690 741
(-1.9) (-0.5) (10) (19)

850 (des) - 840 850 932 994
(-1.2) (0) (9.6) (17)

NOTES: (1) The two values given are the "minimum” and "desirable' values for Stopping Sight Divtanc.;
Source: AASHTO (1)

(2) The SI (métric) conversions are 1 mph = 1.61 km/h and 1 ft = 0.3 m.



Exclusicn Analysis

The current specification for perception-
brake reaction time is 2.5 seconds, which
is based on a driver of a vehicle sight-
ing and stopping for a stationary object
in the roadway.
viously, the driver in this situation
(Case I1 Intersection Sight Distance) is
required to perform a more complex set
of acrions. The estimated values listed
earlier in Table 11 represent more
accurately the driver characterisric in-
volved in this particular situation
than does the 2.5 second value.

It should be emphasized that the values
in Table L1 are ro be considered esci-
mates. They were determined by adding
values, in some instances estimates them-
selves, of discrete components of the
perception-brake reaction time. It can-
not be stated with certainty that these
values do represent the true distriburion
of the driving public, as they were based
on relatively small sample sizes and less
thanactual driving conditionms.

Perception-brake reaction varies among
the driving population and varies for
any one driver depending upon the situa-
tion. Consequently, it is difficulct to
state categorically that a certain per-
centage of drivers are being excluded
with the 2.5 second specification. It
can be safely assumed that the current
specification does not accommodate all
drivers for all situations. It is esti-
mated that approximately 50 percent of
the driving population is essentially
excluded by adoprion of the 2.5 seconds
specificarion. It cannot be stated what
specific group of drivers are being ex-
cluded but the elderly, with their
slower reaction times, are likely pre-
dominant in the excluded group.

Cricique of Specification

As has been noted several times above,
Case II Intersection Sight Distance stand-
ards based on the current 2.5 seconds
specificarion for driver perception-brake
reaction time accommodate only an esti-
mated one-half of the drivers approach-
ing uncontrolled intersections. Despite
‘what would appear from this analysis to
be a seriously hazardous set of stan-
dards, very lirtle statistical evidence
has been developed or presented to sub-
stantiate this hypothesis. Most of the
applicable research work found in a
licerature search dealr with the safety
impact of providing less than the AASHTO
guidelines for intersection sighr dis-
tance. It could be argued (based on the
estimation that the specification value
of 2.5 seconds is low) that these studies
are comparing two like sec of conditions,

However as was noted pre-

each of which is hazardous. A more to
the poinr analysis would establish esti-
mated accident rates for incremental
interseccion sight distances, including
those in excess of the AASHTO design
standards. An analysis of that sort may
provide a clearer picture cf the appro-
priate threshold values that economically
optimize intersection safety.

The AASHTIOQ (5) definition of the condi-
tions describing Case II - Enabling
Vehicles to Stop states that the "opera-
tor of a vehicle on either highway must
be able to see the intersection and the
intersecting highway in sufficient time
to stop the vehicle before reaching the
intersection.” The three different rel-
ative approach patterns for two vehicles -
at an uncontrolled intersection--either
vehicle A arrives first, or vehicle B,
or they arrive simultaneously. Accord-
ing to the above definition, Case II
sight distance should enable a driver
confronted with the latter situation
({.e., vehicles to collide) to bring the
vehicle to a complete stop before reach-
ing the intersection. The AASHTO stand-
ards for stopping sight distance no not
in some cases provide this adequate sight
disrance. Instead, the AASHTO standards
will sometimes place the driver in a
situation where a speed adjustment must
be made to avoid a collision buc where
stopping distance is not available; in
other words, Case I--Enabling Vehicles
to Adjust Speed applies.

INTERSECTION SIGHT DISTANCE - CASE TIII
ENABLING STOPPED VERICLES T0O CROSS
MAJOR S5TREETS

Sensitivity Analysis

The most direct measure of sensitivity
between the design standard (Case ITI
Intersection Sight Distance) and the
driver characteristic (perception-reaction
time} is the partial derivative of inter-
secrion sight distance with respect to
perception-reaction time:

™ . v
2 1.47 (31

(refer to eguation (6))

For example, 1f the velocity of the
approaching vehicles is 60 mph (96 km/h)
a one second change in perception-
reaction time necessitates an 88 feet
(27m) increase in sight distance. The
percentage change in the D value for a
unit change in J 1s compured with the
following formula:

2(D o1 1

b T+«

(32)
20 b .
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These values range from approximately
0.14 percenc/second for passenger vehi-
cles to 0.08 percent/second for WB-50
vehicles. The percentage change in the

D value for a percentage change in J is
computed with the following formula:
(3%

These values range from approximately
0.29 percent/percent for passenger vehi-
cles if perception-reaction time is 2.0
seconds to 0.1l6 percent/percent for WB-50
vehicles if perception-reaction time is
2.0 seconds. Therefore, the computed
value for Case III Intersection Sight
Distance changes at a much slower rate
than does perception-reaction time. Or,
in other words, Case III Intersection
Sight Distance is not highly sensitive
to perception-reaction time, especially
in comparison with {ts sensitivity to
vehicle acceleration.

Table 18 lists the computed changes in
intersection sight distance that result
from incremental increases and decreases
in perception-reaction time. Note that
although the absolute values for inter-
section sighc distance will vary depend-
ing on the vehicle approach speed, the
percentage change in D remains the same.
The analysis presented in Table 18 is
particularly useful in evaluating che
sensitivicy of Case III Intersection
Sight Distance to the driver character-
istie, J, because it is not currentcly
possible to develop from existing re-
search a definitive population distribu-
tion of driver characteristic values.
Instead, only an approximate range of 1.4
to 2.8 seconds for the general driving
population can be established. Both of
these values are evaluated for their
sensitivity in Table 18, as well as in-
crementally-stepped values in between.

Exclusion Analysis

Based on current available research, an
accurate popularion distribution cannot
be developed for the driver characteris-
tic, perception-reaction time. For that
reason, ic is not possible to estimate
what segment of the driving population
is excluded by cthe Case IIIL Intersection
Sight Distance design standards. How-
ever, it can be safely stated that the
current specification is neirher much
too high nor much too low for the general
driving population.

Equally undeterminable is what effect
takes place by not designing for those
motorists with perception-reaccion times
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longer than che specification, 2.0 sec-
onds. As is stated previously under
Case IlIl--Intersection Sight Disrance, a
direct quancifiable relationship between
sight distance and accidents has not
developed. Logic, of course, would lead
to the conclusion that "excluded'" motor-
ists would be more susceptible to acci-
dents involving limited sight distance at
intersections.

Critique of Specification

The specification value for the driver
characteristic, perception-reaction time,
appears to represent an adequate percent-
age of the driving population. The syn-
thesls of current, applicable research
suggests a range of values for the gener-
al driving population which brackets the
specification value of 2.0 seconds. The
estimated 85ch percentile value of 2.2
seconds causes a less than 4 percent in-
crease in the computed sight distance
tequired for passenger vehicles and a
Just over 1 percent incresse in the dis-
tance required for WB-50 vehicles.

INTERSECTION SIGHT DISTANCE - CASE IV & V
ENABLING A STOPPED VERICLE TO TURN LEFT
- Y

As indicated in Chapter 1I, there are two
new cases for intersection sight distance
design. Referring back to Figure 1, it
can be seen that both cases (curve C is
Case IV and curve D {s Case V) require
considerably longer sight distance than
indicated by curve B (Case III) for a
given speed, The longer distance result
from the longer time {t takes to turn
left and for Case V the distance required
for the turning vehicle to reach the
speed of the vehicle approaching from che
right. These additional distances are
not related to a driver characteristic
and, therefore, insensitive to a change
in the driver characteristic, J, the
perception-reaction time. Since it was
shown that the sight distance required
for Case III varies only slightly with a
significant change in the driver charac-
teristic then it follows that Case IV

and V would be even less sensitive.

RAILROAD-HIGHWAY GRADE CROSSING SIGHT
DISTARCE - CASE I CORNER SIGAT DISTANCE
TRIANGLE

Sensitivicy Analysis

The sensicivicy analysis for this scand-
ard can be approached in the same way as
for sctopping sight distance. The First
analysis is to determine the "sensitivity
index" (i.e., the percent change in the
standard resulcing from a one percent
change in the specificarion). This value



TABLE 18 --Changes in Case III Intersection Sight Distance
as u Funceion of Changes in Perceprion-Reaczion

Time
CHANGE IN % CHANGE
PEZRCENT CHANGE 0, raon N p
FROM SPECTFI- vew 5.¢1 NEW D.(Z) STANDARD, FROM STAND-
DESICN VEHICLE CATION FOR J s€ec. fr fe ARD
Pagsenger Car (P) 30 1.9 340 30 .6
0 2.6 3h0 ) L)
2d LA 340 30 3.9
19 2.2 510 19 3.9
3 2.1 520 L0 2.1
a 1.9 3.0 Q Q
-3 L.9 330 -0 -2.0
~-19 1.8 500 -10 -2.0
-2 1.6 %30 =30 -5.9
-30 1.4 aiQ -%0 -7.8
=32 1.9 330 -80 ~-L4
Single Unit 30 3.0 760 70 L0
Truck (S 10 2.6 710 20 5.8
20 2.4 720 10 3.]
10 2.2 700 10 1.4
5 2.1 700 10 1.4
0 2.0 490 0 0
-3 1.9 4530 -10 -1.4
-10 L.a 670 -20 -2.9
-20 L.6 660 =30 -4.3
=30 L.4 650 ~40 -5.8
=50 L.0 520 =70 -10
50 fr. Wheelbase 50 3.0 280 70 1.7
Truck (WB-50) . 1Q 2.6 350 40 4,4
240 2.4 940 30 3.3
L1a 2.2 920 1o 1.1l
5 2.1 320 1Q 1.1
Q 2.0 310 g 0
-5 1.9 900 -10 -1.1
-10 L.8 330 -20 -2.2
-20 L.h 130 -30 -3.3
-30 l.4 N =40 A
=30 L.3 440 -70 -7.7

NOTES: (L) Computed by making listad percentags change to specification for J, 2.0 sec.

(2) Computed using the formula "D = L.47V (J + :a);" asgume V a 30 mph and the
width of the main highway i3 24 fr Values are rounded.

(3) Uneven steps in values are dua to rounding in the computaticn of D.

(4) The SI (metric) conversioas are | mph = 1. 6lkm/h and ! ft - 0.3 m.
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is computed by taking the partial deri-
vacive of the standard with respect to
the driver characteristic, dividing by
the standard, and then multiplying by the
driver characrerisric.

Tables 19 and 20 lists, for various high-
way ‘speeds, the "sensitivity indices” for
distances along the highway, Dy, and
along the track, DR, respectively. Sim-
ilar to stopping sight distance two speeds
are used--design speed for desirable
values and assumed speed for minimum
values. The sensitivicy indices indicate
the percent change in the sighrt distance
resulting from a one percent change in
the specification for the perception-
brake reaction time, For example, in
Table 19 it can be seen that a design
speed of 70 mph (113 km/h) the sight dis-
tance down the highway will increase

0.30 percent for a one percent increase
in perception-brake reaction time. Sim-
ilarly, in Table 20, it can be seen that
ar a design speed of 70 mph (113 km/h)
the distance down the track will increase
0.27 percent for a one percent increase
in perceptoin-brake reaction time. Train
speed does not affect the sensitivity
index; hence, it would be the same for
all values of train speed for a given
highway speed.

Since the equations (7) and (8) used to
develop these values are nearly the same
as for Stopping Sight Distance the sensi-
tivity indices are similar. However, the
addicional 25 feer (7.6 m) in equation
(7) and the additional 100 feer (30.5 m)
in equation (8) has the effect of mini-
mizing the sensitivity of the sight dis-
tance due to a change in the perception-
brake reaction time.

The sensitivity indices were used to
develop the plots in Figures B and 9
which show the percent change in the cur-
rent distance for the 50th, 85ch and

95th percentile estimated values of per-
ception-reaction time for distance along
the highway and distance along the track,
respectively. The sensitivicy indices
used for che plocrs were those for "desir-
able" distances shown in Tables 19 and 20.

From the plots, then, it can be determin-
ed what the new discance would be for any
of three percentile values of perceprion-
reaction time. From Figure 8, for
example, it can be seen that for a design
vehicle speed of 60 mph (97 km/h) and an
85th percentile perception-reaction time
of 3.5 seconds the distance along the
highway would incease 113.4 percenc.

From Figure 2 for the same design vehi-
cle speed and some perception-reaction
time, the distance along the track would
increase 12.0 percent. For a given de-
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sign vehicle speed, the changes are con-
stant for all train speeds.

Exclusion Analysis and Critique of
Specification

The current specification of the percep-
tion-reaction time is 2.5 seconds, which
as already noted, is the same for stop-
ping sight distance. But for reasons
already discussed, the perception-reac-
tion process involved in a pasgive-
controlled railroad-highway grade cross-
ing is much more demanding than that for
stopping sight distance. Consequently.
it can be expected that perception-
reaction time would be higher than that
for a stopping distance.

By adding rime values determined from the
licrerature for discrete elements of the
perception-reaction process, estimatred
values were determined for the 50th,
85th, and 95th percentile perception-
reaction time.. With the currenc specifi-
cation set at only 2.5 seconds, the scan-
dard would only accommodate slightly

over 50 percent of the drivers, since the
estimaced 50th percentile value 1g 2.3
seconds.,

However, this does not necessarily mean
that close to 50 percent of the drivers
cannot perform within the specification
of 2.5 seconds.

It may be that the estimated values are

on the conservative side. This is be-
cause it has been assumed that a person
who performs at an 85 percent level for
the detection process would also perform
at that level for all elements of the proc-
ess which may not be the case. Also, it
has been assumed that all elements of the
process are sequential without any time
sharing of subrasks, which may be too con-
servative an assumption.

One way to test the appropriateness of

the 2.5 second perception-reaction time
specification would be to examine the re-
lationship of available sight distance

to train-vehicle accidents. If the 2.5
seconds were too low for a large percent-
age of the drivers, then presumably, an
accident analysis might reveal a positive
correlation. Unfortunately the literature
is silent on this aspect.



TABLE 19--Sensitivity Indices for Distance Along the
Highway With Respect to a Change in Perception-
Reaction time

Deaign Assumed Friceion T4 in D,
S‘E:::) 5‘::::) v‘”(“;; With 1 2 A& 1n ¢
minimum desirable

30 28 0.35 0.51 a.50
40 36 0.32 0.45 0.43
50 44 0.30 0.40 0.38
60 52 0.29 0.36 0.33
70 58 0.28 . 0.33 0.30

1l mph = 1.61 lm/h

TABLE 20 --Sensitivity Indices for Distance Along the Track
With Respect to a Change in Perception-Reaction

Time

Design " Assumed - Friction 24 1n o

Speed Speed Value with 12 A in ¢

(mph) (mph) ¢ minimum desirable
30 28 0.35 0.37 0.37
40 36 0.32 0.36 Q.36
50 44 0.30 0.34 0.33
60 52 0.29 0.32 0.30
70 58 0.28 0.3¢ 0.27

l mph =» 1.61 n/h
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Parcent Change in Current Dietsnce

Percent Change in Current Distunces

35 4
10
25 |

4 95ch Icile

15 4.2 sec.
.———-—M“
L]
\\.
1 85ch Ttile
3.5 sec
3
0 A . . — "
10 40 30 18] 70
» x » x 50th Zrile
-5 | A 2.) sec
Desaign Speed {wph)
SI (metrtc) conversion is | aph = [.61 km/h
FIGURE 8--Percent Change in Currenc Computed Distance
Along the Track for Three Values Perception-
Reaction Time
35 ]

30 4 \n

%34 \
a
20 | \
0\ 95th Itile

. 4.2 sec
15 Te—
10 | T~ 85ch Zeile

1.5 sec
S 4
Q ¥ & i - -
> - 50 50 =7
- 3 n 4 50th Itile
-5 x - 2,3 sec.

Design Speed (mph)
SI (mecric) conversion is |l mph = 1,61 km/h
FIGURE 9 --Percent Chan%e in Current Distance Along

the Highway for Three Values of Percepcion-
Reaction Time
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RAILROAD-HIGHWAY GRADE CROSSING SIGHT

L N - LA AN ALONG
RALLROAD FOR VEHICLES TQ CRO

LN FRONT OF TRAIN

Sensicivicy Analysis

Equation (9). presented earlier, is used
to determine the required sight discance
along rthe railrcad for a vehicle ac a
stopped position cto cross in front of a
train. When the parrial derivacive of
the scandard, L.e., the distance DT, with
respect to the driver characreriscic, J,
is divided by D and chen mulciplied by
J, the resulcing sensictivity index of
0.12 resules. This is a constanc value
which applies to all values of train
speed (V). It means that if the driv-
er characreristic specification of 2.0
second is changed by 1 percent the sight
distance will change by 0.12 percenc.

The current specificacion for the driver
characteristic is 2.0 seconds. In
Chapcer III, this perception-reaction
time characteristic was discussed with
the resulcing conclusion that the range
was from l.4 to 2.4 seconds with the
lower value applicable to the 50th per-
centlle of the driving population and
cthe higher value applicable to ar least
the 85th percentile.

Shown in Table 21 are changes in the
sight disrance requirements that would
result if the current specification of
2.0 seconds. If 1.4 seconds were ro be
used all the distances would be reduced
by 1.6 percent and if 2.4 seconds were
to be used rhe disrances would be in-
creased by 2.4 percent. These are rela-

tively small changes compared to the
current standard.

Exclusion Analysis and Critique of
Specificarion

Prior to the preparation of rhe new edi-
tion of the Traffic Control Devices Hand-
book (17), a driver characceriscic had
not been considered in this standard.
Wich the adopcion of a 2.0 second speci-
ficaction for the perception-reacrion
time, che required sight distances have
been increased subscancially.

No empirical data could be idencified in
che literature chat indicates what the
actual perception-reaccion time is for
this situaction. Howaever, a range of 1.4
to 2.4 seconds has been determined
analytically. It would seem, therefore,
that the 2.0 seconds is a reasonable
value for thig standard and does noc ex-
clude very many drivers. In facc, it
cculd be reasoned that the 1.4 gecond
value may be more appropriace becguse
the sctandard is based on large trucks,
and therefore, truck drivers. These
drivers are rypically more skilled and
experienced and would perform better
than most wich regard ro perception-
reaction time.

In any event, the standard is relatively
insensitive to a change in the driver
characceristic. Because of this and the
fact that the current 2.0 second speci-
fication i3 reasonable, there is no
compelling reason to change the speci-
fication or define it more accurately
through empirical research.

TABLZ 21--Changes in Sight Distances at Railroad-Highway Grade
Crossings for Stopped Vehicles to Cross in Front of
Train with Changes in Driver Characteriscic Specificacion

Sight Distance (ft)
Current Standard

Train Speed

Change in Distance (ft)
wich PRT Time cf

mph W/PRT = 2.0 sec 1.4 sec 2.4 sec
10 240 -9 + 6
20 4BO -17 +12
30 720 -26 +17
40 950 =35 +23
50 1,200 -43 29
60 1,440 -52 35
70 1,680 -60 ~ds
80 1,920 -69 4o
90 2,160 -78 +52

The ST (metric) conversion is 1 mph = 1.61 km/h.



CREST VERTICAL CURVE LENGTH

Sensizivity Analysis

In order to maintain a particular sighe
distance on a crest vertical curve when
the driver eye height is lowered, a
longer (flatrer) curve must be provided.
Lf eye height i3 decreased by one percentc,
longer vertical curve must be provided.

A decrease in eye height to the estimaced
B5th percentile value of 41.1 inches
(1,04 m) results in a 1.58 percent in-
crease in curve length; a decrease to the
estimacted 95th percentile value neces-
sitates a 3.22 percent increase in curve
length. In order to effect a 5 percent
increase in vertical curve length where

§ is less than L, eye height must be de-
creased from che 42 inch (1.07 m)--which
is only 0.4 inches (10 mm) less than the
suggested 95th percentile value for driv-
er eye heighrt.

For cresct vercical curves with sight dis-
tance less than curve length, the maximum
allowable perceprtion-brake reaction time
and distance are all greacer than che

2.5 second specification i£f the driver's
eye height is 42.0 inches (1.0? m). For
drivers with an eye height of 40.2 inches
(1.02 m)--the estimated 95th percentile
value--addicrional distance to sctop is
needed than is available on the crest
vertical curve. However, this additienal
distance amounts to no more than a two
percent overrun. The computed values are
listed in Table 22.

The relactively la} e increases in K values
necessitated by a 2.8 second perception-
brake reaction time are much more sizeable
than those caused by changes in driver
eye height.

Table 22 also lists the sight deficiencies
caused by perception-reaction time of 2.8
and 3.2 seconds. For example, a driver
whose perception-brake reaction time is
2.8 seconds on a crest vertical curve de-
signed for V = 60 mph (97 km/h) will come
to a stop 21 feet (6.4 m) beyond the
sight distance aof 503 feec (153 m). 1f
the driver's perception-brake reacticen
time is 3.2 seconds on the same vercical
curve, the vehicle will stop 52 feet

(16 m) beyond the "sighted” object.

The AASHTO design values for minimumcrest
vertical curve length are expressed in
the units ¢f a "K"” value which is simply
the ratio of curve length to the alge-
braic difference in grades (expressed in
feer). In equation form, K equals L/A.

Table 23 lists the computed K values
needed in order to provide adequate stop-
ping sight distance on crest vertical
curves as a function of two driver eye
heights and two perception-brake reacction
times. These gomputed values are then
compared to the actual design K values.

TABLE 22--Stopping Sight Discance Deficilencies on Cresc Vertical
Curves at AASHTO Design Valuestli)

Computed Sight(Z) Additional Discance (f:)(])

v Discance (£fr) Provided Needed for Vehicle to Stop
{mph) by Design Values 3 RT=2.5/2.8/3.2 sec 2 He=&.1"/40.27
30 200 0/9/27 0/0
40 282 0/1/22 2/0 i

326 0/5/28 0/0
50 382 0/14/40 0/0

461 0/22/51 417
60 503 0/21/52 377

642 0/18/53 0/2
70 621 0/18/52 /2

842 ° 0/24/65 0/6
Notes: (1) Source: AASHTO (1)

(2) Assumes He = 41 in (1.07 m) and Ho = 6
(3) The distance the stepping vehicle will
the
varying reacrion times assumes He = 42
disctance” calculacions for varying eye

object in the roadway;

The SI {mecric) conversions are 1 mph =
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in (0.15 m)

travel beyond the "sighted”
discance' calculations for
in (1.07 m): the "additional
heights assumes RT = 1.5 sec.

1.61 km/h and 1 ft = 0.3 m,

additional



TABLE 2)--Design Cresc Vercical Curve "K' Values for Various

Driver Eye Heights and Perceprion-8rake Reaccion
Time

Calculated "K' Value/(Percent [ncrease Abova Standard)
Design p
Spaed Jesign(l) 2 de = ot tn. D) ) de = 2002 in. (2 2 RT » 2.3 sec O ar - 3.2 sec
(apn) ~ (d3ch Jlle) (35ch Zile)
30 aph] 30 (amin) 24,1 24.5 27.1 32.0
(-20) (-18) (=9.8) (6.7)
10 (des) 29.1 29.7 32.8 1a.6
(-2.3) (-L.Q) (9.4) (29)
40 80 (mia) 4.4 33.13 60.2 69.5
{(-9.1) (-7.3) (Q.3) (16)
80 (des) 75.1 76.3 32.4 4.5
(=6.1) (-4.6) (3.0) (18)
30 110 (ain) La9 110 118 L34
(=0.9) (Q) . (7.3) (22)
160 (des) 18] Le5 176 198
(1.9) (1.1) (10) (26)
64 190 (ain) 192 135 207 232
(L.1) (2.6) (8.9) (22)
3L0 {des) Q7 3Lz 328 las
(-1.0) (0.8) (3.8) (wn
70 299 (ala) 287 232 307 340
(=1.0) 0.7) (5.9) (17)
340 (des) 539 348 570 626
(-0.2) (L.39) (5.6) (LA)

NOTES: (1) Tha two values are the "ainimum" and '"'desirabla’ design values faor K

(K Ls defined as Curve Length, Lla feer, divided by algebralc dlfference
ia grades, ia percent)}

(1) Assumes RT = 2.5 seconds
()) Aasumes He = 42.0 laches

The ST fmetric) zonversions are [ =2ph = 1.5%0 @/h ind ¥(fc/zee) = 0.3 Xz/pet).
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All of the above calculations have been
based on the assumption that the "g"
value--grade--has been equal to zero.
Our research indicates that the litera-
rure fails to define the use of the "g"
value for roadway surfaces whose grades
change during the braking action. In
the case of crest vertical curves for
instance, it is unknown whether to use
the '"g"' value at the inscant of brake
applicaction, the “g'" value at cthe stop-
ping point, or (more probably) somewhere
in between. The impacts of the "g" wvalue
used in crest vertical curve length cal-
culaticns can be quite significanc. If

a grade of -4 percent is assumed, none

af the K (minimum) or K (desirable) de-
sign values allow perception-brake re-
action times as high as rthe specification,
2.5 seconds. Even at a grade of -2 per-
cent, all perception-brake reaction times
(except those for a 40 mph (64 km/h)

design speed) likewise fall below 2.5
seconds.,

If perception-brake reaction ctime is as-
sumed o be 2.5 seconds and driver eye
height to be 42 i{nches (1.07 m) a grade
of -4 percent would require a 25 percent
increase in K (desirable) values for a
design speed of 70 mph (113 km/h) in
order ro provide for adequate stopping
sight distance.

Exclusion Analvsis and Critigque of
Specificaticn

Throughout the preceding sensitivity
analysis it became evident cthat auto
driver eye height, within its current
range of values, has relatively little
impact on crest verrical curve character-
isti¢s. Decreases in driver eye height
to the 95th percentile value result in
sight distance reductions in most cases
of approximately 1.5 percent of the cur-
rent standard. Therefore, the dispro-
portionately high percentage of female
drivers who comprise the "shortest"
drivers are not significancly excluded
by current standards for crest vertical
curve characreristics.

As was shown earlier in Table 22, any
driver with a perception-brake reaction
time of 2.8 seconds is excluded by the
current crest verctical curve standard.
Thus fully 15 percent of the driving
population may be excludad. If the
specification for percepticon-brake re-
aczion time is ever increased tao 2.8
seconds, nearly all K design values for
crest vectical curves will reed to be
adjusted upward. However, as was noted
previously, safery studies have not
drawn a direct correlation between traf-
fic safety and inadequate stopping sight
distances on crest vertical curves.

Therefore, 1t would be premature to con-
sider adjustcing :he current Jesign K
values to account for the .8 seconds.
This should take place only afrter further
empirical research indicates either that
2.5 seconds does not satisfy the 85th
percentile driver or that sight distances
based on current K values affect traffaic
safety adversely.

As for drivers with eye heights of less
than 42 inches (1.07m), chey are likewise
excluded by the current standard, al-
though the result is much less severe
both because only two design speeds are
affected and because rhe sight distance
shortfall is relatively insignificanc.

SAG VERTICAL CURVE LENGTH

Senaicivity Analysis

The sensitivity of sag vertical curve
geometrics to unit changes in the driver
characteristic perception-brake reaction
time can be obtained by taking the deriva-
tive of the "headlight sight distance”
formulas, equations (14) and (15). On
sag vertical curves where sight distance
is less than the curve length, the
“threshold” value for K changes as a
function of P (perception-reaction time)
at a rate that varies from 3.2 percent
per one-tenth second change in P on 130
mph (48 km/h) design speed curves to 1.4
percent per one-tenth second change in P
on 70 mph (113 km/h) design speed curves.

For sag vertical curves designed at K
‘minimum) and K (desirable) the maximum
allowable perception-brake reacrion time
for a vehicle to srop in sufficient time
and distance is ac least 2.5 seconds, the
specification value, for each of the de-
sign speeds. The maximum allowable per-
ceprtion-brake reaccion time values for
each K (minimum) and K (desirable) design
standard are listed in Table 24. The
table also lists the discance which a
vehicle will cvershoot the "sighted”
object due to a deficiency in sight dis-
tance based on a range of perceprion -
brake reaction times. The negative values
in cthe table indicate the vehizle will
come to a stop in front of the "sighted”
object. Thus a driver with a pcrceprion-
brake reaction trime of 2.5 secorus will
be able to stop a vehicle wichir a dis-
tance at least 9 feer (2.7 m) leas than
the sight disctance on any design zurve.
However, a driver on a 50 mph (20 km/h)
design curve who has a perceptiu.-brake
reaction time of 2.8 seconds wi:l over-
shoot an object sighted at cthe maximum
available sighrt distance, %77 feet

(145 m)., by feer (1.8 m)--or, in

other cerms, by 1.3 percent.
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TABLE 24 --Stopping Sight Distance Deficiencies on
Sag Verctical Curves at Design "K' Values

Design(l) 2) Additional Distance(3) (4)
K Sight Distance Needed for Vehicle to Stop RT @
v (ft/pct) Provided by K (@RT = 2.5/2.8/3.2 sec) Design K
30 mph 40 (min) 215 fc -38/-25/-9 ft 3.4l sec
40 (des) 215 -19/-6/12 2.93
40 60 (min) 292 -25/-9/12 2.98 |
70 (des) 330 =17/ 1/24 2.78
S0 90 (min) 404 -28/-8/18 2.93
110 (des) 477 ~-16/ 6/35 2.72
60 120 (min) | 513 -12/11/42 2.66
160 (des) 657 ~23/ 3/38 2,77
70 150 (min) 622 - 9/17/51 2,60
220 (des) 871 -31/ 0/41 2.80

Notes: (l) Source: AASHTO (5)
(2) Assumes headlight height is 2.0 ft (0.6m), the specification

(3) The distance the stopping vehicle will travel beyond the "sighted"
object in the roadway; a negative value indicates the vehicle
will stop in front of the object.

(4) Values given are the maximum allowable perception-brake reaction
times in order for vehicles to stop on sag vertical curves with
the geometric characteristics called for in the design "K" values

The SI (metric) conversions are | mph = 1.61 lm/h, | ft = 0.3 m, and
1 K(ft/pct) = 0.3 K(m/pect).

71



Table 25 1lists the computed ¥ values
needed in order to provide adequate srop-
ping sight distance on sag vercical
curves., It is evident from this table
that even at the specification for per-
ception-brake reaction time, 2.5 seconds,
several design K values couid be safely
reduced by 5 units. Five of the current
design standards for K would require
slight increases Lf a perception-brake
reaction time of 2.8 seconds is deemed a
more accurate specificacion for the driver
characteristic.

Exclusion Aualysis and Cricique of
SpeciFicacliaon

Estimates based on aggregated simulation
results indicace that perception-brake
reaction time values of 2.8 to 3.2 seconds’
may be more appropriate for the 85ch
percentile driver than the current 2.5
second specification value. This apparent
lack of adequate sight distance in che
standard formulacion has not resulced in
an unsafe condition evidenced by a large
number of accidents. Perhaps thia seem-
ingly contradictory set of circumstances
can be explained in either of two ways

(or both). Firsc, che sight distance
deficiencles may indeed exist on sag ver-
tical curves but they may not result in
an appreciable safecy hazard because the
sctopping action called for La the formu-
lation is such a rare occurrence. In
ocher words, the presence of a & inch
(0.15m) objecc in the roadway usually re-
quires che driver of a vehicle to only
maneuver to avold the object, not to
bring the vehicle to a staop prior to the
object. Therefore in most cases, it
would seem chat the sight distance needed
on sag vertical curves is only the dis-
tance required for the driver to per-
ceive and react to the object and for

the vehicle to be maneuvered (not

stopped) to avoid the object. The sec-
ond possible explanation is that the
standard formulation is incorrect.
several elements wichin the standard
formulacion which stand out as potential
sources of errors include:

The

@ The 1l degree vertical divergence
of the headlight beam--if che
actual divergence 1s larger than
1l degree, a greater distance can
be viewed;

® Braking distance--che actual brak-
ing distance for vehicles (includ-
ing trucks) may be less than what
is estimated by the formula: and

® Size of object--the standard for-
mulation for sag vertical curves
calculates sight distance to the
roadway icself; Lf a 6 inch
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(0.15m) cbject is to fall wicthin
the light beam, sight discance will
actually be shorcer chan zhe value
computed from che standard formu-
lation,

LATERAL CLEARANCE TO SICHT OBSTRUCTIONS
ON HORIZONTAL CIRCULAR CLR7V:S

Sensicivity Analysis

Each of the design standard values for
horizontal circular curves (middle ordi-
nate distance, degree of curvature, and
radius of curve) can be axpressed as a
fﬁnc:ion of sight distance. The rest of
this section focuses on stopping sight
distance which in turn is a Eunc:iog of
the driver characteristiec perception-
reaction time. Thus the sensitivicy of
the design stcandards to changes in the
driver characterisciec specification can
be calculated. As noted earlier, pro-
vigion of passing sighct discance on
horizontal cxrcuiar curves is usually an
impractical application and, cherefore,
will not be analyzed any further in chis
sectian.

The direct sensltivity of middle ordinate
distance to changes in perception-reaccion
cime for each design speed at its —aximum
design degree of curvature value can be
calculaced from equation (17). For curves
with che mipimum stopping sight discance,
the instantaneous rate of change in the
middle ordinate distance per one second
change in perception-reactlon cime ranges
becween 7.66 and B.67 feet/second ¢2.33
m/3ec and 2.64 m/sec). For curves with
the desirable stopping sight discance

the values range from %.03 to 13.0 feec/
second (2.7 m/sec to 3.96 m/sec).

The percentage change in middle ordinace
distance as a resulc of change in percep-
tion-reaction time ranges between 44 and

24 percent per one second change in per-
ception-reactioa time (refer to Table 28).
Thus for a driver with a perception-reac-
tion time of 3.2 seconds (upper limit of
85th percentile estimate) the percentage
change in design values for middle ordinate
distance needed in order for the driver to
have sufficient stopping sight discance
ranges between aggroxima:ely 28 percent

at 30 mph (48 km/h) and 15 percent at 70 mph
(113km/h). Boch of these sensitivicies

are cercainly significant. Efforts should
be raken to verify a tighter range of
driver characteristic values than the 2.3-
3.2 second spread presented earlier,

Exclugion Analysis

In an earlier chapter it was noted that
the actual ccefficienc of braking frie-
tion on horizontcal curves Lls sometimes



TABLE 25--Design Sag Vertical Curve "K" Values
for Various Perceprion-Brake Reaction

Times

13731} (2)
DESIGN DBSIGN(1) COMPUTED "K" VALUE / (PERCENT INCREASE ABOVE STANDARD)
SPEED K @RT = 2.3 sec| @RT = 2,5 sec | @RT = 2.8 sec | @RT.= 3.2 sec
(mph) Specification
30 40 (min) 28.8 30.8 33.8 37.9
(-28) (~23) ({-16) (=5.2)
40 (des) 3.1 35.3 38.6 43.0
(=17) (-=11) (-3.5) (7.5)
40 60 (mim) 50.7 53.4 57.6 63.1
(-16) (-11) (-4.0) (5.2)
70 (des) 62.5 65.6 70.3 76.6
50 30 (min) 79.0 82.5 87.7 94.8
(-12) (-8.3) (-2,6) (5.3)
110 (des) | 102 106 112 120
(=7.7) (=3.6) (1.8) (8.3)
60 120 (min) 112 117 123 131
(-6.7) (-2.5) (2.5) (9.2)
160 (des) 149 153 161 171
(-6.9) (=4.4) (0.6) (6.9)
70 150 (min) - 143 148 155 164
. (-4.7) (-1.3) (3.3) (9.5)
220 (des) 205 211 220Q 232
(-6.8) (-4.1) (0) (5.5)
NOTES: (1) The two values given are the "minimum" and "desirable" values for K;

The SI (metric) comversions are 1 mph = 1.61 lm/h and | K(ft/pct) =

source:

AASHTO (1)
(2) Assumes sight distance {s less than curve length.

0.3 K(m/pct).
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TABLE 26 -Percentage Change in Middle Ordinate Distance

Design
Speed
MPH

30 mph
40

50

60

70

Notes:

Per One Second Change in Perception-Reaction

Time
Instantanecus Percentage(3)
(1) Change in Middle Ordinate

"Unrounded" (2) Distance Per One Second
Stopping Sight Degree of Change in Perception-
Distance, ft. - Curvature Reaction Time i

196 ft 24.75 44,27

267 (min) 13.25 39.2

313 (des) 13.25 37.1

376 (min) B.25 34.1

461 (des) 8.25 31.5

501 (min) 5.25 30.3

634 (des) 5.25 ) 27.6

613 (min) 3.50 27.7

84Q (des) 3.50 24.3

(1) Unrounded AASHTO design values
(2) Maximum value (rounded) when superelevation is 0.10.
(3) Computed using the formula

(dm/3RT)(1/m) = (VD/7B1l4) (cot(SD/2292Q))

The SI (metric¢) conversions are 1 mph = 1.61 km/h,
1 ft = 0.3 m and 1 ft/sec = 0.3 m/sec.
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less than the coefficient of braking fric-
tion observed on straight sections.
Therefore, the vehicle braking distance
is sometimes greater on horizonral curves
than on straight sectiona. Because the
AASHTO stopping sight distance design
values are based on straight section
braking, a driver with a perception-
reaction time of 2.5 seconds (the speci-
fication) may not have sufficlent braking
distance on horizontal curves. Listed in
Table 27 are the maximum allowable per-

ception-reaction time values on horizonral
curves designed to AASHTO stopping sight
distance standards. The table shows that
on horizontal curves designed to their
maximum degree of curvature, none of the
"desirable” design values nor the "minimum’
design value for a 50 mph (80km/h) design
speed permit the specification for percep-
tion-reaction time, 2.5 seconds. Even if
the lowest value of the estimated range

of 85th percentile values (2.3 seconds)

is taken. the '"desirable'" stopping sight

TABLE 27--Maximum Allowable Perception-Reaction Time on Horizontal Circular Curves

pestew  omstaw storrnkt)  ppcaxs or O
EPEED, SIGET DISTANCE, fc CURVATURR
aph
30 200 9.5%
24.7%
40 275 (min) 6.63
13.2%
325 (des) 5.37
13,25
50 375 (min) 4.44
8.25
475 {des) 3.44
8.25
60 525 {min) 3.18
5.25
650 {dea) 2.39
5.2%
70 625 (min) 2.5%
3.5
850 {des) 1.75
3.5
Notes: (1) AASHTO "rounded" design values
(2)
glven.

razcrion racror’?’ MAXTMIM ALLOWABLE'®)

PERCEPTION-REACTION
DESIGN ACTUAL TIME, sac
W35 .350 2.60
.312 2.16
.32 .320 2.65
.304 2.52
+32 «320 2.70
.284 .34
.30 .300 2.48
. 287 2.33
+30 .300 2.69
»265 2.19
.29 .250 2,81
.283 2.71
.29 +250 2.68
.264 2.22
.28 .280 2.64
.278 2.61
.28 . 280 2.60
.262 2.21

For each design stopping sight distance, two values for degree of curvature are
The top value corresponds to a curve where the actual friction facror

aquals the design friction factor; for smaller values, the friction Factor (and

thus the perception-reaction time)} remains constant.

The bottom value is the

maximum permissable value when the superelevation is 0.10,

)]
(4)

Coefficlent of friction available for braking.

Maximum allowable perception-reaction time given che design stopping sight

digtance, the design speed, and actual coefficient of friction; computed by

the formula:

RT = (S-VZ/30£)/(1.47V)

Perception-reaction time values are plotted in Figures 7 and 8§,

The SI (metric) conversions are | mph = 1.6l lks/hand 1 ft = 0.3 m,
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distance for 50, 60, and 70 mph (BO, 97,
113 km/h) design speeds are not sufficient.
Therefore, significant portions of the
driving population are being excluded by
the current design standards.

Crivique of Specification

The above calculations of maximum allow-
able perception-reaction times indicace
that current design standards de not
accommodate the current design specifi-
cation for perception-reaction time.
However, Lif the specification can be
shown to be too high for the design driv-
er, the current design standards may in
fact be less inadequate, or even adequate.
In order to make this assessment, it will
be necessary to conduct further research
to define a tighter range of estimated
driver characterisciec values. If this
edditional research confirms the validity
of the current 2.5 second specification,
the current design atandards will need to
be modified accordingly.

HORIZONTAL CURVATURE

Sensicivicy Analysis

As discussed earlier the side function
factor, £, which i3 used in equation (l6)
to determine maximum radius of curve, Ia
being considered as the surrogate for the
driver characteristic of driver comfort.
From the basic equation (16) the sensi-
tivity index can be determined from the
following equation

-f .

R
38 ..t

However, in this situation the partial
derivative of R with reapect to f is a
function of £, and provides an instan-
taneous rate of change that may not hold
true over the range in which f is varied.
The values derivable from equation (34)
would only be approximations. Alterna-
tively, the sensitivity can be determined
by substituting values of R + AR and
f+Af in equation (1l6), where A im-
plies an incremental Increase or decrease
and solve for AR. The resulting equa-

- tion simplifies to: ’

(34)

R=-RAFf
etf+a f

The equation above can be solved for
various incremencs of A £, given values
of e, £, and R.

35>

The results of the application of this
formula can be seen in Table 28. For
the two most common maximum supereleva-
tion values 0.08 and 0.10 and for a low
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degign speed of 30 mph (48 km/h) and a
high speed of 70 mph (113 km/h). Changes
in the minimum radius are determined for
+10 percent changes in the side friction
Factor. The radii for design values are
those calculated from the basic horizon-
tal curvacture equation and are not the
rounded values for design.

The results are also displayed in Figure 10
which shows the percent change in the
minimum radius as a function of a percent
change in the side friction factor. It

ig evident from the figure that:

¢ As f decreases for a given value
of e, R increases non-linearly.
That 1a, the radius, R, becomes more
sensitive to a change in side fric-
tion factor, f, with increasing
values of £,

o Conversely as f increases for a
given value of e, R decreases non-
linearly. That 1s, R becomes less
sensitive to a change in f with
ever increasing values of f.

e Sensitivity of R with respect to a
change in f increases with decreas-
ing values of e.

Consequently, the sensitivity of the stand-
ard, i.e., horizontal curvature as ex-
pressed by minimm radius, must be stated
in terms of its value of design speed,
superelevation and side friction facter.
For example, in the case of V = 70 mph
(113 km/h), e = 0.08 and £ = 0.10, a

+10 percent change in the side friction
factor, £, would result in a 5.2 percent
decrease in the minimum radius (for

+10 percent) and a 6.0 percent increase

in the ninimum radius for a -10 percent).
An extreme change of +50 percent would
yield corresponding change of -21.7
percent and +38.5 percent. Even the lower
values are appreciable changes and would
have significant econcmic consequences
when evaluated on the basis of- construc-
tion costs.

Exclusion Analysais

The next question to resolve is how those
motorist who are being excluded by the
current driver characteristic specifica-
tion are affected. Answering this ques-
tion assumes that we know the driving
population distribucion of the character-
isctic and how the current specification
relates to this distribution. Neither of
these are valid assumptions.

As argued earlier, the driver characteris-
tic involved here is the noticn of driver
comfort. Since this is not easily
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TABLE 28 --Changes in Minimum Radius for Changes in
Side Friction for Two Value of e and v

Design X A from New f New X Afrom Design 2 A New f New % A from
Values f Value R??iys Standard Values from € Value Rigzgs Standard
e = 0,08 +50 0.240 188 -24.8 e= 0,10 +50 0.240 176 -23.8
R = 250 fc» +0 0.224 197 -21.2 Re 231% +40 0.224 185 -19.9
f =0.16 +30 0.208 208 -16.8 f=0.16 +30. 0.208 195 -15.6
V=30 mph +20 0.192 221 -11.6 V=130 +20 0.192 205 -11.3
+10 0.17%6 234 - 6.4 +10 0.176 217 - 6.1
-10 0.144 268 + 7.2 -10 0.144 264 6.5
=20 0.128 288 +15.2 -20 0.128 263 13.9
-30 0.112 313 +25.2 -30 0.112 283 22.5
=40 0.096 341 +36.4 =40 0.096 3006 32.5
-50 0.080 375 +50.0 -50 0.080 333 44.2
e = 0.08 +50 .15 1420 -21.7 e=0.10 +50 .15 1307 -20.0
R = 1814% +40 .14 1485 -18.1 R = 16331 +40 .14 1361 -16.7
£ = 0.10 +30 .13 1556 -14.2 £=0.10 +30 .13 1420 -13.0
V = 70 mph +20 .12 1633 ) -10.0 V= 70 mph +20 .12 1485 -9.1
+10 .11 1719 - 5.2 +10 .11 1556 - 4.7
-10 .09 1922 6.0 -10 .09 1719 5.3
-20 .08 2042 12.6 -20 .08 1815 1.1
-30 .07 2178 20.1 -30 .07 1922 17.7
-40 .06 2333 28.6 -40 .06 2042 25.0
=50 .05 2513 38.5 -50 .05 2178 33.4
*Radius are calculated values from equation R = V2
15(etf)

The SI (metric) conversions are 1 ft = 0.3 m and 1 mph = 1.61 lkm/h.
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mph (km/h) e f
30 (48)  0.08 0.16
70 (113)  0.08 0.10
30 (48) 0.10 0.16
70 (113)  0.10 0.10

-30

FIGURE 10 --Percent Change in Minimum Radius as Function

of Percent Change in Side Friction Factor

78



ph

maasured we have selected side friction
factor, £, a3 its surrogate. The side
friction Factors that are specified in
the horizontal curve formulae were, pre-
sumably, selected as those "...at which
the centrifugal force is sufficient to
cause the driver to experlence a feeling
of discomfore.,.,”"” Whecher chese values
are for all drivers, 85 percent, or che
average driver 1s noct known. Since chis
feelins of discomfore is likely to vary
among drivers and for any one driver
with different vehicles, it 13 difficult
to state who, if any, are being excluded
under the current specification.

Cricique of Specification

For reasons explained earlier, side fric-
tion factor is being evaluated as the
driver characteristic. The specifica-
tions for side friction factors vary

from 0.10 to 0.17 depending upon design
speed.

It i3 repeated here that the underlying
assumption for seleccion of the current
side friction factors i3 that they are
related to cha motorists threshold of
discomfort. Since we do not know if
these side friction Ffactors values used
are applicable for current vehicles, ic
cannot be atated whether the specifica-
tions are coo stringent or too uncon-
strained. Arguments have been presented
earlier for both cases.

It 1s apparent thact horizontal curvature
standards are sensitive to a change in
the side friction factor. At least suf-
ficiently so to warrant further research
into evaluating the relationship of side
friction factor, driver comfort and
ainimum radius. In this regard, it is
recognized that FHWA has initiated a
research project entitled "Side Friccion
for Superelevation on Horizoncal Curves”
which should resolve this issue.

SIGHT DISTANCE MEASURING CRITERIA

The sensitivicy of sight distance to the
driver characteristic, eye height, has
been discussed previously under the head-
ing Crest Vertical Curve Length. That
sengitlvicty analysis deals strictly with
the issue of whether or not a driver's
physical line of sight to an object is
obstructed, Of equal importance is
whether or not the driver's visual
capabilities enable che driver co
actually perceive an object within the
field of view ahead. The following
analyses address this issue for both

day and night conditions.
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Daytime Visibility Conditions

A series of calculazions were made for
this study which estimare distances

at which objects become visible to a
driver of a vehicle. The calculations

are based on :two types of objects

viewad against a pavement of average
reflectance (0.153). The first

object has reflectance of 0.60 which
corresponds roughly co a whitish rock or

a light grey coat. The second object

has a reflecrance of 0.20, someching like
a dark rock, a dark grey coat or a rire.
The calculations ignore several real-world
facrors which introduce too many complica-
tions for a study of this scope, such as:
atmospheric atrenuation, inclement weather,
and lighcing geometry. The visual acuicy
discribution develoced previously in this
Chapter I[Il was used in the calculations.

The following is a brief summary of
how che visibilicy calculacrions can be
applied in the case of two different
sight distance scandards--scopping

and passing.

Table 29 1lists cthe computed values at the
AASHTO design stopping sight distances.
The ctarget sizes which can be dececced

by the median (50th percentile) driver
range from 0.35 inches (92 mm) for a high-
contrast carget at 200 feet (6l m) cto
4.04 inches (103mm) for a low-contrast
target at 850 feet (23%m). For the 85th
percentile driver, cthese values range from
0.39 inches (LOmm) to 4.98 inches

(126 om}; and for the 95th percentile
driver, the limits are 0.43 inches

(llem’ and 5.49 inches (139 =m). In
other words, at the desirable design scop-
ping sighc discance for a 70 mph (112 km/h)
design speed, 850 feet (259m), che 35ch
percentile driver can dectect low-contrast
cargets which are 3.49 inches (139 mm)
high or larger.

Passing sight disrance standards are sig-
nificantly greacrer than those for stopping
sight distance. As was described in decail
earlier under Passing Sight Discance, both
the MUTCD (3 ) and AASHTO (3 ) recommend
passing sight distance standards and these
standards differ from each other. Table
30 1lists the computed minimum detectable
object heights at both the MUTCD and
AASHTO passing sight discances. These
values range to as high as 16.2 inches
(0.41m) for the 70 mph(lll km/h) driver
actempting to sight a low-contraat tar-
get at the AASHTO passing sight discance.
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' TABLE 29--Sizes of Objects Which Can be Sighted
at the Design Stopping Sight Distances

Diameter of Circular Object Which Can be Sighted at Stopping Sighting

Design Design Stopbing
Speed, Sight Distance, Distance by Various Percentile Drivers, in
mph ft High-Contrast Target low-Contrast Target
50th Zile 85th Zile 95th 2ile 50th Zile 85th Zile 95th Zile
30 200 0.35 ' 0.39 0.43 0.95 1.17 1.29
40 275 (min) 0.48 0.53 0.59 1.31 1,01 l.7a
325 (des) 0.56 0.65 0.69 1.54 1.90 2.10
50 400 (min) 0.69 0.78 0.85 1.90 2.34 2.58
475 (des) 0.82 0.92 1.01 2.26. 2.78 3.07
60 525 (win) 0.91 1,02 1.12 2.49 3.08 3.39
650 (des) 1.12 1.26 1.38 3.09 3.81 4.20
70 625 (min) 1.08 1.21 1.33 2.97 3.66 4.04
850 (des) 1.47 1,05 1.81 4.04 4.99 5.49

The actual cantract for the high-contrast target is 3.0 and for the low-contrast target is 0.3
where contrast = difference of the reflectance of the target and road divided by the reflectance

of the road.

Note:

The SI (metric) comversions are 1 mph = 1,61 lm/h, 1 ft = 0.3 m, and 1 in = 25.4 mm.
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TABLE 30 --Sizes of Objects Which Can be Sighted
at the Passing Sight Distances

Design Passing Diameter of Circular Object Which Can be Sighted at Passing Sight Distance
Speed, Sight by Various Percentile Drivers, in
mph Distance, High-Contrast Target Low-Contrast Target
ft 30th Xile 3d5th %Zile 95th Zile 50th %Zile 85th Zile 95th Zile
MUTCD
30 500 0.9 1.0 1.1 2.4 2.9 3.2
40 600 1.0 1.2 1.3 2.8 3.5 3.9
50 800 1.4 1.6 1.7 J.u . 4.7 5.2
o0 1000 1.7 1.9 2.1 4.8 5.9 0.5
70 1200 2.1 2.3 2.6 5.7 7.0 7.8
AASHTO
v 1190 1.9 2.1 2.3 5.2 6.4 7.1
40 1500 2.6 2.9 3.2 7.1 8.8 9.7
50 1800 3.1 3.5 3.8 8.6 10.5 11.6
60 2100 J.o 4.1 4.5 10.0 12,3 13.0
70 2500 4.3 4.8 * 5.3 11.9 l4.0 lo.2

Note: The SI (metric) conversions are 1 mph = 1.61 km/h, 1 ft = 0.3 m, and 1 in = 25.4 mm.
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limiced Visibilicy Condicions

Any design standard that involves driver
vision will be affected by limited visi-
bilicy conditions, i.e., nighttimel/. The
degree of luminance of the object to be
sighted and its contrast with its back-
ground. For example, a self-illuminated
object such as an automobile with head-
lights turmed on can usually be perceived
at a greater distance during limited
visibility conditions than a non-1llumi-
nacted vehicle during the daylight. How-
ever, there are indications in the
literature that other elements cf the
perception-reaction time driver charae-
teristic may be adversely affecred. For
instance, judgment of the speed of an
oncoming vehicle (auto or train) is made
more difficult when the sole reference
for this judgment is the movement of a
headlight wichin an otherwise uniform
dark background. This is because of the
lack of other visual cuyes which would
provide a reference point to judge the
speed.

The analysis of the effect of limited
visibility conditions on geometric design
criteria does not cover standards whose
object is self-illuminated because {t is
assumed that the current standards are
sufficient. 1Instead, the analysis
focuses on those geometric design stand-
ards whose objects are not self-
illuminated such as pedestrian or debris
in the roadway. Basically, these stand-
ards are all those which are a function
of stopping sight distance.

A number of researchers have measured
visibility distances to pedestrians dur-
ing nightrime conditions using standard
U.5. low beams, with no fixed ambient
lighting, and with no oncoming glare.
Despite these commonalities, the various
test procedures used by the researchers
introduced relatively significant dif-
ferences in what the researchers were
actually measuring. For example, in only
two of the 14 research efforts reviewed
were the drivers/obgservers "unalerted”
to the possibility of a pedescrian
appearing in the path of the vehicle,
each of the other 12 field tests, the
drivers were aware that a pedestcrian
{(or a simulated pedestrian) probably
would appear and were thus "alerted" to
that possibility. Field tests show that
the average driver perceives an unexpect-
ed obsracle only half as far as from an
expected obstacle (88}).

In

1/Visibilicy can also be limited by fog,
rain, snow, etc. However, these condi-
tions are not to be addressed here.
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The reported visibility distances from
14 separate research efforcts are plocred
versus pedestrian reflectance in Figure
11. The figure includes distances for
boerth high and low beam observations.

Despite mixing the results of somewhat-
dissimilar field tests, the plot does
exhibitr a definite trend for the upper
values of "low beam'" values. It should
be noted that the '"'unalerted driver" tests
conducted by Roper and Howard (88) fall
within the shaded "approximate maximum
range" of values. Granted, this approach
for estimating maximum visibilicy dis-
tances falls short scientifically of a
step-by-step modelling preocedure which
reflects all the driver, vehicle, and
environment elements which affect the
visibility distance. The Highway Safety
Research Institute 89) and Ford Motor
Company (90) have indeed developed quite
refined models for estimating visibility
distances. However, these models are
calibrated from some of the field test
results presented in the graph (rather
than from theoretical or laboratory test
resulcs). In fact both models project
values which fall wicthin or jusct below
the shaded maximum range.

Farber (90) measured typical reflectances
for pedestrians and found that the median
pedestrian has 8 percent reflectance, the
85th percentile has 2.5 percent reflectance,
and the 15th percentile has 25 percent
reflectance. These reflectances are plot-
ted in Figure 12 along with the estimated
"maximum range of visibility distances”
and current design standards for stopping
sight distance. Based on this comparison
it appears thart the 85th percentile pe-
destrian can be seen at best ar approxi-
mately the 40 mph (64km/h) stopping sight
distance. Drivers travelling faster than
40 mph (84 km/h) will probably not be able
to see the B5th percentile pedestrian in
time enough to stop. 1In the case of che
median pedestrian, sight distance is still
not much higher than the 4C mph (64 km/h)
design standard.

The presence of oncoming glare inhibics
the driver's abilicy to see a target.
Figure 13 is a plot of field test visi-
bility distances in the presence of on-
coming glare as reported in 10 research
efforts. As expected, the "glare" visi-
bility distances are lower than the 'no
glare™ values. Not even at higher pe-
destrian reflectances is the 40 mph (64 km/h;
design distance (325 feet,99m) satisfied;
and in the range of 2.5 percent reflec-
tances (the BS5th percentile value), 30 mph
(48 km/h) travel speed may not even be slow
encugh in the presence of oncoming glare.



VISIBILLTY DISTANCE, FT

900

800 —

700

600 —

500 —

éOO.ﬂ

330

a 30 mph

100 _-

Design Values
. . A 15th Percentile Pedestrian Reflectance
r”,,—— 30th Percentile Pedestrian Reflectance

8 -l a
- LL///—-— Sth Percentile Pedestrian Reflectance

] T U I r 1 !
16 20 30 40 50 60 70

PEDESTRIAN REFLECTANCE, %

FIGURE ll--Approximate Maximum Visibility Distances to
Pedestrians During Nighttime Conditions Based on
Actual Pedestrian Reflectance Distribtuions

The'SI (metric) conversions are 1 ft = 0.3 m.

Stopping Sight Dista



VISIBILITY DISTANCE, FT

900 _

APPROXIMATE
"MAXIMUM" RANGE
800 — OF VALUES

700 —

600 _]

500 —

400

—
300
Legend
.a : e Low Beam
200 o o High Beam
¢
[ ]
[ ]

] o*
100 S

T I 1 | 1 [ I

10 20 30 40 50 60 70

PEDESTRIAN REFLECTANCE, %

FIGURE l12--Maximum Visibility Distances to Pedestrians
Under Nighttime Conditions=--No Fixed Ambient
Lighting, No Oncoming Glare

The SI (metric) conversions are 1 ft = 0.3 m.



VISIBILITY DISTANCE, ft

700 <

600

500

400 _|

100 _|

LECEND
@® LOW BEAM GLARE
QO HIGH BEAM GLARE

APPROXIMATE RANGE OF
MAXIMUM ''NO GLARE"
VISIBILITY DISTANCES

e
L
@
e
o
| ! B L} | I l
50 60 70

10 20 30 40

PEDESTRIAN REFLECTANCE, %

FIGURE 13 --Comparison of Observed "Oncoming Glare"
Visibility Distances to Observed 'No Glare"

Visibility Distances

The SI (metric) conversions are 1 ft = 0.3 m.



In summary, review of over 28 research
afforts which producsd nighttime visi-
bility distance msasurements indicates
as expected, that sight distance to non-
self-illuminated objects is reduced at
night from daylight sight distances.
Most of the researched field tests rep-
resant cptimum conditions-=-no oncoming
glare; a dziver/observer alerted to the
vehicle's path during tha test; flat,
tangent roadway section; and a func-
tionally-standard headlanp system. Des~
pite these optimum conditions, the field
tests suggest cthat it is not possible to
adequately eight objects beyond approxi-
mately the 50 mph (80 km/h) dasirable
stopping sight distance etandard. And
in fact, once soma real world factore
(like glare, curves, misaimed headlampas)
are introduced, epeeds of 30 and 40 mph
(48 and 64 km/h) becoms more and more
often too fast for driver/vahicle capa-
bilicies.

There are basically three optiocnal
methods for improving nighttime visibie
lity distances: change the eavironmental
characteristics, change the vehicle char-
acteristics, or change ths d4driver charac-
taristics.

One change to the environment which would
enhance night visibility ie tha installa-
tion of fixed ambient illumination.
Obviously, this would not be a cost-
affective maaspure if applied univarsally
but more could certainly be done and
still be cost-sffective. Another change
%0 the night driving environment which
would improve night visibility is a shift
in the distribution of pedestrian reflec-
tances to higher valuas. Pedestrians
which are 25 percent reflective (light
grey) can be seen approximatley 250-300
feet (75=%1 m) further than a pedestrian
wearing clothing at the current 85th
percentile value of 2.5 percent. This
represents an over 100 percent increase
in visibility distance. A third msans by
which the environment c¢ould be changed

to enhance night visibility is to design
glare~-reducing structures into highway
facilities. On expresswvays, this action
can be and has been accomplished by msans
'0f glare screens; however, on 2-lane

or undivided arterials, glare reduction
via changes in the highway eyetem is a
much difficult and costly endeavor.

The second major opticn for improving
nighttime vieibility distancss is to
change vehicle characteristics. One

such mathod is to increase the hsadlamp
intensity or redirect the headlamp aim

to provide longer sight distance. The
inherent problem to this approach is

that it significantly increasee glare
degradation effects for opposing vehicles

if the current headlamp system is used.
An alternative approach is the polarized-
hsadlamp system which underwent in-depth
analysis a few years ago. However, full-
scale practically eliminates any adverse
effects from oncoming glare. However,
full-scale implemsntation of a polarized
headlamp system is a long way from
zeality dus to stumbling blocks such as
cost and transition-period safety con-
cerns.

The third option for improving the safety
of currant nighttime visibility distances
is to change the driver's characterietics.
Basically, this can be accomplished by
reducing driver perception-brake reaction
time, perhaps by alerting drivere of the
likelihood of an object (e.g., pedestrian)
appearing in the path of ths vehicls.

The practicality of such a technique 1is,
of course,quite limited in terma of warn-
ing motorists of all potsntial objects

in the roadway. Another potsntial meas-
ure for improving nighttime safety is

to reduce vehicle speeds to the point
where vehicle stopping sight distance
sequals the actual nighttise visibility
distance. EHowever, only a limitsd amount
of highway mileage has been ocbserved to
have day/night speed limits.

ADBgUAT! GAP TIME FOR SCHOOL CROSSING
NAL

Sensitivity Analyeis

The effect of a change in the padestrian
perception-reaction tima on the adaquate
gap time is the subject of the first
sansitivity analysis aseuming all other
factors are independent of the pedestrian
perception-reaction time (e.g., they rea-
main constant even if the specification
of the perception-reaction time is chang-
ed), the ssnsitivity of the adequate time
with respect to the pedestrian perception-
reaction time is:

Change in G _ ,
ge in ¢t

whare: G = Adequats gap tims, sec

(26)

t = pedestrian perception-reaction
tine, sec

This means that the rats of change in

the adegquats gap time with respect to a
change in ths pedestrian perception-
zeaction time is constant. In simpler
terms, & One second increase in the ped-~
estrian perception-resaction time causes

a one second increase in the adequate
gap time. By dividing both sides of this
aquation by the adegquate gap time, the
fractional rats of change in the adequate
gap time with respect to a change in the



pedestrian perception-reaction time can

be derived., In mathematical terms; that
is:
AG/Ae 1 1
] T ¢t ¥ g + 5(“-;5 G1)
where: W = width of the roadway, ft (m)
v = walking speed, fps (mph)
N = number of rows
h = time interval batwaen rows,

sec

The fractionsl rata of change in ths ade-
guate gap time with respect to a change
in the pedestrian perception-reaction
time is, therefore, a function of the
current specifications of the pedestrian
perception-reaction time and the walk-
ing speed, the width of the roadway, the
number of pedastrians in the B5th per-
centile group, and the assumed time
interval between rows of 5 pedestrians.
This fractional rate of change is shown
in Figure 14 as a function of the road-
way width and the number of rows. The
figure shows that the rate of change
in the adeguate gap time with respect to
a change in the current pedestrian
perception-reaction time diminishes as
the number of rows and/or roadway width
increase. 1In other words, the effect
of achange in the pedestrian perception-
reaction time on the adegquate gap time
is less pronounced for wide roadways
and/or 1ntersectxons where many child-
ren cross.

The second analysis investigated the
effect of a change in the walking speed
on the adequate gap time. Assuming all
other factors are independent of the
walking speed, the sensitivity of the
adequate gap time with regspect to the
walking speed is:

Change in G _ -W
Change in Vv ;T

This means that the magnitude of the rate
of change in the adequate gap time with
respect to a changa in the walking speed
is not constant but increases as road-
way width increases, and that change is
in the negative directicn. For examplae,
al fps (0.3 m/3) increase in the walking
speed causes a 0,8 segond decreage in the
adequate gap time for a 12 foot (3.7 m)
wide road and a 5.3 second decrease in
the adequate gap time for an 84 foct
(25.6 m) wide rocad. By dividing the
above equation by the adequate gap time,
the fractional rate of change in the
adequata gap time caused by a change

(38)

in
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the walking speed can be derived.
mathematical terms that is:

In

aG/av
G

=W

sz

-
(e + bv-1] v2 +

39)

The fractional rate of change in the ade-
quate gap time with respect to a change
in the walking speed is, therefore, a
function of the curraent specifications in
walking speed, the padestrian perception-
reaction time and the time interval be-
tween rows, the width of the rcadway, and
the number of rows. The fractional rate
of change in the adequate gap time with
respect to a change in the current walk-
ing speed is shown in Figure 15 as a
function of the roadway width and the
number of rows. This figure shows that
the rate of change in the adequate gap
time with respact to a change in the
current walking speed diminishes as the
number Of rows increases and/or the road-
way width decreases. In other words, the
effect of a change in the walking speed
on the adequate gap time is less pro-
nounced for narrow roadways and/or inter-
sections where many children cross.

Tha third analysis investigated changes

in both the pedestrian perception-reaction
time and the walking speed. The question
that this analyaeis sought to answer was
gimply, "In order for the adequate gap
time t¢ remain unchanged, by how much does
the pedegtrian perception-reaction time
have to be changed if the walking speed

is changed?” 1f the adeguate gap time ia
agsunmed to be constant and, for this analy-
sis, independent of the walking speed and
the pedestrian perception-reaction time,
then the pedestrian perception-reaction
time can be expressed as the following:

W
t=G-§- hN-1 (40)

The derivative, then, of the pedestrian
perceptlon-reactxon time with respect to

the walking speed is: .
2t _ W
3 == (41)
v
The magnitude of the rate of change in

the pedestrian perception-reaction time
with respect to a change in the walking
speed is equal to the rate of change in
the adequate gap time with respect to a
change in the walking speed. However,
the change in the pedestrian perception-
reaction time is in the positive direc-
tion. This means that a 1 fps (0.3 m/9)
increase in the walking speed results in
a 0.8 second increase in the pedestrian
perception~-reaction time for a 12 foot
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{3.7 m) wide road and a 3.J second in-
crease in the pedestrian perception-
reaction time for a 84 foot (25.6 m)
wide road. By dividing the derivative
py the pedestrlian perception-reaction
time, the fractional rate of change on
the pedestrian perception-reaction time
with respect to a change in the walking
speed can be derived. In mathematical
terms, that is:

v . W
TR

(42)

The fractional rate of change of the pa-
destrian perception-reaction time is,
therefore, a function of the width of

the roadway, the current specification

of the pedestrian perception-reaction
time, and the walking speed and is inde-
pendent of tha number of pedestrians in
the 85th percentile group. Figure 16
shows that the rate of change in the
pedastrian perception-reaction time with
respact to a change in the current walk-
ing speed greatly increases at a constant
rate as the roadway width increases. As
can be seen from Figure 16, if the speci-
fication of the walking speed i3 changed
by only a small perceantage, in order for
the adequate gap time to remain constant,
the specification of the pedestrian
perception~-reaction time must be changed
by a much larger percentage. If the
adequate gap time is to remain consatant,
then the pedestrian perception-reaction
time is very sensitive to a change in

the walking speed. Converaely, the walk-
ing apeed i3 very insensitive to a change
in the pedestrian perception-reaction
time. Moreover, the adequate gap time

is more sensitive to a change in thae
walking speed than a change in the
destrian perception-reaction time.

pe=

cxclusion Analysis

Without reliable data, it is not possible
to estimate the percentage of school
children having perception-reaction time
longer than the current specification of
3.0 seconds. Consaquently, it is not
possible to assess the exclusion effects.
It could be argued that younger school
children, "special children®, and handi-
capped school children may have
perception-reaction times longer than

3.0 seconds. In which case, they may be
excluded. Yet, there is no available
data to substantiate that argument.
Moreover, it i3 also likely that these
children would be assisted in crossing
the intersection.

The only available data on the walking
speeds of children and/or students

appear to indicate that children walk
faster than adulets (8l), and the average
"free flow" walking speed i3 greater than
the current specification gf 1.5 feet per
gacond (1.07 m/s). One study {(84) noted
a "free flow" speed of 5.3 fps (1.6 m/9)
and another study (81} found a median
speed of 5.25 fps (1.6 m/s). This data
would indicate that very few school
children are excluded. However, not
enough information (e.g., sample sizes,
conditions existing during data collec-
tion, location and type of intersections
analyzed, range in ages of children/
students, etc.) is availablaea about thesa
studies to use them as a basis to formu-
late distribution profiles.

Reliable data was avallable for adults,
though. The distribution developed from
this daca revealed that the current
specification employed in the scandard

s che 88ch percentile adult walking
speed. Using this distribucion for a
congervative estimate of the walking
speeds of school children, only 12 per-
cent of the population of school children
who cross at intcersections would be
excluded. This does not mean chat 12
percent cannot cross the intersection
safely but racher that the walking speeds
of chose schoocl children are not consid-
ered in determining the adequate gap time.
If chese speeds were employed, che ade-
quate gap times would be longer. Subse-
quently, more of che gaps measured in

the field would be discarded, resulring
in a higher calculaced percent pedescrian
delay time. The end resulc would be that
more intersections would warrant some
type of ctraffic control. By not design-
ing for chis 12 percenc, there may be
fewer intersections that warrant craffic
concrol but more positive economies of
scale. For example, the rate of retumn
of cthe dollar invested for signal control
will be much greater if designing for

the 88ch percentile racher than the 100ch
percentile.

Cricique of the Specifications

As previously scated, there is no avall-
able data to compute any populacion dis-
tribution profile for the pedescrian
perception-reacticn cime. Therefore, it
is not possible to determine Lif the
specificacion is too conservative or too
liberal. Based on the findings related
to the driver's perception-reaccion time
for the intersection sight distance
standard, it would appear thac the cur-
rent specification of 3.0 seconds s a
reasonable pedestrian perceprion-reaccion
time. Moreover, based on the sensitivity
analysls, the adequate gap time is not
very sensitive to the pedestrian perception-
reaction time.
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The data on children/students' walking
speeds is not reliable enough to serve
as the basis for tha distribution pro-
file. The findings of ona study (8l) in-
dicated that children walk faster than
adults, although it is unknown under

what conditions those results were deter-
mined. Using a distribution for adult
walking speaed, the present gpecificaticn
of 3.5 fps (1.07 m/s) is neither too con-
servative not too liberal. In fact, it
closely approximates the 85th percentila
adult walking speed. It should be noted,
however, that the adequate gap time is
somewhat sensitive to changes in thae
specification of tha walking speed,
especially at wide intersections.

VEHICLE CHANGE I[NTERVAL FOR TRAFFIC
SIGNALS

Sensitivity Analyais

Tha sensitivity of both yellow change

and minimum clearance intervals to changes
in the driver characteristic perception-
reaction time can be calculated by taking
the first derivative of equations (19)
and (2p). For each, the direct sensi-
tivity rate is 1. That is, if percep-
tion-reaction time is increased by 0.5
seconds, tha yellow change interval (or
the minimum clearance interval or the
yellow clearance interval) is likewise
increased by 0.5 seconds. The estimated
85th percentile value for perception-
brake reaction time at yellow signal
phase changes is 1.77 seconds. Therefore,
in order for the 85th percentile driver
to be accommodated, the minimum clear-
ance intervals as contained in the
Tranaportation and Traffic Engineering
Handbook (16) need to be increased an
rncrement of 0.77 saconds.

Regarding the driver characteristic,
"desired™ deceleration rate, it was shown
previously that a rough estimate of the
driver's desire limit is 9.68 ft/s2

(2.95 m/sz). Investigation into che
effect of using a 9.68 ft/s2 (2.95 m/s?)
deceleration rata rather than the current
specification of 10 ft/s2 (3.05 m/s2) re-
veals that only very small incremental
changes in the change interval result.

When the approach speed is 20 mph (32 km
(32 xm/h) a change in deceleration rate
is 9.68 £t/s2 (2.95 m/s2) naecessitates a
0.048 second increase in the standard
clearance interval. At 60 mph (37 km/h),
the effect is still only 0.145 second.

Exclusion Analysis

The current standards for clearance in-
tervald are based on an assumed percep-
tion-reaction tima 1.0 sacond and a da-
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celeration rate of 10 ft/32 (3.05 m/s?).
The distribution of the perception-brake
reactlion time as developed earlier is
estimated to have a median value of 1.2}
seconds and an 85th percentile valus af
1,77 seconds for the general driving
papulation, If we can assume that this
distribution is relatively accurate, then
aver one-half of the driving population
is excluded by the current standard due
to a deficiency in thair percaption=-
reaction time. It would be expected,
therefore, that intersections with short-~
er yellow signal phases would have a
greater number of vehicles entering the
intersection on the red indication. The
Wortman and Matthias (71) data confirms
this hypothesis. At one intersection
which parmitted a perception-reaction
time of 2.09 seconds (based on the mean
spead of each of the last vehiclas
through the intersection) only 2.3 per-
cent of these "last vehicles” entered
the intaersection on the red indication.
At another intersection, the allowable
PRT was 0.58 second and 8.3 percent en-
tered on red. And finally an intersec-
tion which theoretically allowed a PRT
of 0.08 second had a nearly 10 percent
"enter-on-red” rate. Although this
analygis is admittedly overly-simplistic,
it nevertheless illustrates what intui-
tively should be expected to occur at
signalg with short (or long) yellqw aig-
nal phase lengths.

Critigque of Specification

Recent field tests and the labecracory
simulations described earlier in this re-
pert confirm that the current 1.0 second
specification for perception-reaction
time does not accommodate the "slowest®
15 percent of the driving population.

In fact, the field tests and simulation
results indicate that the current speci-
fication may not even accommodate the
“"averagae® (mean or median) driver. In
order to obtain a more definitive dis-
tribution of the driver characteristic
than is currently available from the one
field study by Wortman and Matthias (71)
or from the aggregrated simulation re=-
sults presented earlier in this chapter,
it will be necessary to conduct exten-
give field tests, An upcoming FHWA re-
search effort entitled "Enginesering
Factors Affecting Traffic Signal Yellow
Time" should provide an adequate base
from which to build an estimated popula-~
tion.

The current specification faor decelera-~-
tion rate is 10 ft/s2 (3.05 m/s¢). An
approximation of the driver's degired
limit is roughly the same as the current
specification. The characteristic¢ decel-
eration rate, however, is both a driver



and avehicle; characteristic. A thorough
analysia of vehicle deceleration rate
capabilities is expected to be undertaken
in the FHWA regearch effort "Vehicle
Characteristics Affecting Highway Design®.

PEDESTRIAN SIGNAL TIMING B

Sensitivity Analysis

As has been shown by Abrams and Smith (72)
the pedeatrian WALK interval is more a
function of the pedestrian gueue than of
an individual's perception-reaction tima
Because the standard for the WALK inter-
val (4 to 7 seconds) is well above the
expected range of perception-reaction
time values, the WALK interval provides
gsufficient time for all padastrians to
perceive the WALK signal and to react to
it. The pedestrian's ability to reach
the crosswalk during the WALK interval

is constrained only by the impedance of
other gqueued pedestrians. Therefore, an
analysis of the sensitivity of the stand-
ard (pedestrian WALK interval) toc the
pedestrian characteriastic (perception-
reaction time) need not be developed.
With regard to the pedestrian clearance
interval (PCI) standard, the instantane-
ous percentage change in PCI Eer one fps
(mph} change in walking speed is simply
the negative inverse of the walking speed.
Therefore, at a walking spaed of 3.0 fps
{0.91 m/s) the inatantanecus percentage
change in PCI per 1 fps (0.3 m/8) change
in walking speed is -33.3 parcent. At a
walking speed of 4.0 fps (1.2 m/s8), the
instantaneous percaentage change is =25
percent. )

It should be emphasized that the above
sensitivity rates are instantaneous
rates. The instantanecus rate per unit
(e.g., 1 fps (0.3 m/s}) change in walk-
ing speed does not eqgual the actual
incremental change if walking spaed is
changed 1 fps (0.3 m/s). The following
sensitivity analyses deal strictly with
incremental (rather than instantaneous)
changes.

Earlier in this report, an estimated
range of walking speed values was
developed for various percentiles with-
in the pedestrian population. These
astimated walking values correspond to
the following percentage changes from
the current epecification, 4.0 fps

(1.2 m/8).

59th percentile = -2.5 to 12.5 percent
85th percentile = -15 to -10 percent

95th percentile = -25 to -22.5 percent
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The effect of these percentage changes in
the walking speed on the pedestrian clear-
ance interval are as follows:

50th percentile = =1l.1 to 2.6 paercent
change in PCI

85th percentile = 11.1 to 17,6 percent
change in PCI

95th percentile = 29.0 to 33.3 percent
change in PCI

It is clear from thase calculations that
ude ¢of the §5th percentile value esti-
mates results in a need for relatively
significant increases in the pedestrian
clearance interval standard in order to
accommodate the slower walking speeds.

The percentage incremental changes dis-
cussed above are strictly based on only
the pedestrian clearances interval., It
differs from the percentage change in the
total cycle time available for a pedea-
trian crossing (clearance interval plus
WALK interval). When the WALK interval
is added, the relative effect of walking
gpead is reduced., And as street width
increasesa, the sensitivity of the total
cycle time to walking speed likewise
increasaes. Based on assumed walking dis-
tances ranging between 30 and 90 feet
(9.1 and 27.4 m).

® in order to accommodate the walk-
ing speed of the 50th percentile
pedestrian, the current standard
for total pedestrian cycle time
needs to be changed between an in-
crease of 2 percent to a decrease
of 8 percent;

® in order to accommecdate the 85th
percentile pedestrian, total cycle
time needs to be increased between
6 and 13 percent; and

® in order to accommodate the 95th
percentile pedestrian, total cycle
time needs t¢c be incredsed between
15 and 25 percent.

EXCLUSION ANALYSIS AND CRITIQUE
OF SPECIFICATION

The total amount of time available for a
pedestrian standing within a gqueue at the
curb to cross a signalized intersection
is the sum of the WALK interval and the
clearance interval. If the pedestrian
ateps off the c¢urh before the end of the
WALR interval and then walkg at or above
the walking speed specification, 4 fps
(1.2 m/s), the pedestrian will reach the
middle of the farthest traveled lane
before the end of the FPlashing Don't Walk
cycle. If the same pedestrian walks at

a speed less than the 4.0 fps (1.22 m/s)
specification, it is still possible for



the pedestrian to reach the middle of the
farthest traveled lane provided the pe-
destrian leaves the curb prior to onset
of the pedestrian clearance cycle. The
amount of time prior to the and of the
WALK cycle which the slower walking pe-
destrian must leave is a function of both
the walking speed of the pedeatrian and
the width of the street. Figure 17
illustrates this relationship for thrae
representative street widths. For
example, a pedestrian with a walking
gpeed of 3.5 fps (1.07 m/8) is attempt-
ing to cross a 66 foot (20.1 m) wide
street and thus needs tc travel approxi-
mately 60 feet (18.3 m) in order to reach
the middle of the farthest traveled lane.
In order for the pedestrian to complete
this maneuver, the pedestrian muset step
from the curb 2.1 seconds prior to the
beginning of the 15 seconds design
clearance interval. 1If the WALK inter-
val is 7 seconds, the pedestrian has 4.9
seconds from the onset of the WALK in-
terval to leave the curb. For 36 and 96
feet (11.0 m and 29.3 m) wide streets,
the above pedestrian must leave 1.1 and
3.2 seconds, respectively, prior to the
beginning of the clearance interval.

Although the "looseness" of the WALK in-
terval standard can in some instances
help accommodate the slower pedestrians
who cotherwise are restricted by the
standard for pedestrian clearance inter-
val, the exclusion effects of this latter
standard should be evaluated based on the
worat design condition. 1In this case,
the worst design situation is defined as
a pedestrian stepping off the curb to
cross the street at the precise moment
the WALK interval terminates and the
clearance interval starts. It is recog-
nized that a significant proportion of
the pedestrian population does not heed
the Flashing Don't Walk indication and
proceeds to leave the curb and cross

the street even after the WALK interval
ends. However, because these pedes-
trians are not complying with the in-
structions of the traffic control device,
they do not fall within the design con-
straints.

In the design situation for the clearance
interval, a pedestrian initiating a street
crossing concurrent with the beginning

of the Flashing Don't Walk cycle must
walk at a speed of 4.0 fps (1.22 m/s) in
order to satisfy the requirements of the
standard (i.e., to reach the middle of
the farthest traveled lane). A pedes-
trian walking slower than 4.0 fps

(1.22 m/s} will not reach the middle of
the farthest traveled lane. Figure 18
illustrates where pedestrians with vari-
ous walking speeds are located at the

end ¢f the clearance interval. On a 96
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foot (29.3 m) wide street, a 3.2 fpas

{0.98 m/s) pedestrian will still be two
travel lanes away from the far curb when
the clearance interval ends. On a 66
foot (20.1 m) street, a 3.6 fps (1.10 m/s)
pedestrian is over a full travel lane
short of the far curb. The seriousness
of these shortfalls can best be under-
stood by examining the potential con-
flicts with vehicular traffic.

The MUTCD calls for a clearance interval
of sufficient length "to allow a pedes-
trian crossing in the crosswalk to leave
the curb and travel to the center of the
farthest traveled lane before oggosing
vehicles receive a green indication
(emphagis added). 1In other werds for
combined pedestrian-vehicular signal
phasing (which is the prevalent type of
phasing used in the U.S.), the Flashing
Don't Walk pedestrian signal and the
amber indication of the vehicular traf-
fic signal end at the same moment. There-~
fore, immediately prior to the end of
the pedestrian clearance interval, the
amber indication is illuminated signify-
ing that all vehicles should clear the
intersection. However, neither the
right- or left-turning vehicles are able
to clear the intersection if a pedes-
trian is still well into the vehicle
travel lanes as could be the case even
for a pedestrian walking at the deaign
speed and who legally left the curb on
the WALK signal. For the slower walk-
ing pedestrian, the safety problem is
further exacerbated by the greater
shortfall from refuge at the far curb.
The MUTCD states that the green indica-
tion for opposing traffic may be given
immediately upon the end of the pedes-
trian clearance interval. Again, even a
legally-crossing, design speed pedestrian
is still one-half of a travel lane short
of clearing the crosswalk at the end of
the clearance interval. A vehicle stop-
ped at the intersection and on the game
side of the intersection as the crossing
pedestrian must delay acceleration upen
the start of the green GO indication un-
til the pedestrian has reached the des-
tination curb. In the case of a design
speed pedestrian (4.0 fps (1.22 m/a)), the
time involved is 1.5 geconds for 12 feet
(2.7 m) travel lanes. In the case of a
3.5 fpe (1.07 m/8) pedestrian crossing

a 96 foot (29.3 m) street, the time in-
volved is 4.9 seconds.

Application of the MUTCD standards at
intersections using early pedestrian re-
lease phasing, late pedestrian release
phasing, or scramble timing is similarly
affected by slower pedestrian walking
speeds.



TIME REQUIRED IN ADDITION TO PEDESTRIAN

INTERVAL STANDARD

CLEARANCE

sec.

10 _

96 £t wide street

3.0 3.2 3.4 3.6 3.8 4.0
' PEDESTRIAN WALKING SPEED, fps

The SI (metric) converqions ara 1 £t = 0.3 m.

FIGURE 17--Additional Time Beyond Clearance Interval

Required by Slow Pedestrian Corssing a Street
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Sketches are plan views of 96,66 and 36 ft wide streets.
The symbol "O" dapicrs the position of a pedestrian
moving at the given walking speed and when the design
pedestrian clearance incerval terminates. Pedestrians
ars moving from the bottom of the page to the cop and
ara assumed to have left the curb concurrent with
termination of the pedeatrian WALK interval. Note

that & pedestrian with the specifiaed wvalking speed of

4 fps reaches the middle of the farthest travel lane.
The metric conversion units are 1 ft = 0.3 .

18 --Effect of Varying Walking Speeds on the Final
Position of Pedestrians at Typical Intersections
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It is difficule co escimace the distribu-
tion of pedescrians who are adversely
impacted by the current specification
for walking speed, 4.0 fps (1.22 m/s,.
Based on observations by Sleight {32},
just under 30 percent of che adulc (non-
elderly) pedestrian populacion ig ex-
cluded by the current specificatian;
glightly more than 20 percent of che el-
derly and only less than 10 percent of
the children fail to meet the current
specification for walking speed. Bruce
{3)) estimated that in general approxi-
mactely 35 percent of the pedestrian pop-
ulacion i3 excluded by the current speci-~
fication. However, the exact proportion
of cthe pedestrians crossing a parcicular
street who are not walking ac a speed of
4.0 fps (1.22 m/3) i3 entirely a site-
dependent function. The pedestrian den-
sity, che age breakdown of the pedes-
crians, the sex discribution of the pe-
destrians, the width of the street and
trip purposes of the pedescriang can all
vary from one lnterseccion to another
intersection and from one time-of-day

to another.

SIGN LETTER HEIGHT

Sengitivicy Analysis

Sign letter height i3 determined from
equacion (25) with the implied driver
characteristic being visual acuity. For
the purpose of che sensitivity analyses,
letter legibilicy. R, 19 used as a sur-
rogate for driver visual aculty since the
scandard for lecter legibility represencs
the distance at which words (thus letcters)
are read in field conditions.

The sensitivicy of the standard wicth re-
spect to a change in the driver charac-
teristic can be determined by substituc-
ing values of H +4H and £ +A £in equa-
tion (25) where & implies an incremencal
increase or decrease, and solve for H,
The resulting equation simplifies to

aH + 'L‘“i @3)

The praceding equation can be solved for
various incremencs of _2, given values
of L, £, and H.

- The results of che applicacion of this
formula for a given legibility distance
of 700 feer (213m) can be seen in Table 3l
Change in the minimum letter height are
determined for +10 percent changes in chae
leccer legibility factor. The resulets
are also displayed in Figure 19 which
shows the percent change in the minimum
letter heighc as a function of a percent
change in letrer legibilicy. It is
evident frcm the Eigure that:
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e As £ decreases for a given value
of L, H increases non-linearly.
That i3, the lecter heighr, H, be-
comes more sensicive £o a change
in che leceer legibilicy facror, z.
wicth decreasing values of .

e Conversely, as £ increases for a
given value of L, H decreases
approximately linearly. That i3,
H becomes less sensicive to a
change in £ wich ever Lncreasing
values of @ .

Consequently, the sensicivicy of the
standard for minimum lecter height on
highway guide signs is statced in terms

of the lerrer legibilitcy factor. For
instance, in the case of = 50, a Lo
percent increase in the lecter legibiliry
value,L , would juscify a 9 percent
decrease in the minimum lecter heighe,
and a 10 percent decrease would require
an 11 percent Increase in the minimum
letter height. Extreme changes of 50
percent increase or decrease would
necesasitate corresponding changes of +100
percent and -34 percent in letter height,
respecitively.

Exclusion Analysis

The decreasing letter legibility values
and cheir respective increased letter
heights resulting from the semsicivicy
analysis (Table 31) are of practical
significance to cthe design of highway
guide signs when comparing cthe relacion-
ahip of the driver characteristic, visual
aculcy (in terms aof letter legibility),
to the current lercer height standard.
Equivalent static visual acuicty scores
for letter legibilicy values were deter-
mined and are presenced next to their
correspending letter legibilicy value
in Table 31l. The inirial resulcs indi-
cate cthat those drivers wich less than
20/25 vision need more letter height

to read highway gulde signs chan what
may be currently provided chem by the
standard. --

In order to demonstrate the consequences
of a letter height scandard using a con-
stant of 50 feet of legibility discance
per inch of letter helght for highway
signs, Table 312 compares the legibility
distance required to read a sign 400
feet (122 m) in front of the hazard at
55 mph (89 km/h), and the actual legi-
bility distance given to drivers who
have less than 20/25 visual acuity.

The table also shows the reduced speeds
necessary for those drivers excluded

by the standard to be able to read the
sign uaing a letter (10.6 inches (269 mm)
in this case) determined by the current
standard.
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TABLE 3l --Changes in Letter Height for
Changes in Letter Legibility

New £ Qisual Acuity Lettzingt.
Value Equivalent (inches)
75 -- 7.1
70 - 7.6
65 -- 8.1
60 20/20 8.8
55 - 9.6
(50) 20/24 (10.6)
45 -- 11.8
40 20/30 13.3
35 -- 15.1
30 20/40 17.7
25 20/50 21.2

The SI (metric) conversion is 1 in = 25.4 mm.
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-33
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-17
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(0)
+11
+25
+43
+67
+100
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'FIGURE 19 --Percent Change in Minimum Letter Height as a
Function of Percent Change in Letter Legibility
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The comparison af required versus actual
legibility distance for drivers with
varying static visual acuity strongly
indicates that 25 percent of the driving
population may not be able to read high-
way guide signs at the distances neces-
gary to comfortably and/or safely de-
celerate to the point at which the next
driving maneuver should take place.
Legibility distances for thia portion of
the driving population range from a 20
percent decreasa in required legibility
distance to a 60 percent decrease.

It is very probable that many drivers
compensate for poorer vision and thus
shorter legibility distances (as a func-
tion of tne current letter height stand-
ard) by driving slower than the %0th
percentile speed., Table 32 reveals that
a range of decreased speed from ll per-
cent to 35 percent would be required in
order for drivers with less than 20/25
vision to read tha sign in enough time
to decelerate comfortably and safely.
The consequence of this probable com-
pensation would be the interruption of
the flow of traffic to some degree (even
in the right lane designed for lower
speeds) by complicating and aggravating
the driving responses of other motorists.

Statisg visual acuity decreases gsignifi-
cantly with age==-especially at night--
beginning at about age 50 and continuing
with advancing age. The majority of
20/20-20/25 drivers are younger drivers
(€ age 50). It is, therefore, noted
that the current standard for letter
height design on highway guide signs,
which uses a letter legibility value of
50 feet per inch of letter height, does
not adequately consider the visual needs
of the elderly, whose average letter
legibility value is 26 feet per inch of
letter height. The standard excludes a
significant portion of the population--
that of the elderly--which has been in-
creasing steadily per decade over the
past forty years. It is also worthwhile
noting that of thoge motorists driving
under the design speed limit, many of
then happen to be the elderly.

Critique of Specification

By directly relating letter legibility
values to static visual acuity scores,
letter legibility is being evaluated as
the driver characteristic involved in the
minimum letter height standard. From

the sensitivity analysis, it is apparent
that the minimum letter height standard
is sensitive to a change in the letter
legibility value, O©Of particular interesat
and concern, is the implication and
ramification of decreasing values of
letter legibility and the resulting sub-

tantial increases for letter height.
Currently, the standard uses a daylight
letter legibility value of 530 feet
{15.2 m) of legibility distance per
inch of letter height (versus a 33 foot
{10.1 m) value obtained in nighttime
studies (22})) for 20/25 drivers. Con-
sequently, because of the poorer vision
(less than 20/25) of approximately

25 percent of the driving population--
comprised mostly of the elderly--further
regsearch is needed to evaluate the re-
lationship of static visual acuity dif-
ference and minimum letter height re-
guirements on highway guide signs for
both day and night (using reflectorized
letters and/or floodlights) conditiconas.
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TABLE 32--Comparison of Required Versus Actual Lefibility Distances
According to Driver Population Static Visual Acuity

STATIC VISUAL ACUITY

20/20 20/25 20/30 20/40 20/50 20/60
55th Ztile 75th Ztile 85th Ztile 95th Ztile 99th cile 100ch Zcile

20/70
100th XZcile

Letter Legibility, 60 50 40 30 25 20 15
£, fr per inch

Required lLegibility
Discance, ft, for 530 530 530 530 530 530 530
55 mph

Actual Legibility
Distance, ft, 636 530 424 318 265 212 159
using Current (+106) ( 0) (-106) (-212) (-265) (-318) (-371)
Standard (10.6 (20% dec.) (40X dec.) (50% dec.) (60% dec.) (707 dec.)
inch, letter ' '
height)

Reduced Speed, mph, _

_ — —_— 49 42 39 36 33

hecded o Mead, | o ey o el )
26 & 0. : (11% dec.)  (24% dec.)  (29% dec.)  (35% dec.) (407 dec.)

inch Letters

The SI (metric) conversions are 1 ft = 0,3 m, 1 in = 25.4 mm, and 1 mph = 1.61 km/h.



V == SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS

The principal objectives of this scudy
were:

l. Identify highway design and oper-
ation standards which are based on
a driver or pedestrian characteris-
tic,

2. Determina which of these standards
are sensgitive to a change in the
characteristic specification.

3., PDetermine which current character-
igtic specifications are too liber-
al or to¢ conservative given the
edtimated population distribution.

4. Identify where further research is
needed to better define the popula-
tion distribution of the character-
istic.

This chapter addresses these main concerns
by summarizing the analyses presented in
earlier chapters, drawing conclusions,
suggesting modifications to the standards
or specification, and recommanding further
researcn where deemed necegsary.

STANDARDS BASED ON DRIVER/PEDESTRIAN
CHARACTERISTICS

Highways and their controls and devices
are designed on the bases of soma key
parameters; namely, the current or pro-
jected volume and directional distribu-
tion of traffic, vehicle type and mix,
the desired level of service and speed,
and the degree of access control. Once
these parameters are set, then certain
specific features can be designed. For
example, sight distance requirementa are
determined from the desired design speed.

In this regard, the driver or pedestrian
is not a major design control. That is

Lo say, when the overall design type of

a highway is being determined, the types
and characteristics of the driver or
pedestrian are not explicitly considered.
To do' 8o would be to require the asta-
blishment of a design driver which is
virtually impossible given the wide varijia-
tion in his/her performence depending upon
the highway situation or the person's con-
dition.

Driver and pedestrian characteristics,
however, are considered within the speci-
fic elements of highway geometric traffic
operations and control design. A review
of numerous manuals identified some 13
geometric design and 5 traffic control
devices standards that explicitly con=
sider a driver or pedestrian characteris-
tic with an agsociated specification.

These are noted in Table 2 and describ-
ed 1n Chapter I[I. The standards review
also identified other specific standards
which implieg a driver charagteristic
but for which there is no explicit con-
gideration and, of course, no specifi-
cation. An example of this would be any
standard related to the vigibility of a
davice. Implicit in these standards is
the vigual capabilities of the driver
which are rarely specifiasd.

Agide from identifying standards which
include a driver/pedestrian characteris-
tic, each standard was critiqued. Re-
commendations for modification of the
standard or at least furcher examination
are highlighted below.

The differences between AASHTC design
and MUTCD marking concepts for Passing
Sight Distance should be examined with
an eye toward developing a uniform
approach which explicitly takes into
account both driver and vehicla charac-
teristica. The current atandards do not
explicitly account for the actions of
the driver in the passing maneuver. One
potential technique would center on tha
"pass abort" situation which explicitly
involves both driver and vehicle charac-
teristics.

The analysis of Case I, Intersection
Sight Distance indicates a need for a
revised mdthodology. Tha existing form-
ulation does not allow aeven a minimal
margin of safety for a driver faced with
an extremely hazardous situation at an
uncontrolled intersaction. It i3 recom=-
mended that the methodology presented
briefly in the text, or one that follows
a similar approach, be employed as the
revised methodology for computing Case I
Intersection Sight Distanca.

The methodology recommended for use by
AASHTO 1n determining Case II Intersection
Sight Distance is simply the use of stop-
ping sight distance for each leg of the
minimum sight triangle. However, as was
discussed in the previous chapter, the
AASHTO methodology does nct provide ade~
guate sight distance within which a vehi-
cle can be brought to a stop to avoid
another vehicle. Instead the AASHTO
methodology for Case II Intersection
Sight Distance produces sight distances
which will, in some instances, allow the
driver only enough time anddistance to
modify the speed of the vehicle (not
briny it to a stop) before entering the
uncontrolled intersection. Therefore,

it is recommended that the Case IXI In-
tersection Sight Distance methodology

be modified in order that the actions
called for in the definition of Case II
may actually be accomplished. The text
provides an example of one such methodo-
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logy that could be used.

The current methodology adequately de-
picts a driver's actions in situations
describaed by the Cage III Intersection
Sight Distance standard. However,
another equally valid appreach would be
to use gap acceptance as a criterion for
determining minimum Case III (and Cases
IV and V) Interdection Sight Distance.
It 13 recommended that tha feasibility of
such an approach be determined by com-
paring it to the existing methodology
for their impact on safe and efficiant
traffic flow.

The Sight Distance Measuring Criteria of
6 inch (0.1l5m) object height for Stoppin
Sight Discance and a 4.25 foot (l.BOmE
object height for Pasaing Sight Distance
have been the subject of debate for many
years., It is recommended that the reason-
ableneas cf these criteria be re-examined
with particular emphasis being placed on
the issua of whether or not a driver is
capable of detecting the "design object”
at the "design distance™. In addition,
the analysis should addreas the issues of
‘criticality of sighting an object and
frequency of an occurrence.

It is recommended that the formulation
for computing the Adequate Gap Time for
School Crossing Traffic Signal Warrant
be re-evaluated. 1In particular, it is
suggested that the evaluation focus on
the history behind and the current
validity of the aasumption that pedes-

trians cross in rows of S with 2 seconds
betwean rows.

The current MUTCD standard for the Pedes-
trian Clearance Interval is intended to
provide sufficient time for the 4.0 fps
(1.22 m/3) pedestrian to reach the middle
of the farthest traveled lane. As has
been demonstrated earlier in the text,
this further compounds the difficulty
experienced by alow walkers in crossing

A signalized intersection. We were un-
able to trace the original justification
for not designing for a full curb~to-~
curb crossing. It is recommended that
consideration be given to redefining

the walking distance as the curb-to-curb
or safe refuge distance. The current
standard, by designing for an incomplete
crossing, fails to provide for left or
right turning vehicles which are attempt-
ting to clear the intersection at the end
of their green "GO" cycle.

STANDARDS THAT ARE SENSITIVE TO DRIVER
CHARACTERSITCS

A major concern of this study was to
identify those standards which are sensi=-
tive to a change in the driver character-
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istic specification. In other words,
what stancards would be significantly
affected by a change in specification.
This is of particular interest if it
is furthar determined that the curreng
specification ig set too high or low
for a given percentile of the popula-
tion.

It should be receognized that sensitivicy
i% a relative indicator with no precise
demarcation as teo when a standard is
sensitive or insensitive. Very large or
small changes can easily ba termed sensi-
tive or insensitive, but it is not se
obvioug to describe the sensitivity where
the standard changes by say 5-15 percent
for a reasonable change in the specifica-
tion, Furthermore, the real measure of
the sensitivity lies with eccmomic conse-
quenceg. For instance how much more will
it cost if stopping sight distance stand-
ards are increaged by 5 percent, 10 per-
cant, ate?

Having noted thesa concerns, the sengiti-
vity analysis presented in Chapter III
identified that most of the design and
operations standards are deemed "Sengitive"
to realistic changes in the driver charac-
teristic specification. These inc¢lude:

Gecmetric Design

® Stopping Sight Distance

® Decision Sight Digtanca

® Intersection Sight Distances for
Case I and Case Il

® Railroad Grade Crossing Corner
Sight Triangle

e Crest Vertical Curve Length (due

to Stopping Sight Distance)

Sag Vertical Curve Length

Horizontal Curvatura

Lateral Clearance to Sight

Obstructions on Horizontal Curve

Traffic QOperations

e Adequate Gap Time for School
Crossing Traffic Signal Warrant

® Pedestrian Clearance Interval for
Pedestrian Signal Timing

® Vehicle Clearance Interval for
Traffic Signals

e Sign Latter Haight

ODRIVER/PEDESTRIAN CHARACTERISTIC
SPECIFICATIONS

There are innumerable human characteris-
tics that are involved in all agpects of
driving @r walking. These characteristics
can be categorized as physical, mental,
sengory, and motor factors. However

when considering specific geometric de=
sign and operations standards, the only
relevant human characteristics are as



as follows:

@ Perception of objects

e Visual capabilities

e Physical reaction time for braking,
shifting, etc.

@ Eye height

¢ Walking speed

Discussion of these characterisgtics
and their distribution preofile can be
found in Chapter III.

A few general conclusions concerning
driver/pedestrian characteristicas and
their current specifications are
enumerated below:

l. The physical and performance
characteristics of the driver and the
pedestrian have not been adequately con-
sidered in the various gtandards. For
most standards the driver or pedestrian
characteristic is either weakly supported
by empirical research, incorrectly con-
sidered, or uses an inappropriate speci-
fication, Purthermore, for nearly all
driver and pedestrian characteristics
there is insufficient data to determine
4 reasonably accurate estimate of the
distribution profile for all drivers
and padestrians. This means that for
moet of the specificationa, it is not
known with certainty what percentage of
drivers or pedestrians are being excluded
by the standard.

2. The role of driver visual per-
formance has heen largely ignored in moat
design and operatians standards which in-
volve detection/perception/recognition
of stationary and moving objects. The
research presented in this study indi-
cates that the 95th percentile driver is
capable of detecting a 6 inch (0.15 m)
object at the current Stopping Sight Dis-
tance atandard. However, whether or not
the driver can recogniza it ag a § inch
(0.15 m) object, vis-a-vis a 4 or 2 inch
(0.10 or 0.05 m) object is quastionable.
But at the AASHTO and MUTCD passing sight
distances, the estimated 85th percentile
driver (basad on visual acuity) is in-
capabile of detecting an approaching ve-
hicle as gpecified by the sight distance
measuring criteria. Furthermore, with
regard to nighttime visibility, the re-
search documented in this study provides
atrong evidence that drivers are incap-
able of detecting the vast majority of
objects at Stopping Sight Distance design
values in the absence of ambient lighting.
This shortfall occurs on flat, tangent
sections as well as on crest and sag
vertical curves and on horizontal curves,

1o

3. There is a basic incompatibility
between the minimum visual capabilities
required for licensing of drivers and the
visual capabilities of drivers assumed
for degign standards. In a majority of
States a minimum static visual acuity
level of 20/40 is all that is required.
Testing of licensed drivers indicates that
the 85th percentile driver is at about a
20/33 level. 1In designing of aign latter
size, a vigual acuity better than these
levels is asaumed. For night driving,
the problem is more savere as vigual cap-
abilities under low illumination levels
is much worse. Also, vision capabilities
deteriorate with age, especially around
60 years and older. The elderly continue
to comprise an increasing percentage of
the drivers. These factors lead to the
need for a complete evaluation of the
compatibility of the wvisual ability of
the driver, design standards and driver
licensing.

Resping in mind the results of the sensi-~-
tivity analysis, recommendations concern-
ing specific driver/pedestrian character-
istics are highlighted below.

The current 2.5 second gpecification for
perception~brake reaction time has been
used for Stopping Sight Distance and its
derivative standards for horizontal and
vertical curves for many years. It has
been argued by others that this value

is too low (e.g., Glennon (86)) and esti-
mates of the characterigtic developed for
this study support this claim. It is
estimated that the 85th percentile value
may be as high as 3.2 seconds. On the
other hand, there is no atrong decumented
evidence that the current minimum and de-
sirable stopping sight distances, which
are based on 2.5 secondsa, are inadequate
or at least unacceptable on the grounds
of safety. There might be justification
for increasing the specification if the
values estimated here are considered re-
liable. Before this is considered,
further empirical research is needed to
derive a more reliable distribution of
perception-brake reaction time for the
driving population.

Estimates of perception-reaction time
for several other standards have been
developed for this study and indicate
that the current specification values
are inadequats. These standards are
Intersection Sight Distance (Cases I

and II), Railroad-Highway Grade Crossing
Sight Distance and Vehicle Change Inter-
val. Each of these standards is sensi-
tive to changes in the value of percep-
tion-reaction time and thus it is import-
ant to validate as closely as possible

4



the proper value for the driver charac=
teristic.

The specification value for Cases ILI, v
ind V Intersection Sight Distance percep=~
tion rsaction time, 2.0 secends, sEouIa
Be retained but the current definition
‘of the driver characteristic should bpe
changed to reflect only one head movemant
which is a more accurate description of
the driver's action.

With regard to percaption-reaction in
general, thera is a need for better em-
pirical data on the time related to
detecting and reacting to:

e an objest in the road such as
another vehicle, a pedestrian,
or a "6 inch object” for stop-
ping sight distance;

e a vehicle in the opposing lane
for passing sight distance;

e a vehicle approaching an inter=
saection for intersection sight
distance; and

® a train approaching a crossing,

studies should consider alerted versus
unalerted driver, age of driver, and
effects of speed, time of day (day., night),
ocation (urban, rural) and other in-
fluencing variables.

There is no definitive data to support
the present aspecification ¢f the pedes-
trian perception-reaction time for the
adequate Gap Time for School Crossing
Traffic Signal Warrant. However, the
specification does seem reasonable; and
because of this, and the fact that ade-
quate gap time is relatively insensitive
to a change in specification, data col-
lection is not necesgssary.

By directly relating letter legibility
values to static visual acuity scores,
letter legibility is being evaluated as
the driver characteristic involved in

the minimum letter height standard. From
tha sensitivity analysis, it is apparent
that the minimum letter height standard
is sensitive to a change in the letter
legibility value. Of particular interest
and concern is the implication and rami-
Eication of decreaging values of letter
leginility and the resulting substantial
inc¢reages for letter height. Currently,
the standard uges a daylight letter
legibility value bagsed on drivers with
20/23 visual acuity. Consequently,
because of the poorer vision {less than
20/25 of approximately 15 percent of
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the driving population--comprised mostly
of the elderly--further research is

needed to evaluate the relationship of
static visual acuity differences and mini-
mum letter height requirements on highway
guide signs for both day and night (using
reflectorized letters and/or floodlights)
conditions.

The current specification for pedestrian
walking speed conforms to approximately
the "averagae” or "median® pedestrian.

The estimated 85th percentile value is
3.5 fps (1.07 m/3). The sensitivity
analyses presented earlier illustrate the
high sensitivity of walking distance to
walking speed within tne range of ex-
pected valuea. In order to accommedats
tha 85th percentile pedestrian, it is
recommended that the design specification
for walking speed be lowered to 3.5 fps
(1.07 m/s).

Driver eye height estimates presentad in
thlis report illustrate the exiating trend
toward an overall lower eye height popu-~
lation distribution. To accommodate this
trend, it is recommended that the speci-
fication be reduced from the current 42
inches (1.07m) value to 41 inches (1.04m),
or possibly to 40 inches (l.02m). A
decrease to the former value would neces-
sitate slignt increases in current crest
vertical curve design standards for 50
and 60 mph (80 and 97 km/h) design speeds.
On horizontal curvea it is recommended
that the midpoint design height of a
sight obstruction should be lowered to

20 inches (0,51lm) in order to accommo-
date reduced driver eye heights and to
enable the driver to sight an object in
the roadway from the roadway surface up.

The underlying assumption for selection
of the current side friction factors on
horizontal curves is that they are re-
lated to the motorists' threshold of dis-
comfort. Since this study did not show
if these side friction factors values
used are applicable for current venicles,
it cannot be gtated whether the specifi-
cations are too stringent or to uncon-
strained. Arguments have been pre-
sented earlier in this report for both
cages, It is apparent that horizontal
curvature standards are sensitive to a
changa in the side friction factor--at
least gufficiently so to warrant further
researcn into evaluating the relation-
ghip of side friction factor, driver caom-
fort and minimum radius. In this regard,
it i3 recognized that FHWA has initiated
a research project entitled "Side Fric¢-
tion for Superelevation on Horizontal
Curves" which should resolve this issue.

For geveral standards, it has been



suggested that the specification for the
driver characteriatic is too liberal.

This implies that the standards are in=-
adeguate in that they do not accommodate
the “"vast majority" of drivers, a situa-
tion which should be revealed by an unsafe
or at least inefficient highway aystem or
both. Aside from knowing that roads of
high design (e.g.., Interatates) have
better accident rates than roads with
inadequate design features (e.g., a large
percentage of the two lane rural system),
we do not know the ralationships of
specific design elements to safety. There-
fore, it can not be stated that current
design standards are resulting in acci-
dents because of an inadequate driver
characteristic specification. Furthermore,
while it should not be assumed, it is
likely that drivers who are excluded by

a particular specification level are com-
pensating by, for instance, driving slower
or not driving at certain times, e.g.,

at night.
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