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reader for the discussions of conspicuity in Part III. Part III reviews

" the factors that make signals more or less conspicuous, the methods

for measuring conspicuity, the physical measurements necessary for
adequate characterization of a warning-light unit, and the relations of
perceptual and physical measures to performance standards for lights,

Limited portions of the report <~ namely Chapter 12 and some of the
figures ~-= have been excerpted from ; preliminary report, "“Emergency
V;hicle Warning Devices: 1Interim Review of the State-of-the-Art
Relative to Performance Standards' (NBS Report 10478; also LESP-RPT-0501.00),

which covered both warning lights and sirens. The siren waork will be

‘documented separately,

»

The authors are gratgeful to Mr, Charles A, Douglas, for helpful
discussions of both physical and perceptual matters; and to Mr, I. Nimeroff,

for contributing information on physical measurements,
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FOREWORD | "

The National Bureau of Standards' Sensory Environment Section is

engaged in a program of research on emergency-vehic¢le warning lights,
The activity includes both the collection of available information and
the generation of new research data, with the ultimate goal being the
preparation of a veluntary standard for these wa;ning lights. The
program is administered by Mr., Avery T, Hortom of the Law Enforcement
Standards Laboratory of NBS, with financial support from the National Institute
of Law Enforcement and Criminal Justice of the U.S, Department of
Justice's Law Enforcement Assistance Administration.

The present report is meant to provide an overview of the entire
field of emergency-vehicle warning lights, exclusive of our own experimental
work, which will be reported separately. It is hoped that the report ) ’

[4

will prove useful to a broad class of readers., Some readers will probably
. ° ¢
use it as a reference source, browsing through selected chapters, At
the other extreme, those with a requirement fbr.detailed technical
knowledge of the subject -~ such as engineering consultants to large
police departments -- may find it helpful to read the entire documen:

through, from beginning to end,

Part I is concerned with the present realities of the situation,

-and includes a discussion of the kinds of lights now available and the

bases on which the many warning-light configurations now in use are chosen,
Part IT contains background material on the perception of signals from

emergency-vehicle warning lights, and prepares the technically oriented
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reader for the discussions of conspicuity in Part III. Part III reviews
the factors that make signals more or less conspicuous, the methods
for measuring conspicuity, the physical measurements necessary for
adequate characterization of a warning-light unit, and the relations of
perceptual and physical measures to performance standards for lights,
Limited portions of the report =- namely Chapter 12 and some of the
figures ~- have been excerpted from ; preliminary report, "Emergency
V;hicle Warning Devices: Interim Reviéw of the State-of-the~Art
Relative to Performance Standards' (NBS Report 10478; also LESP-RPT-0501,00),
which covered both warning 1ights_and sirens, The siren work will be
documented separately, ‘
The authors are grateful to Mr, Charles A. Douglas, for helpful
diséuésions of both physical and perceptual matters; and to Mr, I. Nimeroff,

for contributing information on physical measurements,
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ABSTRACT

Information is presented concerning all aspects of emergency-vehicle
warning lights (EVWLs). A survey of the present situation includes: the
non-uniformity of state EVWL laws; the factors entering into the choice of
an EVWL configuration; a list and photographs of a variety of EVWL types;
and a list of EVWL manufacturers and distributors, Background material
relating to the perception of EVWL signals includes: an analysgis of
general warning-signal perception; a description-of the visual stimulus
pattern confronting a driver being approached by an emergency vehicle from
various directions; and a summary of the chardcteristics of peripheral
vision (including luminous efficiency, color perception and discrimination,
and flicker and movement perception)., Perceptual. factors. affecting the
conspicuity of EVWL signals are discussed, including: effective intensity;
flash rate; on-off ratioy pulse shape and flash duration; gpatial sweep
of beam; color; number and spatial pattern of lights; cross-sectional area;
motion; temporal phase relations; and the role of the background., Physical
measurements on EVWL units are described, inéluding: angular intensity
distribution and beamspread; flash rate; pulse shape and flash duration;
effective intensity; color; and variables in rotating devices. A glossary,
extensive enough to be helpful in reading the technical literature, is

included,
KEY WORDS: Color; conspicuity; emergency vehicle; flashing light; lights;

motor vehicle; photometry; signal light; standards; vehicle, emergency;

vision, peripheral; warning light,

L

B X W e

s

-

PR R,

e

P o o




L

1. General Introduction

The operator of an emergency vehicle such as a police cruiser is
frequently required to wmake his way through traffic at the greatest speed
consistent with safety, 1In accomplishing this often criéically important
goal, he depends on his warning devices, both auditory and visual, to
alert drivers to his approach, Drivers given adequate warning of the
approach of a police car are legs likely to involve the emergency vehicle
in an accident, and less likely to impede its progressg toward the scene of
the emergency.

Until the present time, the acquisition of emergency signaling
equipment has been largely a haphazard procedure, in which each police
department must do the best i't can in the absence of standards, Many law
enforcement and other emergency-oriented personnel have personally
experienced the ineffectiveness of many of the presently popular warning
devices in attracting the attention of motorists. With respect to warning
lights, the neaa for standards -- or at least genmerally accepted technical
guidance -- exists at two levels, First; thgre is a clear need for some
agreement on what the best color combination and general configuration is
for emergency-vehicle warning lights, As things stand now, drivers are
exposed to a great profus{on of different warning-light systems and often
are unable to‘iqterpret the signal beyond an awareness that the vehicle

producing the signal is not an ordinary pleasure car,

)
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Once the basic characteristics of a warning-light signal are agreed
upon, the second need for guidance arises in connection wigh the performance
of hardware, The police procurement officer wants to be able to judge how
well a given piece of equipment will perform its desired function.

In this report, attention is paid in considerable depth both to the
perceptual principles that must be understood if an. effective warning-light
system is to be specified, and also to the kinds of physical measurements
that permit informed prediction of perceptual effectiveness. - An attempt
is made to clarify some of the issues that beset the field of warning-
light effectiveness, and also, wherever possible, to suggest ways in which
established scientific knowledge about human visual procesges can be used

v

to 'improve the design of overall warning-light systems.



PART I. THE PRESENT CHAOS

2, The Basis of Warning-Light Configurations

'

2,1, Introduction

There are many different types and colors of warning lights presently
used on emeérgency vehicles, The greatest variety appears on police
cars, but, depending on the locality, the same devices and colors may
;130 be used on fire engines, ambulances, tow trucks, and many other
emergency and semi-emergency vehicles, There is currently no. single
standard or recoguized form of marking for emergency vehicles in this
country as there is, for example, in Great Britain,

This situation has lead to a great deal of confusion among motorists
and @edestriéns, because of the proliferaticn of lights having a similar
appearance, yet calling for different behaviors depending on the particula
vehicle on which they are mounted, and the particular locality in which
they: are used., The driver of an emergency vehicle is also in an
unenviable pasition, He is in constant danger because he does not know
whether or not the drivér aheadﬂof him will be aware of his signal and
react properly to it, Moreover; since the meaning of the signal (coding)
varies among different states and localities, an out-of-town driver
may. react to a local emergency signal inappropriately, thus endangering

himself, and other nearby vehicles, as well as the emergency vehicle,
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2,2, Factors to be Considered

The profusion of current emergency-vehicle warning-light configurations
in the wvarious state and local jurisdictions around the U.S.A, is
symptomatic of the fact that there are quite a few different factors that
are considered in arriving at a standard configuration, and different
groups (or individuals) assign different relative importances to these
various factors, Among the factors (some of them interrelated) that the
authorities of a particular jurisdiction would think about in choosing
a warning-light configuration are:

| A, Color
1. Relative visibilities of different crlors; differences
between day and night viewing conditions; the effect of
weather on: relative visibilities of colors.
2, Meanings, inla signal context, currently attached to
different colors by the residents of the jurisdictionm.
3. Warning-light practice in other jurisdictionms.

B. Duration of Flash :

1. Possible difficulty in locating source of very brief flash.
2, Possible lessening of effectiveness of stretched-out flash
with long rise and fall times,

C., Situations of Use

17 Emergency-vehicle action: .high-speed movement through
traffic; slower than normal movement in traffic; slow

movement off road; full stop in traffic; full stop off road,

N .'? R »!‘
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2, Emergency-velicle identification (police, fire, ambulance,
other category),

3. Type of roads: number of lanes, speed limit, median strip
or not, visual median barrier or not,

4, Reaction desired from drivers: pull to right and stop;
proceed in lane at reduced spesd; proceed and prepare to
stop in lane; make way for emergency vehicle by any safe
maneuver; etc,

Hardware

1. Commercial availability of units,

2, TInitial cost of units,

3. Maintenance cost'of units: frequency of replacement; labor
and material costs for replacement and repair; tangible
and intangible costs arising from incidents of unit
failure,

4; -Power consumption: availability of batteries gnd alternators
(generators) of suitable capacity.:

5. Power consumption cost: extra initial cost of heavy=-duty
batteries and alternators.

6, Edwer-supply maintenance costs: frequency of replacement;

)
labor and material costs for replacement and repair; tangible
and intangible costs arising from incidents of battéry or

alternator failure,
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2,3, Specifying a Configuration

The term configuration is used here to refer to the principal

characteristics of the warning~light devices used on a pa;ticular vehicle,
or prescribed for all the vehicles of a particular type in a spgcified
jurisdiction, ‘Functionally, the warning-light configuration determines
the nature of the light signals that will Ee emitted by the vehicle in
various directions, Structurally, the essentials of a "configuration"
are: (a) the number of lights; (b) the type(s) (rotating, oscillating,
steady, flashing, alternate flashing, etc,); (c) the color(s); (d) the
synchronization pattern; (e) the mounting position(s) on the vehicle;

(£f) the direction of peak intensity (beam axis), relative to the vehicle,
for each light not uniform over 360°; and (g) the angular spread of each
beam, horizontally and vertically, - Debates about the configuration to
adopt within a given jurisdiction are usually based on consideration of
some or all of the factors outlined in the preceding paragraphs

(Section 2.2,), and possibly also on other faFtors in special cases,

When a particular configuration (in the above sense) is chosen for
formal adoption, there are two additional specifications that are usually
also included in the requirements: the flash rate of the lights, and their
minimum intensities, actual or "effective", ("Effective intensity" is a
measure applied to flashing lights; see Section 10,6,) The prescribed
flash rate or range of rates does noﬁ vafy much among jurisdictiomns, and
generally follows accepted signal piactice (almost always between 60 and
120 flashes per mihute).‘ The setting of a minimum intensity is important
in determining the visual effectiveness of the lights, Eut the value

specified must be consistent with the state of lighting technology at

i
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the time of adoption of the law or ordinance, It is usually set at a

level considered currently practical in an economic sense (see the .

Hardware factors listed under D in Section 2,2,), The fundamental minimum
requirement with respect to intensity is that the emergency-vehicle
warning lights be brighter than such routine flashing lights as turn
signals and fixed-hazard flashers by a margin sufficient to make. the
emergency lights clearly distinguishable from the routine lights when

they are seen at a comparable distance,

2.4, What Should the Message Be?

The most fundamental choices in selecting an appropriate warning-
light configuration for a particular jurisdiction are based -on.the
Situations~of-Use factors listed under C in Section 2.2, In practice,

one of two basic approaches has usually been taken in the selection of

warning-light configurations. The approaches differ with respect to the ,.
category of message to be conve&ed by the signals, The first type of r
message is meant to communicate to the receiver of éhe signal that some
particular behavior is expected of him, For example; in some jurisdictions,
the correct response to'a flashing red light on a moving vehicle is always

to pull as far over to the right as possible and then to stop. In the

other common approach, the characteristics of the warning signal are meant

to call attention to the presence of an emergency vehicle and to identify

the éype‘of vehicle it is, It is quiteocoamon for policé; fire departments,
and ambulance corps -- and other groups as well -- to desire distinctive

warning-light configurations for identification purposes, ‘If an attempt

is made to combine several categories of desired driver reaction with

“~ .
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several categories of vehicle identification, the number of distinct
warning~light configurations that drivers must learn to recognize can
become excessive, A fundamental question is: .should the driver reactions
appropriate -to the fapid approach of a police car, fire éngine, or an
ambulance, sometimes vary for the different vehicle types, or should the
required reaction always be the same? If the object is simply to clear

a path for the emergency vehicle, regardless of category, then an
appropriate solution might be to have a single set of warniﬁg-light
configurations and to confine the identifying markings of the different
types of vehicles to the colors and patterns painted on the vehicles, 1In
this way, the target driver knows at long distances what is expected of
him (if he notices the lights), and can also identify the emergency-

vehicle category at shorter ranges,
2,5, How Many Different Signals?

Particulariy because people become flustered in emergencies, it is
important to keep the number of different wa;ning-light configurations that
must be remembered to a minimum, Severely limiting the number of possible
signals will tend to reduce the time required for a target driver to
recognize any one of the signals and to recall the appropriate reaction,
(See the discussion of ”reactionAtime” in Section 4.1.) Information
that does not affect the required reaction of the driver (such as emergency-
vehicle category, in many cases) can‘be'delayed in its presentation
until after- the primary message has been communicated. Restriction of

identification matkings to paint, rather than lights, is one means of

accomplishing this goal.
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In order to avoid a significant percentage of delayed or inworrect
reactions, a warning-light system should incorporate a very small number

of different signal patterns, probably no more than three or at most four.

Examples of 1-, 2-, 3-, and 4-signal systems are as follows, with the

signal patterns identified by the meanings or messages they are meant to convey:

1 signal. (1) "Something unusual is happening. Be alert

and take appropriate action.,"

2 signals, (1) "A rapidly moving emergency vehicle is approaching.

Pull over to the right and stop,"
(2) "There is an obstruction or slow-moving vehicle
ahead, Slow down,"

3 signals, (1) and (2) Sdme as in 2-signal system.

(3) "There is a serious obstruction ahead. Prepare
to come to a full stop before proceeding.,"

4 signals, (1), (2), and (3) Same as in 3-signal system,

o (4) "There is an obstruction or slonmoving.vehicle,
off the road. Use caution as you pass, but maintain the flow
of traffic."

Other definitions of the signals than those given above are
possible, but phe meanings listed reflect typical actual or proposed
systems, excéﬁt for the 4-signal system which is a speculative idea
only. Some reflection on the above systems may suggest that a fburtﬁ
signal could well be a. counter-productive luxury not only in terms of

cost, but also with respect to effectiveness, ‘The 33 percent increase

in cénfigurations to be remembered, relative to a 3-signal system, might

outweigh the rather marginal importance of the additional message. In

the absence of contradictory empirical evidence, then, it would appear
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intuitively reasonable that the ideal system in any particular jurisdiction
(or, most desirably, in all jurisdictions simultaneously), should include
only from one to three distinct signal-light patterns, each requiring a

different reaction from the.target drivers.
2.6, Non-Uniformity Among State Laws

The desirability of having a single set of traffic rules throughout
the United States has been clear since the automobile becamé a common
mode of transportation., A group called the National Committee on Uniform
Traffic Laws and Ordinances (in Washington, D,G,) has been working since
the 1920s to develop a Uniform Vehicle Code and Model Traffic Ordinance
that would be voluntarily ado%ted, in whole or in part, by more and more
state and local jurisdictions. 'Their hope is that ultimately, at some
Utopian moment in the future, all governmental levels within the entire
country will subscribe to a single set of rules that has evolved through
years of practiéal experience, The Committee has made progress over the
years, and issues revised versions of its proposed Code and Ordinance from
time to time,

Among the many issues considered by the Committee is the problem
of emergency-vehicle warnihg lights, At a meeting of the Committee in
November 1971, a report prepared by the Committee staff was presented that

set forth the lack of uniformity among state laws governing warning lights

on "authorized emergency vehicles",. The report describes the situation as

it existed in about 1968, Although there have been some changes since 1968

in the statistics cited in the report, the trend has not been clearly
toward greater uniformity and the present situation is still approximately

23] “J
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as confused as it was then, With the permission of the Committee,

an excerpt from the staff report is reproduced below as indication of
how much of an improvement a single nationwide 'system of emergency
vehicle warning lights would be, (References in this quotation to "Uuvc"
dernote the Uniform Vehicle Code promulgated by the Committee,)

"Twenty-one states have special lighting provisions for 'authorized
emergency vehicles.' 1In addition, eleven states have laws comparable to
uve 12-227(b), (c¢), but have no other special lighting provisionms,

"Ten states provide for alternately flashing red lights, like the
Code, Six of the ten require two red to the front and two red to the
rear; however, three expressly allow rotating lights in lieu of or in
addition to alternately flashing lights., Three of the ten require two
lights to the front but have no requirements for rear lights -- one allows
a rotating light in lieu thereof., The District of Columbia requires at
least one alternately flashing light [sic], In addition, omne state
requires alternately flashing lights but does not specify a color. Three
states require or permit an osciliating, rotating or flashing red light;
one state permits a red and white .light in lieu thereof. One state
permits a flashing or rotating red or red and white light, One state
provides for a flashing red light,

"Four states have unique provisions: Alaska requires a flashing
red light visible to three sides; California requires a rotating, flashing
or steady red light and also permits flashing amber warning lights and a
flashing white light; Colorado requires a red light visible to the front
and rear, but does not specify the type of light and South Dakota requires
one rotating red light or two front red lights, but does not specify
the type of light for the latter,

"Two states authorize flashing lights for emergency vehicles, but
include no 'description of the authorized lighting device in the statute;
a second provision in one state authorizes a red light, but makes no
reference to a flashing light,

1

"Eleven states have a provision in substantial conformity with
uve 12-218(c), permitting, but not requiring, police vehicles to have
lights required on authorized emergency vehicles generally, In three
cases, this provision is in addition to. special lighting provisions
applicable to law enforcement vehicles only,

-
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"™Many states have lighting provisions specifically applicable to one
or more types of authorized emergency vehicle, as that term is used hy the
Cnde, either in addition to or instead of lighting requirements for
'authorized emergency vehicles,' Twenty-one states have provisions for
police vehicles, twenty-three for fire vehicles and fifteen for ambulances
and rescue equipment, :

"Sixteen states provide for blue lights on police vehicles: four
permit oscillating, rotating or flashing blue -~ in Illinois, this is for
Chicago only; three permit rotating or flashing blue; two permit flashing
blue; one permits altermately flashing blue and six permit blue lights, f
but do not specify the type of light, One state permits red and blue ;
oscillating, rotating or flashing lights, Eight states permit red lights
on police vehicles: Three permit oscillating, rotating or flashing red;
one permits flashing or rotating red; one permits flashing red; one permits
rotating red; one permits alternating, flashing or blinking red and one
permits a red signal lamp, but does not specify the type of light, One
state permits police vehicles to have an oscillating, rotating or flashing
red and white light,

"Six states permitsblue lights on certain fire department vehicles:
three permit flashing blue; one permits flashing or rotating blue; one i
permits alternately flashing blue and one state permits a blue light on ; ;
the vehicles of fire chiefs and marshals, but does not specify the type ;
of light, Eighteen states permit red lights on. fire department. vehicles:
four permit oscillating, flaching, or rotating red; two permit rotating
or flashing red; one permits alternating, flashing or blinking red; seven
permit flashing red -~ one state limits this to fire police and one state ‘
to fire captains; one permits alternately flashing red and three states ‘
permit red lights, but do not specify the type. Two states permit
oscillating, rotating or flashing white lights and one state permits .
rotating or flashing white lights, One state permits oscillating, §
rotating or flashing red and white lights and one state permits rotating i
red and white lights, '

"One state permits alternately flashing blue lights on ambulances. i §
Eleven states permit red lights on ambulances: three permit oscillating,
rotating or flashing red; two permit rotating or flashing red; one permits t
alternating, flashing or blinking red; two permit flashing red and three :
permit red lights, but do not specify the type of light, Three states
permit oscillating, rotating or flashing white lights. Two states permit
oscillating, rotating or flashing red and white lights, but cne statute ;
applies to local ambulances only. o

"New Hampshire requires emergency lights on police, fire and rescue
vehicles, but authorizes the commissioner to establish the type of light,

20



"Thirty-nine states have a provision comparable to UVGC 12-227(b),
prohibiting the use of a red light visible to the front, except on certain
vehicles, Four of the 39 also prohibit blue lights; three also prohibit
green lights (as did early editions of the Code) and one state prohibits
the use of any colored lamp, In addition to these 39 states, one state
provides expressly that only white, yellow or amber lights may be shown
to the front, except on certain vehicles. Similarly, one state permits
only white or amber and one state permits only white or yellow lights,"

It should be noted that '"authorized emergency vehicles', as defined
in the Uniform Vehicle Code, include in general (unless otherwise
defined by the state) only publicly owned police and fife vehicles and
ambulances, The Committee staff report quoted above also contains
comparable statistics =-- omitted here ~-- on existing state rules concerning
lights on other categories of vehicles. These include: (a) school
buses; (b) snow-removal vehicles; (c) other highway-maintenance vehicles;
(d) tow trucks; (e) mail vehicles; (f) volunteer firemen's vehicles;

(g) public-utility emergency or repair vehicles; (h) public service
vehicles; (i) funeral-home vehicles; (j) vehicles towing buildings;

(k) pilot cars for oversized loads; (1) thé oversized loads themselves;

(m) mobile units of news media; (n) Civil Defense vehicles;, (o) Civil

Air Patrol vehicles; (p) State Medical Examiners' and coroners’' vehicles;
(q) doctors' cars in general; (r) state's attorneys' vehicles; (s) pest-
abatement vehicles; (t) levee-maintenance vehicles; (u) sanitation vehicles;

(v) church busés; (w) pet ambulances; (x) armored cars; and (y) forest

1
wardens' vehicles,
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No single state has regulations separately covering all or even most
of these "semi-emergency' categories, so that within some particular states,
the number of different emergency-light configurations to be memorized may
be quite limited, On the other hand, there are states that permit some of
their cities and counties to maintain separate emergency-light codes. A
driver making a long (non-routine) trip, moving through many jurigdictions
with different light cddes, cannot be expected_td be familiar with all the
warning-light configurations he encounters, As a result, such drivers must
limit themselves to noting the approach of vehicles bearing any rotating,
flashing, or otherwise unusual patterns of lights, and they will often pull
over or proceed cautiously without knowing what type of vehicle is being

encountered., In effect, then, for the considerable volume of traffic

traversing jurisdictions with unfamiliar warning-light rules, a one~signal

system of emergency-vehicle lighting (as described in Sectiom 2,5.,) is

now,onerative?

The only way to increase above 1l the nuwber of signal categories
reliably recognized by all inter=-jurisdictional arivers is to move to a
systeu that is nationally accepted, 1t 'would be more effective to go to
a signal system in which each distinct signal was nationally agreed upon
in every detail;kbut in the absence of such agreement, national consistency
could also be achieved with respect to two or more general,categqries of
signals, For example, if a two-category system were desired, all juris-
dictions might be able to agree that yellow lights always indicate danger
due to a slow-moving or standing vehicle, while the lights used to indipate

danger from a rapidly moving vehicle could be of any other color desired

locally, It would be easy enough for all drivers to learn a "yellow/other"
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system, but it is likely that drivers could react a bit more quickly to
a specific system such as yellow/red, or yellow/blue, etc. " (See

Section 4,1 for a discussion of reaction time,) '
3. Some Major Types of Warning Lights
3.1, Scope of the List

Anyone charged with the responsibility for purchasingAwaTning‘1ights
for emergency vehicleg is faced with a situation of considerable complexity,
There is available a wide and confusing variety of such lights, with
different optical, mechanical, and electrical characteristics, ' They are
produced by a number of manufacturers, and sold by a considerably larger
number of distributors (see Section 11), The catalogs of many of these
manufacturers and distributors have been reviewed and a sizable selection
of warning lights has been purchased for exploratory physical and perceptuzl
study at NBS. Thege lights, which were not acquired for the purpose of
routine product testing, were meant to cover a varipiy of available types,
regardless of manufacturer, within the 1imit;tions of the budget set aside

for these purchases., The set of lights acquired by NB3 was wnot meant to be

a statistically representative sample of the total warning-lisht market,

and is certainly not a complete collection.
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This section lists some of the major types of warning lights, as
represented by the selection of lights currently in our possession, plus
reference to the manufacturers' catalogs. The list is not known to be
exhaustive; there may be other types of units that have ngt yet come to
our attention. Moreover, there are certainly specific units available
that are of one of the types on the list, but differ from the description
given in some details, 1In particular, the possibilities for variation
in combination units (Sectiom 3.5.) are almost limitless, since some
manufacturers will supply roof bars containing any desired grouping of
the various units they produce, It should be kept in mind that even a
list as general as this one tends to become out-dated as time passes, This
is duye to the increasing numbér of innovativé changes being made in
emergency-vehicle wa;niqg-light products, as well as the manufacturer's
supply and demand considefations.

Emergency vehicle warning lights consist of four main types --
rotating, osciliating, flashing, and steady (spotlights and floodlights) --
and each of these categories is further diviqed as indicated in the

clasgification scheme that follows.
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3.2, Rotating Emergency Vehicle Warning Lights

a) Rotating base carrying one, two, three or four sealed beam
incandescent lamps; dome or faces of lamps are colored,
(Figs. 3.2al, 3.2a2, 3,2a3, 3,2a4),*

b) Unit of basic type of Fig, 3.2a4 (four sealed-beam lamps) with
dlternate lamps clear, one tilted up (spot), the other tilted
down (flood); other lamp faces colored red; dome clear,
(Fig. 3.2Db),

¢) Rotating base carrying two or three sealed beam incandescent lamps
rotating; one clear lamp also oscillates vertically through 90°;
other lamp faces coloFed; dome clear. (Fig. 3.2c¢).

d) Single incandescent bulb with three or four concentrating lenses
rotating around bulb; lenses or dome colored. (Figs. 3,241, 3.242),

e) Single incandescent bulb with parabolic reflector rotating around
bulb; dome colored. (Figs.‘3.2e1,-3.2e2, 3.2e3),

f) Rotating base carrying two incandescent'bulbs, each with its own
reflector; dome colored. (Fig., 3.2%). |

g) Rotating base carrying one or two incandescent bulbs, each bulb
with evaporated-metal reflector as part of bulb envelope; dome
coloréd. (Figure 3,2g),.

h) Other.

*
The figures are collected at the end of this section,
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b)

a)

b)

c)

d)

3.3. Oscillating Emergency Vehicle Warning Lights

.

Base with three or four sealed beam incandescent lamps turns
through 95°-110°, then returns faster; faces of lamps or dome
colored. (Fig, 3.32).

See 3,2¢c,  Vertical oscillation combined with horizontal rotation,

Sealed beam incandescent lamp moves to make "figure 8" (synchronized

vertical and horizontal oscillation); lens colored. (Fig, 3.3c).

See 3.5d, Multi-lamp oscillation,
Other.
3.4, TFlashing Emergency Vehicle Warning Lights
One, two, three, or four stationary sealed beam incandescent lamps

flash by current. interrupfion; lamp. faces or dome colored,

(Fig. 3.4a).

Sealed beam incandescent.lamp flashes by current interruption;
hand held; lens colored. (Fig. 3.4b).

Single incaﬁdescent'bulb flashes by current interruption; one or
two‘concentrating fresnel lenses (front or front and back); lenses
colored, (Figs. 3.4cl, 3.4c2, 3.4c3).

Single incandescent bulb flashes by current interruption;
parabolic reflector; dome colored, (Fig., 3.4d).

Single incandescent bulb flashes by current interruption; dome is

double (vertical and horizontal) cylindrical fresmel lens (360°

coverage); lens colored. (Fig. 3.4e).

s
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£)

g)

h)

»

k)

a)

b)

Gaseous capacitor-discharge flash lamp (e.g. xenon); different
types of colored domes with integral or separate 360° fresnel .
lenses. (Figs. 3.4f, 3.5e middle),

Gaseous~discharge flash lamp, dome clear or colo;ed; separate
"bullseye' fresnel lens (360°, but concentrating light in forward
and rearward directions)., (Fig. 3.4g).

Pair of gaseous-discharge lamps, flashing alternitely; domes clear
or colored, with iﬁtegral 360° fresnel lemses, (Fig. 3.4h),
Ring-shaped xenon flash tube coinciding with focal. circle of °
mirror in the forﬁ of paraboloid of revolution; dome clear or
colored, (Fig. 3.4i).

Sealed beam bulb with' gaseous-discharge flash-tube source; face of

lamp colored, (Fig, 3.5e ends),

Other. ‘

3,5. Combination Units

Roof bar with two 3.2a2 units (2 sea}ed beam lamps in each)

at opposite ends, rotating synchronously in the same direction,
beam directions offset 90°; lamps faces or dome colored.

(Fig. 3.5a).

Roof bar with two 3,2a2 units (2ysea1ed beam lamps in each) at
opposité endé, with opaque separation (siren unit) iz the

middle; units rotate in opposite directions; beams in phase;

three mirrors set just inboard of each unit to reflect forward

the waste light directed from each lamp toward the siren; the fhree

mirrors in each group are offset angularly to produce a

supplementary triple flash as light rotates, (Fig. 3.5b),. k‘ |
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c)

d)

£)

Newer model uses four mirrors on each side to provide
supplementary double flashes both forwards and backwards,

Roof bar with a 3,2a2 (2-lamp) or 3.2a4 (4-lamp) unit in middle,
lamp faces or dome colored; at each end a forward;directed 3.4e¢1 or
3.4¢c2 unit; lenses colotred,

Roof bar with’array of five sealed beam incandescent lamps;
locations: two clear at front wmiddle, one red (colored lamp face)
at rear middle, one red at each end (side); the two clear lamps
oscillate around forward direction with mirror-image relationship
with respect to midline; one red side lamp oscillates around to
rear, the other around to front; rear-facing red oscillates around
direct rearward direcﬁion; all 5 oscillations synchronous; clear
dome, (Fig. 3.5d).

Roof bar with a 3,4f unit in middle, dome clear or colored; at
each end a forward-directed 3,4j unit, lamp faces colored, <Can
flash cegter unit only, or both end units, or all three. End
units operated alone flash alternately, With all three units
operating, end units flash . in unisonkand center unit flashes in
alternation with end units, (Fig. 3.5e).

Extensible roof platform, electrically raisable from roof

level to a height of 4 to 7 feet above the roof; platform may be
narrow or full width of roof; ‘unit may contdin a variety of
lights, typically including one or two rotating beacéns and

two or more floodlights,

g) Other,

e

s SR m mEeEAL



Tut

b)

c)

d)

3.6, Spotlights, Floodlights,'anB'Searchlights

Remotely operated (electrically or meéhanically); steady-burning
plain incandescent or tungsten quartz halogen lamp,
Hand-adjusted, on universal mount; steady-burning plain
incandescent or tungsten quartz halogen lamp.

Hand-held; steady-burning plain incandescent, tungsten quartz
halogen, or continuously operated gaseous-discharge lamp,

See 3,4b, Flashing spotlight,

Other,

-
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PART II. BACKGROUND MATERIAL

4,  Theory of Warning Signals

4,1, Scope of This Treatment

The flashing lights, sirens,; and horns of an ordinary emergency

vehicle are meant to serve as general alerting signals. Their purpose
is to make drivers (and pedestrians) aware that an emergency vehicle is
approaching, but not to communicate instructions concerning what action
{s to be taken to facilitate the safe passage of the emergency vehicle,
In many jurisdictioms, the correct action is prescribed by law or
regulation, Frequently, the required behavior is fixed in nature (for
example, pulling over to the right and stopping), and is not a function
of the direction of approach of the emergency vehicle or the category
of the vehicle (police car, fire engine, or ambulance), All licensed
drivers in such jurisdictions are presumed to know what the prescribed
action is and .are legally resporsible for acting appropriately as soon
as the emergency signal is noticed. 1In this report, the essential
concern is the effectiveness of light signals in being noticed,

Considerations of ﬁsing different signals to prompt different

actions on the part of the driver and of methods of training drivers to

make appropriate response(s) to signals will not be included here, although

both subjects do have importance and might be dealt with in later reports,

It ié worth noting, however, that when a pe}son must be réady to expect
any one of a set bf gwo or more different signals,each one requiring

a different response, the amount of information processing the person's
brain must perform at each occurrence of one of the signals is greater

than when ‘he must deal only with a single response to a single signal.

'«/ - F

ke i, W ey

A

.



This extra processing is manifested outwardly by an increase in the

observer's reaction time ~~ the time between the occurrence of the signal

and the making of the appropriate response, It has been repeatedly
demonstrated in laboratory studies (Woodworth and Schlosberg, 1954,

Chapter 2) that reaction time increases with the number of alternative

signal-response pairs for which the observer must be prepared, Moreover,

when the signal occurs unexpectedly, and under stregsful conditions such

as heavy traffic, some people completely forget what the appropriate
response is to whichever signal has occurred, This failure can take

place even when there is only one signal and one response, but it

.becomes increasingly likely the more signal-response combinations

there are to be remembered, K Consequently, a set of signals consisting
of otherwise meaningless events that have only arbitrary connections

with the expected responses, can be quite dangerous, A multi-signal,

multi-response system should employ signals that suggest the response
desired either By their very form or by previous familiarity; as for

exampie, flashing arrows or direct voice commands,

+

Qur attention will be restricted largely to the general alerting
function of light signals as they affect the driver, with little
consideration of the pedestrian, This decision is based on the
assumption that the problem of unresponsive drivers has in fact proved
far more serious, in terms of both accidents and delays of emergency

vehicles, than the problem of unresponéive pedestrians, When, as is

common, a sound signal is being used, in addition to' lights, the pedes-

trian has- the marked advantage over the driver of not being in a sound-

attenuating- and noise-generating enclosure, and he should consequently

-
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hear the siren or horn well before the driver., Moreover, pedestrians
crossing the street, or about to do so, often look down the street in
both directions (or, at a corner, in three or four directions) and
hence are fairly likely to notice even a far-off light signal, The
pedestrian is also often free to observe in any desired direction for
lengths of time that would be dangerous for a driver, and even to stop
walking and continue to observe if he.thinks he might be detecting an
approaching emergency signal or other attention~compelling event,
Although we will be considering lights basically as general alerting
signals, it must be realized that lights and sounds do carry information
more specific than the fact tﬁat an emergency vehicle is nearby, such as
an indication of the direction of the emergency vehicle relative tao the
targef automobile, One advantage of light signals over sounds is that
the ability of human beings to localize the sources of sounds is greacly
inferior to their ability to perceive the direction of visual stimuli,
Under any ordinary conditions, to see anything at all is to know at

least roughly where the geen object is relative to oneself, -For

example, if a driver sees a flashing light in his rear-view mirror, he

- knows that the light is behind'him; if he sees it through his windshield,

he knows it is ahead of him, and which way it deviates (if it does) from
being straight ahead, It is only when he does not see the source of the
1igh£ difeétly, but rather the pattern érea}ed by the 1igﬁt‘s shining on
objects (such as the interior surfaces of his car, or the roadway) that

lightkdeteétion without knowledge of its direction sometimes occurs.
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Knowledge of signal direction is of 1eqst‘importancé in jurisdictions
in which a single response to any emergency-vehicle approach is mandatory, .
but even there it may be crucial in properly timing the response (as
when the emergency vehicle passes on the right), Even in such jurisdictions,

the behavioral fact is that some motorists either do not choose to or

are not in a position to make the legally prescribed response, Instead,

they note the direction of approach of the emergency vehicle and make the
response (including "no response'’ -- maintaining course and speed) that

they judge will make it easiest for the emergency vehicle to get through

the traffic. The driver, in short, "uses his common sense,'" and it m;y
sometimes be beneficial for him to do so, although incompatible "ad 1ib"
maneuvers begun by neighboring drivers in a heavy traffic stream obviously

can lead to accidents, 1In any event, the alerting function of'the light

sign'al is by far the most important, and the problem of detecting its ‘

direction will be dealt with only briefly.

Although the basic purpose of an emergency-vehicle warning signal
is to be noticed by drivers, there is an obvious secondary function: to
communicate that the signal that haskbeen observed is associated
specifically with an emergency vehicle, In other words, the signal must
not only attract attention, but must be distinctive; it must not greatly
resemble other lights or sounds that occur with significant frequen;y in
the environment, Keeping emergency-vehicle warning signals different
from other deliberate signals is a matter of establishing a convention
with some legal force and seeing to it that the convention is made
known to the public, Although pgychological factors'are involved in

choosing a convention that will be easily remembered, this problem

-
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will not be dealt with here. However, choosing a light signal that
stands out from the pattern of lights that oceurs naturally in traffic

isa perceptual problem and will be discussed later.

4,2, The Stage Model of Reacting to a Signal

A signal may be defined as a sensory stimulus that is emitted
with the intention of conveying information, In the specific case of
a warning signal, the information being transmitted is that a condition
of some kind of danger exists in the vicinity. Frequently, the information
conveyed to an observer familiar with the signal system alzo includes
a request or demand for action of a particular sort, meantto reduce the
danger of the situation., This action is sometimes outwardly visible
(for example,; slowing of a veivicle), and sometimes. internal to the
observer (for example, staying alert), A successful signal must be
detected by the sensory system of the observer at which it is directed,
must be properly interpreted, and must lead to the desired response,
In this sectioﬁ, the processes intervening between the emission of a
warning signal and the carrying out of the correct response by the
observer are analyzed and, with particular ;pplication to warning-light
signals, a specific set of procesées or stages is postulated.

In order for a light signal to be detected visually, it is clearly
necessary that some of the light enter the eye, Some of that light must
reach the light-sensitive back surface of the eye (the reFina), where it

must stimulate some of the photoreceptors -=- the lignt-absorbing nerve

cells that generate the first stage of the visual response, In order for
the photoreceptor system to be triggered into producing a large enough
response to result in a sensation of seeing a visual event, a certain

minimum number of the photoreceptors, within a certain maximum area of

Y5
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the retina, must be triggered by the incoming light within a certain . I
maximum period of time., The exact numbers are still not known with ;
certainty, but the critical number of receptors, the critical area

within which they must lie, and the critical time within which the

receptors must be stimulated, all vary with the prevailing light level --

the background -- against which the  light signal is appearing; and they

‘vary, too, with ﬁhe level of light to which the eye has been exposed

in the recent past -- the adaptation level, Under the best possible conditionms,
in which a light signal is presented to a fully dark-adapteé eye

against a completely black background, the minimum detecéable amount

of light energy (the threshold -- in this case the absoluté tﬁreshold) 2

is fantastically small, On the other hand, if‘the eye has been looking

at a very bright surface and the light signal appears against a bright ‘
background, Fhe amount of additional energy (above the background level) ‘
needed for the visual system to just make out the signal against the

background (the differential threshold) can be enormously higher than

the absolute threshold,
Let us assume, then; that a light signél has produced enough
stimulation within the critical time and critical area associated

with the given background level and state of adaptation of the eye to

produce a seeing response, We can say that under these ‘circumstances

the signal provides an adequate stimulus for seeing, If the signal

contained too little enmergy, or if the energy was spread over too

large’an area of the retina, or if the energy érrived over too long i

a period of time =-- in an& of these situations, even though some

response in one or more photoreceptofs may have taken place, the = Q!b

' » w
stimulus is inadequate for seeing and seeing cannot take place,
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However, even though a stimulus is adeaﬁate for seeing, it may
not in fact be seen, The photoreceptors feed back to higher-level
nerve cells, which in turn feed back to still higher-level nerve cells,
and so on, until connection is made with.cells in the visual area of
the highest level (cortex) of the brain, Although there is some evidence
that simple detection of light can take place at lower levels in the
brain, the recognition of objects and interpretation of a visual scene
take place at the highest (cortical) level, The interconnections of
the cells within the brain are almost incomprehensibly complex, and

things can happen in other parts of the brain that will cause the nerve

impulses corresponding to the light signal to be intercepted and suppressed,

so that the neural signal never arrives at the visual cortex and the
light is not seen, The old proverb "there is many a slip 'tyixt cup
and lip" is quite apropos to this situation. In more everyday terms,
we say that ‘'we failed to see the light, even though it did register

at the outer end 6f the visual system, because we were "paying attention"
to something else,. We do not know in terms of brain physiology what
attention is, but we all know from direct experience that one can fail
to see something that is in plain sight Yright in front of ords nose,"
Not only can one visual pattern keep us from noticing auother less
compelling but perfectly adequate visual stimulus, but a sound pattern
(such as a radio program) can keep us from noticing a visual stimulus
that is in fact registering on our outer vishal system., Indeed, we can
fail to see anything whatever in our entire visual field because of

dominating interference from stimuli generated completely intsrnally}

we often refer to such an event as 'daydreaming',

/-7 ,
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Lot un anneee, then, that g light sienal has adequately stimulated

the wiosual oysterm and that ke obgerver was paying attention and actually ‘

pepgen thr presenee of the lipht, He must then recognize and interpret
the ppeedfie pottern that he hag perceived in the signal. Every aspect
of the gtirvlysp will influence the interpretative process: the sizes
antd sbapas of fhe 11luminoted areas, their colors, brightnesses, and
the way in which ecach of the preceding factors change (or fails to
change) with time, for cach area within the signal pattern. The
atoerver's ability to reeognize this signal, oxr to deduce its probable
slenificance, obviously 1o strongly a function of his entire past
expericncd,  Moreover, the interpretation made also depends on

)
the coatest == tie overall situation in which the observer perceives
hiraeld o be, Thus the detniled characteristics of the entire present
eovivonment <~ not only the visual aspects -- as well as the characteristics‘
af and changes in the envirooment over the recent past, will all influence
the interpretation chosen for any particular signal, For example,
the sudden appearance of a simple red light against a largely dark
backpround in given one interpretation when the observer is out on
thir lake {n a boat, oand another interpretation when he is driving a
car, In the latter pase, the interpretation will differ depending uprmn
tho loeation of the light xelacive to the driver's automcbile -- whether
{1 in divegtly ahead and below eye level, for example (brake lights of
the cer ahead), or off to the right and well above eye level (red

traffic liukt),
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Once the observer has decided that a visual event that he has
noticed is a deliberate signal of some kind, and has also decided

exactly what message the signal was meant to convey, he must then make

[ R

a decision about whether to make any overt respomnse, and, if so, what

it should be, The final step is for him to actually carry out the

7 R BT Ly

planned response, To a scientist studying the reactions of an observer
to signal lights, the only directly observable events are the first =-

the occurrence of the signal; and, if it takes place, the last -~ the

occurrence of the observer's outward reaction. All the inteivening
mental activity discussed above can only be inferred.

Science does not yet really know very much about these intervening

[T

processes, There may be stages that have not béen listed abave, and
some of the stages that have been listed may not really occur as
independent gctivities-at all, but may instead be part of_the processing
that occurs within other stages. Regardless of what the realities of
brain functioning eventuglly are found out to be, it will be convenient iIn
discussing the effectiveﬁess of light signals to refer to the various
processes that have been described above, 1In summary, these processes
are as follows:
a) Reception., The adequate stimulation of the outer portions of
the visual system by the light sbimulué.
b) Noticing, The result of paying sufficient attention to the
stimulus to allow the message to get all the way up to the
visual perception area in the brain,

¢) Interpretation, This stage may have at least two substages:

the recognition of the stimulus as a deliberate signal of some
kind; and the recognitidn of the specific meaning or intent of

“lE
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the sigoal if it is familiar from past experience; or the reason- .
ing out of the most likely meaning if the exact form is not
familiar,
d) Decision. The determination of whether an outward reaction
to the signal is to be made; if so, what the reaction will be,
and when it is to be carried out,
e¢) Reaction, The actual carrying out of the planned reaction.
It should be understood that the above sequence of stages represents
a summary of the processes that occur when everything goes smoothly., 1In
practice, the sequence can be interrupted within any staée oryin the
transition between any of the consecutive stages, Thus "freezing"
might be interpreted as an inability to ;arry through the decision stage
to c0mpletion, despite every effort to do so, Stepping on the accelerator ‘
when application of the brake was intended can be thought-of as difficulty
in making the transition from decision to reaction., In such situations, the
breaking of the ideal chain may be due to disruption by powerful emotional
reactiong ("panicking'), or to competition from other perceptually
ingigtent stimuli ("distraction') or other sequences of internal
processings ('"eonfusion'),
Some of the phrases used in describing the above stages suggest
conscious, deliberate reasoning and deecision-making. When snough
time is available, some degree of controlled analysisf#ﬁ‘%he1§ituation
may actually occur. However, the entire sequence from signal to

reaction may take place in less than a second, and most or all of the

Rsoen



steps may be carried out automatically, without conscious volition,
The stages listed here represent conceptually familiar intermediate
results in an informantion-handling process; the detailed workings of

which cannot currently be described in detail,
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5. The Visual Situation in’Driving
5.1. Overall Stimulus-Response Pattern

The driver of a moving automobile is faced with a continuously
changing, quite complex pattern of sensory stimulation, especially
visual gtimulation, Critically important visual information passes from the
external environment to the driver's eyes through the windows of the
vehicle and also through whatever mirrors the vehicle is equipped with,
Visual sgtimulation of snnewhat less urgency, normally, comes from the
dashboard of the car, WNaturally, all stimulation in an automcbile is
not conveyed by vision; sounds, too, are of some importancé. The
smoothness of the mechanical operation of the vehicle is monitored by
awareness of the engineé noise, tire noise, and bédy rattles and squeaks;
and between glances at the speedometer, the wind noise and tire noise
supply information about vehicle speed. External sounds not generated
by the vehicle itself often provide information about the movements
and planned movements of other nearby vehicles. Finally, the sense of
touch also supplies significant information to the driver, Upward and
gidewards pressures on "the seat of the driver's pants', on his back,
the gsoles of his feet, and all of his postural muscles, provide clues
to the acceleration and deceleration of the vehicle and the curvature
and tilt of the roadway, Felt vibrations glso provide inﬁormétion about
the smoothness of the road surface and the circularity and smoothness

of the tires,
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As a result of the inputs through all of these senses, but
principally through the visual sense, the driver is kept ﬁnformed of
the position, velocity, and acceleration of hiS‘vehiclelrelative to the
roadway and to other vehicles and fixed objects on or near the roadway,
The driver has a certaid notion at each moment of what his positionm,
velocity, and acceleration ought to be, relative to all the external
objects. Very frequently throughout a ride the deviation between
the actual values of these variables and the values considéred
desirable by the driver will rise above an acceptable level, He then
takes the action that he expects will reduce the deviation to an
acceptable level: he turns the steering wheel a bit, eases up on the
accelerator pedal, or perfofﬁs other control-related activities, Very
shortly after he has taken corrective action, the driver will see evidence
of the action in the stream of his sensory impressions. For example, if
he has turned the wheel somewhat to the left, he may observe that the
vehicle is getting closer to the white line on the left side of his lane,
As a result of this sensory feedback, he knows whether his corrective
action was about right, too much, or not enough, In the latter two
situations, he will make a new corrective adjustment and will again note the

results by observing the motion of the vehicle relative to outside objects.
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Thus a driver's sensory input affects his motor (muscular)

reactions, and vice versa. 1In engineering terminology, we would describe

the situation as a continuous feedback loop. Orly experience can
properly match up the magnitudes of the corrective reactions to the
magnitudes of the observed errors., Prolonged undercorrection can lead

to an ever-increasing error and, eventually, an accident, Prolonged

overcorrection can lead to an oscillation between errors in one direction

and in the other; in the case of steering, this oscillation is familiar
as the '"weaving" characterizing some inexperienced or drunk drivers,
An important part of the process of learning to be a competent
driver consists of discovering which kinds of stimuli within the
‘

incoming stream of sensory impressions should be selected for attention

as important cues to required action, and which kinds can be safely

~disregarded, External light stimuli are of fundamental importance, of

course, A driver who does not quickly recognize traffic lights, and
vehicle head, tail, brake, and turn lights, is going to have trouble, At

night on a city street, many extraneous lights are present in the

environment, some having the same red, green, and yellow colors that
characteri;e the critical signals, and some moving or blinking on and
off, Under these conditions, the ability to select out only the
relevant lights must be well developed, and it is not surprising that
some beginning drivers find such a visqal envir;nment overwhelming and
are very hesitant about driving at night, ‘On a dark road at night,
many of the familiar visual cues that a driver is accustomed to from

daytime driving experience are missing, and it is necessary to learn
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how to get along with a reduced level and different pattern of visual
feedback, This experience, too, can be frightening to a beginner and

hence even suburban or rural drivers may dislike night driving,

The complexity of the visual stimulation reaching the driver of a
moving vehicle is often not fully appreciated, because we tend to
perceive the world not in terms of changing clumps of visual stimuli,
but in terms of fixed objects that retain stability despite our motion
relative to them., Actually, all the visual stimuli that we pick up
through the windows of a vehicle are flowing by in a continuous moving
stream within which the rate of flow varies greatly, depending upon the
distance from the vehicle of the object producing each visual stimulus,
At night, objects become harder to make out, and to an inexperienced
observer, the visual input consists: of a shiftidg maze of unotganized
lights that come flashing by im a partly meaningless jumble,

Every driver must continually scan his visual field, interpreting
the pattern in one particular direction as quickly as possible and then
shifting his line of gaze --or, sometimes, only his attention -- to
another part of the fie}d. The line of gaze and the focus of attention
do not always coincide. Thus, it is not unusual for a driver to keep
his eyes fixed on the car directly ahead, and yet to be aware at times
of cars. moving by in neighboring lanes, through peripheral vision. There
is a continued scanning of attention, as wgll as of direction'of gaze,
and although the focus of attention is often coincident with the direct
line of sight, there are frequent temporary divergences of the two,

In thé context of home or office, the discrepancy is often made evident

by a (usually momentary) inability to find an object over which the

séeker's eyes may pass repeatedly,
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If a visual event intended as a signal occurs in a part of the

Cen o emime temis aee

visual field to which a driver is not currently paying attention, even if he ‘

is looking in that direction, it will not be noticed until the driver's

~attention passes again over that portion of the visual field, Of course,

attention is not an all-or-nothing matter. Some parts of the visual

field rarely receive more than a minimal level of attention, while other
parts are focused on more often and more fully, Thus a visual signal

in a portion of the field currently being assigned a low level of priority
may not be seen even when some portion of the driver's attention does

move back to that area., It takes a signal with an unusual degree of v

"impact" to overcome a low attention level and intrude itself into the

driver's consciousness, One ;f the determinants of how much time the

observer will give to a particular part of the visual field on a given ¢
scan, and how much attention he will pay to what is seen during that time .
interval, is the degree of unexpectedness of the pattern of stimulation
detected during the early moments of the time interval, If everything
there seems to be as it should be, the inspection interval will be
terminated relatively quickly and what is seen will '"register'" in the
observer's awareness at only a low level or mot at all, If something

is noted in the area thatlis not consistent with recent past experience ~--
1f some unexpected change has occurred -- the attention will be focused
longer and more fully in that direction until the unexpected change

has been interpreted and a decision made on whether action is required,
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The attention phenomena ‘discussed above may be of particular
importance when the "unexpected change" in the visual field is a deliberate

signal, The purpose of issuing a signal is to communicate some kind of

information to the observer, and obviously no information transfer can
occur until the observer has noticed the presence of the signal, The
effectiveness of the signal in achieving the desired goal of information
transfer is therefore strongly a function of the ease with which the
signal can dintrude itself into the conscious awareness of the obéerver.
This ability to intrude is known by various names: conspicuity,

noticeability, perceptual insistence, attention-attracting power, or

simply effectiveness, In this report, the term "conspicuity" will

be favored, but some of the gther terms may occasionally be used

interchangeably.

5.2, Visual Stimulation From Emergency-Vehicle Warning Lights
.The nature of the visual stimulus reiching the "target" driver

(that is, any of the drivers for whom the signal is intended) depends
strongly on the direction from which the emergehcy vehicle is approaching,
The most important general observation that can be made is that in most
instances the image of the warning light does not iiyst appear directly
in the line of'sight of the driver, but rather it usually appears well
away from the central direction -- in the periphery of the visual
field, As soon as the presence of the light has been noted 'out of the
corner' of the driver's eye, he will usually shift his gaze to look
directl& at it, provided traffi§ conditions in his_immediate vicinity

safely allow a mbmentary glance away from the straight-ahead direction,
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The eritical event is the driver's nmoticing the light with his peripheral
vigion; the direct inspection of the signal, which is partiy involuntary,
ig for purposes of confirmation and planning a Eeaction,, The first

and later direct glances help to verify that the signal is associated
with an emergency vehicle, They also provide the basis for estimates of
the route of approach, the time remaining before the moment of closest

approach, the distance at closest approach, and the need for (and nature

of) a protective reaction,

The considerable implications of the fact that the critical

alerting function of an emergency warning signal usually occurs in
peripheral vision will be detailed in the following section (6), Here
we will merely examine the patterns of stimulation associated with the
three basic directions of approach: from a) the rear, b) the side,

and c) the front, Because approach from the rear is the most troublesome
case, that pattern of stimulation will be examined first, in considerabie
detail, 1In this discussion, some general facts about illumination will

i

be introduced,

a) Approach from the rear, When a driver is being overtaken by an

emergency vehicle exhibiting a warning light, his only opportunity to
detect the light at a safe distance comes through reflections in one

of his rear-view mirrors., The inside mirror is the one that most

frequently transmits the signal, since it is the only mirror present

in some cars, while in others it is the only one properly positioned
for use and/or the only ‘one habitually used, When the driver is looking

straight ahead, the inside mirror is usually somewhat above the driver's

line of vision and quite far off to the right (in angular terms),
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Safe driving practice includes frequent direct glances at the inside
mirror to monitor the positions and relative movements of vehicles to
the rear, However, many drivers neglect such monitoring and even a
conscientious driver may have to let quite a few seconds go by between

glances if traffic is heavy and driving conditions are difficult,

Fairly frequent use is made of the left outside mirror by some
drivers, In comparison with the range of locations of inside mirrors,
élacement of these mirrors is quite variable, Most are below the mean
straight-ahead line of vision, but the type attached to the molding
above the window is above or ai the same level as this direction of
view, The type mounted far ﬁorward on the left fender is somewhat
to the left of the forward line of gaze, and the other types are
considerably further to the left, The presence or use of right
outside mirrors is not very common, and need not be discussed beyond
pointing out that they are apprﬁximately level with or a little below
the straight-ahead direction and very far off to the wright.

Whichever mirror may be used, and wherever it may be placed, the
essential point is that the image of a signal from the rear will not
be located near the center of the driver's visual field, except during
the small fraction of the time during which he is looking directly at

the mirror, Thus these signals are delivered peripherally most of the

L}
o

time,

If traffic is light, the overtaking emergency vehicle has little
problem getting through, except on very narrow roads. The problems
occur when traffic is medium or heavy, In those situations, while the

emergency vehicle is still far from the target driver, there is a

5
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considerable probability that intervening vehicles will be physically

blocking the image of the emergency vehicle's warning light, Moreover, .

even if the light is not being blocked at a given moment, there are
enough lights (at night) and motions (day or night) being imaged in
the target driver's mirror(s) that it becomes harder for the image
of the emergency-vehicle warning light to attract his attention,
particularly when it is bging viewed‘peripherally.

' The brightness that any object is seen to have is determined

essentially by the amount of luminous power (flux) per unit area

impinging on the retina of the observer's eye (technically, the

illuminance of the retina), At long distances, the image of the warning

[

light is seen as a point with no perceptible area, 1In this case, the
illuminance of the observer's retina is inversely proportional to the
square of the distance between the light and the observer (if the .
air is clear); so that the light at long distances is not only tiny

but is also not very bright., When the emergency vehicle has come

close enough to the target vehicle to permit the image of the warning

light to appear as a disc (an extended source), rather than a point,

the observer's retirial illuminance ceases to increase as rapidly as the
inverse square law would imply, and it increases less and less rapidly
as the disc grows larger (the limit being no change at all for an
infiﬁitély large disc). Even when the Emefgéncy vehicle has come up
directly behind the target vehicle, the image of a warning light in a
rear~view mirror is not extremely large in an angular sense, Moreover,
because many lights are covered by lenses that are not perfect diffusers

of light, a small "hot spot’ corresponding to the filament or plasma \ ‘
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arc is seen superimposed on the disc of the lens, 'Thus, even a nearby
warning light has characteristics intermediate between a point source
and an extended source, and some degree of brighténing continues to

occur even as the light approaches the target vehicle very closely,

When the emergency vehicle is very close behind the target vehicle,
either directly to the rear or off to one side in a neighboring lane,
another effect may occur, Instead of directly observing the image of
the light in a mirror, the target driver may notice a perceptiblé
brightening of non-w'ryor surfaces either iuside or outside the car,

If the light is a rotating beacon, the driver may see a broad, diffuse
patch of light sweep acrosc the interior roof of the car, the dashboard,
the windshield pillarg, or the dirt layer on his windshield, T£f the
Light isva: flash lamp, the effect will be for some or all of. these
surfaces to be lit with a diffuse light that flashes on. and off. It

is also possible for the driver to gotice,illumination from the light
falling on the road ahead of him, on buildings a short way down the
street, or on the‘surface of vehicles not far ghead, Shin§ surfaces,
either inside or outside the car, although not necessarily good image-
forming mirrors, may flare up momentarily with bright specular reflections
of the light,

It is only when no direct image of the warning light is seen -- when
only surface illuminations are noted -- that there may be confusion about
the direction from which the warning light is approaching. Drivers in
this situation will usually make repeated rapid scans over as much of the
visual field as they feel safe in examining, in an attempt to locate

a direct or mirror image of the source, They can thereby establish
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2 e 2 pon i spopeach of the warning light and also verify that
1 o gt fanador froe go energency vehicle,  Since nearby drivers
g we sl owelfng, 0Rophing; or manenvering in response to the same |
wategen sivral, this visual searahiﬁg'hahavtgr has the poséntial of
[ TLE SRR FYR IS 8§41 £47 (1¢ 3

beowasy the goene of poticeable {1lumination of diffuse surfaces
geen pot wstend very for in front of the emergency vehicle, especially
i the davrice, a driver whes hop first noticed an emergency-vehicle
wasning bipht By aoyfaer {1luminotions will frequently be too late
to fabe evanive action allewiog the emergency vehicle to pass without
adactening spevd,  In faek, it 15 not uwnusual for a warning light
wetieed dn thisn dodirect woy &6 be cnming fram‘an emergency ve@icle
that ¢ “todlvating™ the torpget driver, waiting for him to notice its
presrnce and got eut of the way.,

by Appreach from the aide, In this situation, the target and

veetpriny whicles are approsching an intersection at about’ tha same
tioe gt right anples to one another, This ig a particularly dangersus
gitustivn, ol courge, particularly if the target driver does not hear
the eeygencysvehiclo siven ér horn, The light signal from the emergency
vehfo e will naf be geen gantil the emergency vehicle is very close to
the intepooetion,

The {1lemination by the warning 1ight of street objects, described
i {a) abase, oight allow thoe esergency vwehicle™s appreach to the
gwteraretivn te be genged before the vehicle icself is visible, If
thia $1lomination oxtends far cnough in froot of the emergeucy vehicle,
gorme of {6 may be pleked up on objects move or less directly in front

#f the tarpet driver, .
=1
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Once the omergency vehicle clears the, corner building line and
enters the actual intersection, the warning light itself becomes
visible, but it is located about 90° from the target driver's
straight-ahead line of sight, If the emefgency vehicle enters the
intersection first and is moving faster than the target vehicle, the
warning light -- and the body of the emergency vehicle itself ~- will
move rapidly from the side to a position directly ahead of the target
driver, By the time the émergency vehicle and light are close enough
to the target driver's line of sight to be noticed, it may be too late
to avoid a collision,

If the target vehicle enters the intersection before the emergency
vehicle, and at a greater speed, the warning light will start out
about 90° to the side and will move‘to larger and larger angles of
deviation until, with luck, it passes behind the target vehicle (180°).
I1f the target driver does not notice the light at the moment it first
becomes viéible off to the side, he may well not notice it at all,
unless he happens coincidentally to glance far to the side, or happens
to see the illumination of street objects produced by the warning light,

c) Approach from the front, This is rarely a difficult situation.

The emergency vehicle 1is normally‘qn the other side of the road in the
first place, so that even if ;t~is never noticéd, there may be no
problems, Greater danger a;ises when the stream of traffic ahead of

the emergency vehiclé ¢s much more crowded than the traffic in the
direction that the target vehicle is moving. The emergency vehicle may
then move over onto the wrong side of the road and it is then vital that

its presence be noted, Fortunately, most drivers are constantly scanning

“the écene in front of them, taking in at least a moderate angle on all

sides of the forward direction. 1f the emergency vehicle is not hidden
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by edber wibieden ag it approaches, mogt drivers will notice it at

griite o boep divtunne, espueially at night, In the daytime, however, .
Liehn ot any biad are harder to gee, and some target drivers may fail

ber ot foe M ererpeney veblele until it ig fairly close,

Carnn Intey=ediote to the three that have been distinguished above

L), }h}r and fcy. ean arise when the readway {8 curved or when an
tnternection at othey than ripht angles 4s apprbached, A Tough rule

tor geparating the gituations Ls that (a) applies when sighting is through
a whirpey, (8 applien when sighting i{s through a side window, and (c) applies
when gight{ng 19 through an:} part of the windshield,

1t is f{mpartant to realize that in any laxge, relatively unselected
| ‘ ,

' BEwp 0 peaple v guch ag drivers ~- all abilities will vary over a

ot bierabde range,  Thua there are usually at least a few people on

the voad with geriounly lmpaired peripheral vision, either permanently -- .
due to ape, oye digeage or brain damuge -~ or temporarily, due to ‘
vesitivnal gtate, sleepiness, fonattention, or intoxication with alcohol
sp wither drugn.  Sueh people can sometimes faii ko see even the most

ofwivug abiopr diveetly in front of them, We must therefore, resign
surteives to the fact that no light signal, no matter how visually effective --
amd, of 5 osaree, no gound signal either -~ con be expected to serve its

purpose 00T of the tire, Seme warning lights in use today are undoubtedly
marse eifective than others, and porhaps new lights somewhat more effective

- ghoen any mee 30 use can be degigned, but a totally effective warning-

Tight sypten {5 an unatiainable goal,



6, Periphcral Functioning of the Eye
6.1, Introduction

As we noted in Section 5,2,, detecting an emergency warning light
is, except in the relatively unimportant straight-ahead case, a matter
of detection in the periphery of the visual field, Many of the standaxd
measures of visual functioning were determined for visual fields about
2° in diameter cen;eredvaroﬁnd the line of direct gaze. This central
part of the retina is known as the fovea, Our ability‘to see color
and fine detail are at a maximum theré. The phbtoreceptor cells in the
fovea are called cones (because of their shape), and are the cells that
per form best at reaéonably high levels of illumination (“day visiog”).

A few degrees away from the:very center, the d#nsity of cone cells
begins dropping off and thexdensity of anoﬁher type of photoreceptoxr
cell -~ the rods, begins to increase, The rods have no color vision

and poor detail vision, but the rod system responds to much lower levels
of light than does the cone system: they are the receptors for 'night
vision,"

The depsity of cones is greatest in the central fovea, where there
are no rods at all, The cone density then drops off very rapidly outside
the fovea, although there are still a few cones out near the edges of
the visual field, Starting at the edge of the central fovea, the rod
density rises rapidly from zero, exceeds the density of cones only a
few degrees from center, and continues rising until about 20° out, where
the rod density is highest, Further still into the periphery, the rod
density drops off again; but remains much higher than the cone density
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811 the wny ont,  The distribntion of the two claséés of photoreceptors
it thown {n Fig, 4.1-1, token from Brown (1565a, p. 49). 1In the daytime,
when wv wont to pee sumething elearly, we move our eyes until the image
fr foyecd on the eentral fovea, where the cones are most dense; in other
words, we leok divectly st the object., At night, however, a faint light
can he peen hest by looking about 15 or 20 degrees away from the light,
go that the imape is formed on the most rod-rich area. Astronomers,
gailera, and other nipht observers are familiar with this effect,

The cone gystem 1g able to mediate color vision because, according
to the mast populor current view, there are three different kinds of
eoneg, one abgorbing red light more strongly than other colors, one
ahaorhing greea most strongly, and one absorbing blue most strongly.,

The tall?nfi in cone density from the fovea out toward the periphery is
apparently semewhat ditferent for the three different classes of cones.
An @ result, the characteristics of our color vision change as we go
from the fovea out toword the periphery.

As a general vrule, most visual functions vary strongly.with the
rotinal location, They vary also with other factdrs, three of the most
fmportant being the size of the stimulated area, the level of retinal
i1luminance, and the duration of the stimulation. To review all the ways
in which various visual functions change with fhese parameters would
vequire covering a good portion of the voluminous literature on vision
regearch, We will limit ourselves here to a discussion of some aspects
at thogse visuel functiong that are most relevant to the detection of

omorgeney-viehicle warning gignals,
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Distribution of rods and cones along a horizontal meridian of
the retina of a human right eye, 'Nasal" refers to the ‘half
of the retina lying toward the nose; "temporal' to the half
lying toward the temple. The vertical strip centered around
15° in the nasal retina represents the blind spot, in which
there are no photoreceptors, and consequently no vision. The
dot-dash curve representing relative visual acuity ('resolving
power" or '"sharpness of vision') is seen to follow the density
of the cones fairly closely.: [Figure (modified) from

Brown (1965a). ] B
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6.2, Luminous Efficiency ’

The eye is not equally sensitive to different wavelengths of light,
Many experiments have been carried out to determine how much physical
radiant energy (or power, or areal density of power, or whatever measure
ils appropriate) of each wavelength of light is necessary to achieve a
constant visual effect. The constant effect is often téken to be
absolute threshold (bare visibility in darkness), but other experiments
are based on various techniques of brightness matching at levels well
above threshold. The sensitivity of the eye at each wavelength is then

usually defined as the reciprocal of the amount of energy needed to

e

achieve the criterion visual éffect. (If you need a lot of energy,
sensitivity is low; if you meed little energy, sensitivity is gigh); The
curve showing the sensitivity of the eye as a function of wavelength -- .
the gpectral sensitivity =-- has been‘known'by various names. Usually,
it is only the relative values of sensitivity that are of imterest, the

peak of the curve being frequently set equal to.unity. In that case, the

curve -is known as the luminous efficiency function, but the terms

‘photopic range, but not so low as to be truly scotopic., Such intermediate

visibility, 1uminosity, and relative luminous efficiency are also to be
found in the 1i£erature.

There are two different standardized luminous efficiency functions:
one, the photopic, applying to day vision (the cones in the fovea), and
the other, the scotopic, applving to night vision (the rods in the
periphery), Unfortunately, many important situations (such as night

driving) inQolve levels of illumination that are lower than the true
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levels are referred to as mesopic. The key_diétinction between photopic

~-and scotopic is that the cones see color, but the rods do not, Therefore,

in any sitﬁation'whcre there is enough light to distinguish any color at
all, the level is not truly scotopic. It is rare for night driving to
involve strictly scotopic levels, since an automobile's own headlights
ﬁormally illuminate the road to a level in which some color can be seen,
up to a certain distance, )

Mesopic vision, since it involves response by a mixture of rods and
cones, should be characterized by a luminous efficiency function
intermediate between the photopic and scotopic curves, the relative
weightings being a function of the level of illumination, No‘series of
such mesopic luminous efficieﬁcy functions has been sténdardized as yef;
but there have been experimental determinations made.(Kinney, 1§58).

Both the photopic and scotopic curves are characterized by maximum
sensitivity toward the middle of the.visible spectrum, and minimum
sensitivity téward the ends, The wavelength of maximum photopic
sensitivity is about 555 nm; of maximum scotopic sensitivity, about 510 nm,
(The nanometer, abbreviated nm, is a billionth of a meter, or about
40 billionths of an inch,) This shift of the eye's sensitivity toward
shorter wavelenéths as the level of illumination drops is call the

Purkinie shift, Figure 6,2-1 (Wyszecki and Stiles, 1967, p. 383)

illustrates the two standard response functions. It is important to
notice that these are relative functions, each one normalized to be unity
at its éeak, and give no information on the sensitivity of the rods
relative te that of the cones, The fact is that at all excépt long
wavelengths (the red end of the spectrum), rod vision is mugh more
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Standard (CIE) spectral luminous efficiency functions for
photopic and scotopic vision, The peak of each function is.
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sensitive than cone vision, This is illustratéd in Fig, 6,2-2
(Graham, 19658, p, 72), which shows threshold energies (reciprocally
related to sensitivity) on a more or less absolute basis, The figure
caption explains that the exact vertical positioning of the scotopic
curve relative to the photopic curve is a function of all the viewing -
conditions.

The experiments on which the standard luminous effiéiency functions
are- based were done with fairly large fields, about 2° of visual angle
in diameter (about four times the angular size of the moon). There are,
of course, many cones or rods in stuch a sizeable area of thé—retina;
the photoreceptors have diameters of only a few micrometers (microns).
It should not be assumed that khe thresholds shown'in Fig, 6,2-2 reflect
the absolute seﬁsitiﬁitiES of a single rod and a single cdﬁe; father
they represent the gensitivities of the rod and cone systems over am
area containing thousands of receptors., Some vision scientists believe
that individu;l rods and cones have approximately equal sensitivities;

the greater responsiveness of the rod system is due to the richer neural

interconnections among rods.

In determining thresholds for rods, it is necegsary either to use

very large central fields or else to use fields located in the periphery,

since there are no rods in the fovea, The second procedure is more common,

and was used by Kinney (1958) in determining her mesopic luminous

efficiency functions, At low light levels, the periphery shqﬂs'pure rod
luminous efficiency, but with enough increase in the retinal illuminance,
the iﬁminous efficiency. function bggins to show changes in the direction

of the photopic sensitivity curve,
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detailed shapes of the two curves, and their relative
positioning on the radiance axis, all vary with the duration
of exposure, the area, and the retinal position of the
stimulus., The particular curves in this figure apply to
conditions that give minimum thresholds for each type of
receptor, [From Graham (1965a).]
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It is to be expected that the detailed shape of the luminous
efficiency function would vary with' the are;'(in angular terms) of the
stimulus, Bedford and Wyszecki (1958) have shown that area has an
effect, but a small one, in foveal vision., We have not yet located data
on the effect of area on peripheral luminous efficiency, but the greater

degree of neural interconnection of rods would suggest that the effect

of area in the periphery would be more marked, than in the fovea.

The fundamental point that needs to be stressed here is that the
conditions applying to the perception of emergency-vehicle warning
lights at a distance include peripheral vision and small areas, and

we do not really know in detail what the sensitivity of the eye is

under those conditions. .

In the formula [Eq. (10.6-4)] for the "effective intensity” of a
flashing light, (see Section 10,6), the intensity that is integrated over
time is not a physical (radiant) measure, but rather a visual (1umin6us)

measure,®* The Iuminous intensity is obtained from the radiant intensity

%

The term intensity is often used in a careless way to refer to almost
any measure of the physical, psychophysical, or perceived "strength" of
a light, Technically, however, ‘'intensity' refers specifically to the
output of a light in terms of power (flux) per unit solid angle.
'Radiant intensity' is raw physical intensity (measured, for example,
in watts per steradian), while 'luminous intemsity' is intensity weighted
unequally over different wavelengths in a pattern corresponding to the
relative sensitivity of a typical human eye to light of different wave-
lengths, An attempt has been made to include in the Glossary (Section 13)
definitions of most of the technical terms used in this report, The most
widely recognized authoritative source for striet technical definitions of
terms used in the fields of lighting and color is the CIE Interxnational
Lighting Vocabulary (CIE, 1970), :
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by weighting (multiplying) the radiant intensity, wavelength by wave-
length, by the luminous efficiency function, and adding thé results for
all the wavelengths together to obtain a single overall measure of total
luminous intensity, The st;ndard unit for luminous intensity is the
candela (formerly, the "candle"), The spectral radiant intensity -~ the
intensity of the light at each wavelength -- can be measured by a
photoelectric device, and is related to the energy impinging on the
observer's eye, ' The luminous intensity, being based on the radiant
intensity and the spectral response of the eye, is related to the energy
absorbed by the eye (in the photoreceptors) and hence available for
creating sensations of seeing in the brain.

Calculations of effectivé intensity for light signals are normally
carried out using the standard photopic luminous efficiency curve
(Fig., 6.2-1) because no better information is available, It might be
worthwhile to determine experimentally a luminous efficiency function
for the specifié conditions we consider typical of emergency-vehicle
warning-light perception, Such a study woul@ necessarily be a long-term
activity, but it might be worth the cost to develop a luminous efficiency
function more realistically suitable for calculating the effective

+

intensities of flashing 1ights seen in the periphery as point souwr ces,
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6.3. Color Perception

The intensity of a light can be specified by a single number, but it

takes three numbers to specify color, The necessity for three specifying

numbers is a reflection of the fact that color is a three-dimensional

attribute, There are infinitely many ways of chosing the three single

variables into which color can be analyzed. One common breakdown is into

bue, saturation, and lightness, (See the Glossary, Section 13, for

definitions,) From another perspective, equally valid, color can be

analyzed into amount of redness, amount of greenness, and amount of
blueness, There are many.conceptual and mathematical complications that

arise in a full explamationr of the ‘details of color measurement, and no

such exposition can be attempted here, We will simply point out the

computational procedure,

Instead of the single spectral weighting function used to convert
spectral radiant intensity into spectral luminous intensity, three

different weighting functions are applied to the spectral radiant

intensity to derive a color specification. These weighting functioms,

which are internationally standardized (by the CIE, the International

Commissién on Illumination), are denoted X\, yi, and Eq’ the subscript A
¢ ¢

cki and Stiles, 1967, p. 270)

.

indicating wavelength, Figure 6,3-1 (Wysze

is a graph of these three weighting functions, which are known as the

1931 CIE color-matching functions, and also by other names such as

tristimulus values of the spectrum, distribution coefficients, and colox-

mixture functions.
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Fig.

6.3-1.

TRISTIMULUS VALUES
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The 1931 CIE color-matching functions, The X, ("red")
curve does not quite reach zero in the neighbsrhood of
500 nm and has a secondary peak in the blue wavelength
region, [From Wyszecki and Stiles (1967), ]
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For any given light, when the spectral-radiant intensity is
weighted by EQ and the products summed across the entire spectrum, the
resulting quantity is denoted X and can be thought of in an approximate
way as the amount of redness in the light, Similarly, the sum of the
Sg:weighted intensities is Y, roughly the amount of greenness; and the

sum of the za:weighted intensities is Z, the amount of blueness. The

three quantities X, Y, and Z are called the tristimulus values of the

light and constitute a full specification of the color of the 1light,

A comparison of Figs, 6,2-1 and 6,3~1 reveals that the ?ﬁ fungtion is
precisely the same as the photopic luminous efficiency function,
Consequently, the Y tristimulus value is directly equal to the luminous
intensity of the light as-weli as being an indicqtor of the amount of
greemness, A somewhat more intuitively acceptable way of stating this
situation is to say that the size éf Y relative to the sizes of X and 2.

is a measure of the percentage greenness in the color, while fhe

absolute size of Y is a measure of the luminous intensity. Note that

the technical meaning (that is, the CIE definition) of the word color
includes the intensity as well as the aspects usually referred to in

the everyday usage of the term, so that two lights that have the same

color in this sense are a complete match, However, in the field of

signal lighting, colof and intensity are traditionally treated.as separate,
as in everyday usage, To avoid conflict with other signal-light literature,
we will therefore soﬁetimes use 'color' in this report in the sense that

excludes the intensity (or whatever other measure of the "amount of

light" may be appropriate).
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Two lights match each other perfectly 1f and only if the lights have
the same tristimulus values, Hence the basic information embodied in the .

o ?&, E&\is the answer to the question of what lights =-- as

functions X
measured by the spectral radiant intemsity distributions =-- match each
other and what lights do not match. This is the reason for the name
"eolor-matching functions'", ©Personal color-matching functions can be
determined for any given observer, by means of very time-consuming
e;periments carried out with very elaborate apparatus. The standard
functions of Fig, 6,3-1 represent an adopted average of a number of such
personal sets of functions,

We have presented the color-matching functions above as a . logical

) y

extension of the luminous efficiency function --.an extension of a one-
dimensional concept to all three dimensions of color, In an analogous
fashion, it is tempting to propose (for the first time, as far as we .
!

know) the extension of the concept of the effective intens{ty of a

flashed light (detailed in Section 10.6) to the efféctive color of such

a iight, Just as the perceived brightness of a steady light changes
when the light is briefiy flashed, the chromatic (color) appearance
of the iight similarly changes (Ball and Bartley, 1971), In close

arnialogy with the definition of effective intensity, we might define

effective tristimulus values by the expressions:

t t £
fCZth Pthdt A I'tzzdt
x,=J5 _ , Y. =44 szg=,% . (6.3-1)
ax + 2 - tl ay -+ t2 had tl az + t2 - tl )
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We have allowed above, through the use ., of subscripts, for the
possibility that different values of the constant a (which has the
dimension of time) will be found appropriate for the three different
color channels, It is in fact believed (Cohen and Gordon, 1949) that
the red, green and blue cone systems do have different temporal response
characteristics for transient stimulation, It should be noted that no
effort has yet been made to determine whether the form of’Eqs° (6.3-1)
allows for realistic predictions of the colors of short flashes of light.

Note thaf the quantities X, Y, and Z in the expressions (6.3-1)

above represent the instantaneous, time-varying tristimulus values of

the flashed light, in analogy with the meaning of T [sometimes written
explicitly as I(t)] in the usual definition of effective intensity.
Since, as we have indicated, Y for a light is equal to the luminous

intensity I, the equation for Y, above is, except for notation, the

e
customary expression for effective intemnsity I, [Eq. (10.6-1)]., The
quantity Y (=I) can be measured directly by a phototube in front of which
has been placed a filter (a piece of colored glass or plastic) having a
spectral transmittance curve which, when multiplied by the spectral
response curve of the phototube; gives the Jq (luminous efficiency)

function, With this arrangement, the electrical response of the filtered

phototube to any light is proportional to the spectral radiant. intensity

of the light weighted by the Yo functicn and integrated over wavelength;

in other words, to the total luminous intensity, For a brief flash of light,
the fluctuating electrical output of the photocell is a more or less
faithful representation of the changes in the luminous intensity during the

course of the flash (provided the photocell and the associated ciréditry
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possess a rapid, linear response characteristic). By using other
filters to give the filter-photocell combination a spectral response
curve mimicking the igfunction and the ZL function, the quantities X and
Z can be similarly studied as a function of time during the light pulse,
Color-matching functions have been measured for 10° fields centered
onbthg fovea. The outer portions of such‘a field contain 'a great many
rods as well as cones and the color-matching functions obtained differ
somewhat from the 1931 CIE 2° functions, It would certainly be expected
that if color-matching functions were obtained for a field of any size
centered at a retinal location out in the periphery, these fu;ctions,
too, would differ from the 1931 curves, 1In order to best ﬁredict
color perceptions for emergenéy-vehicle warning lights, it would be
highly desirable for data to be collected on the color-mixture functions

in very small peripheral fields,
. 6.4, Color Discrimination

The term discrimination in the psychophysical context refers to the

ability to distinguish differences between stimuli. With regard to color,
there are people who have no ability at all to distinguish chromatic
aspects of color; they can discriminate colors only on the basis of
light-dark differences. 'Such people are usually referred to as being
"totally color blind," More technicallw, their vision is called

monochromatic (one-color),




T

Normal coler vision is, as has been mentioned earlier, three-

dimensional, or trichromatic, There is a group of color-defective

people whose vision is dichromatic (two-dimensional), Both of the two
most common types of dichromats have trouble discriminating colors over
the range that a normal sees as red-yellow-green, These "color-blinds"
in fact do not perceive the qualities of rednéss or greemnness at all;
all colors appeéar to them to be blues or yellows of varying degrees of

strength or paleness (technically, saturation), One of these two

classes of dichromats, the deuteranopes (popularly, the "green-blind"),

despite their color-discrimination difficulties, have normal luminous
efficiency functions, or, in some cases, show somewhat less than normal
sengitivity to green and blue.light. The other class of red-green
defectives is the protanopes (popularly, the 'red-blind"), The§ have
a marked loss of luminous efficiency in the red, Thus a colored object that
looks vivid red to a normal observer may look medium brown (brown being !
dark yellow) to a deuteranope and brownish black to a protanope,

Only about 1% of males are protanopic and 1% deuteranopic. There
are also peopie who have trichromatic vision that ‘differs from normal in
ways tending more or less toward protanopia or deuteranopia. Such people

are known as anomalous trichromats, The most common form of color

blindness, affecting 5% of males, is'deuteranomaly, the type of anomalous

trichromatic vision that tends toward deuteranopia, A deuteranomalous
observer, unlike a deuteranope, can see red and green as qualitatively
distinct hues, but -his ability to discriminate different shades of

coio? is inferior to normal in the_red-yellow-green rénge of hues and

he may show a very slight loss of luminous efficiency in the green-blue
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spectral range, DProtanomaly affects about 1% of males and involves the
game basic features listed above for deuteranomaly, except that the
luminous efficiency loss is in the red and is quite definite, being
similar to the loss in full protanopes.

The four types of color defect listed in the preceding paragraph
affect a total of about 8% of males., Only about 1/2% of females have
these color defects, All other typeé of color vision impairment are
rare, even in males, but a third type of dichromatism, called
tritanopia,; is important despite its rarity, Tritanopes cannot perceive
the qualities of blueness or yellowness, and to them all colors are rad
or green, the only variations being in lightness and saturation, . Their
luminous efficiency curve is ;early normal, but may show some loss of
sehsitivity in the blue, 'Tﬁe significance of tritanopia, and its
associated form of anomalous trichromatism, tritanomaly, is that normal
human vision becomes tritanomalous and, finally, tritancpic, as the
size of the stimulated area of the retina becomes smaller and smaller,
This effect is known as small-field tritanopia., Moreover, it appears
to be true that if the total energy delivered to the retina by the
vigual stimulus is low enough, normal vision will tend toward tritanopia
regurdless of what factor is causing the energy to be low. Specifically,
the effect has been found not only in connection with small fields, but
also when the retinal illuminance is low or’ the presentation time of the

stimulus is restricted to a brief flash (Weitzman and Kinney, 1967),

D



Most of the experimental work establishipg thesé effects has been
for viewing in the central fovea, but\several experimenters have
obtained similar results in the periphery. The application to the
perception of flashing signal lights at a distance is clear: unless the
lights are extremely intense, the small areas and quick flashes should
lead to somewhat tritanomalous color resporses in the observer,
Tritanopes confuse certain shades of blue and green, so one problem that
might be anticipdted is that some blue and greén signal lights would be
difficult to distinguish even for perfectly normal observers, Tritanopes
also confuse yellow and white, so again we might anticipate a problemb
with using both yellow and white in a signal-light system for color
normals., The confusion of yellow and white is in fact familiar to those
concerned with long-distance signal lighting, and both colors are used
in the same signal system only when the difference between them can be
emphasized by having them appear close together in space or in time

(Breckenridge, 1967),
6.5, TFlicker Perception

The eye cannot follow the ons and offs of a flickering light to very
high‘frequencieé of flashing, Instead, as the frequency increases beyond
a certain point,; the on portions of the cycle (the light flashes) do not
seem to go all the way on (that is, look dimmer than slower flashes),
and the off portions do not seem to go all the way off (thét is, look
brightei than complete darkness), Thus, the difference between the
lighﬁ and darkvphases appears to grow less and less, and finally, at a
high enough rate of flickér, they_éppear the same; that is, the light

Vs -
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appears to be steady, The frequency at which fusion -- the disappearance

of flicker -- first occurs is called the critical flicker freguency or .

sometimes the critical fusion frequency; in any case, the abbreviation

CFF is standard,

Among many. other variables, CFF depends on the area of the stimulus,
the luminance level (the intensity measure that is used for stimuli
large enough to be seen as having a definite area), and on the portion of
the retina on which the ‘area is imaged, Unfortunately, as is true for
many sensory functions, the effects of these variables on CFF 'show
interaction; that is, the effect of one variable differs depending on
the values of the other variables., As a result, when two experimenters
both study the effect of systematically changing the values of one
variable -~ for example, retinal location -- while keeping the other
variables fixed at particular values, they may get startlingly different .
results if they happen to select. different puxticular combinations of ’
fixed values of the other variables, As a result of strong interaction
among the variables affecting any sensory function, the earlier publications
on the subject may seem to contradict each other, and only later, when the
interaction effect has been realized, does it become possible to encompass

all the different results in a unified description.
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The situation described above did in fact arise in the study of
the effect of retinal location of CFF [see Brown (1965b) for a discussionl.
It is now understood that for large areas, having angular diameters of
more than a degree or two, the periphery can see flicker up to higher
frequencies than the fovea, Thus, even though a relatively large area
may look quite steady when gazed at directly, flicker may be detected
when looking off to one side., Some people have been anﬁoyed by fluorescent
lights in this way, especially near the ends ;f old bulbs, where the rate
of flicker may be slower than the 60 cycles per second of the altcrnating
current, |

-On the other hand, it is now known that for small areas, less than
a degree in diameter, the fovea is better than the periphery at seeing
flicker. 1In a small area seen well into the periphery -- as fo} example
in the imgge of an emergency-vehicle warning light appearing in the rear-
view mirror of a driver looking straight aliead -~ sensitivity to flicker
is far Qoorer~than in the center of the eye, This is another reason,
in addition to the lower retinal illuminance, that a flashing emergency
light may not be noticed at long distances when the emergency vehicle is
approaching from the rear. As the emergency vehicle comes up close to
the target autoﬁobile, the angular size of the flashing light grows and
so the "corner of the target driver's eye' becomes more and more

sensitive to the flickering taking place in the mirror,
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6.6. Movament Percebfion

Sensitivity of the eye to movement has been subjected to less

" systematic analysis than has flicker sensitivity, and mueh of the work

is old., Interaction effects between variables appear to be significant
with respect to movement, too, but exploratiéns of these effects have
been sketchy. The existing evidence indicates that movement perception
ih the periphery is inferior to that in the fovea. Two different types
of movement thresholds have been studied: sensitivity to speed changes,
and sensitivity to position changecu. The periphery appears to be
inferior in both aspects of movement perception, A study by Aubert in
1886 (discussed by Graham, 19éSb,p. 575) found that the lowest speed at
which any motion can be noticed (the absolute threshold) is twenty times
higher 9° out in the periphery than in the fovea,

The popular notion that the:'cornmer of the eye' is exceptionally
sensitive to movement is, according to the evidence, a severe misconception,
One possible reason for this false impression is that the motion
sensitivity of the periphery may be relatively better than other kinds of
peripheral sensitivity, such as the ability to make out fine detail
(visual acuity), The fact that movement can be clearly detected in retinal
regions in which vision is generally very foggy may give us the- impression
that the movement sensitivity is absolutely écod. The acuify and most
other visual functions of the fovea are so good that we are not especially
impressed by the movement sensitivity there, even though it is in fact

unequalled elsewhere in the retina.
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A second factor that probgbly contributes to the mistaken impression
that the periphery is more sensitive than téé fovea to the perception of
movement is the simple fact that much more of the retina's area is
periphery than fovea, so that on a probabilistic basis most motions
would first appear in and be detected by the "corner of the eye," It
may be useful to point out that high as it is relative to the foveal
threshold, the just noticeable speed of motion 9° in the periphery was
found by Aubert to be 18 minutes of arc per second of time, so that many
movements familiar in everyday life are quite visible in the periphery.
(A cloud that drifts across the moon in a second and a half, for
example, is traveling at an angular speed greater than 20 minutes of arc

per second,) .



PART III, PERCEPTUAL AND PHYSICAL ANALYSIS OF WARNING SIGNALS AND DEVICES

7. Effectiveness of Signals: Perceptual Variables
7.1. Primary Role of Effective Intensity

There is no question about what single variable plays the greatest
role in determining the conspicuity of a light signal: it is the
effective intensity. It is obvious that if a light is so weak that it
lies below the observer's detection threshold, it will not matter what
its color, flash rate, etc,, might be; it will not be seen at’'all, At
the other extreme, a light so intense as to burn out the observer's eyes
(such as from a high-powered pulsed 1aser/or a hydrogen bombvexplosion)
will certainly be noticed, again regardless of the value of any of the
other variables,

The effective-intensity measure (discussed in Sectiomn '10,6) relafes
to the output of a light source; the quantity with which we.have to be

concerned in setting specifications for warning-light hardware, Visually,

however, the relevant variable is effective retinal illuminances; the

areal density of effective 1uminous power réaching the retina, An ideal
point‘source putting out a million candelas of intensity at a distance

of one mile from an observer is visually oufshone by an ideal point source
puﬁting out only one candela at a distance 9f five feet frpm tﬁe observer,
(This is-a simple consequence of the inverse square law,) If we specify
that for adequate effectiveness a warning light must put out at least

some particular numbe; of candelas; we are setting this floor under the

intensity because we want to insure that at some particular distance

(selected on the basis of giving a target driver enough time to maneuver

after he notices the light), the light should deliver to the target driver's
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retina at least a certain amount of illumingnée that corresponds to a
selected reasonably high probability of detection,

Although effective intensity is the dominant variable in determining
conspicuity, a number of other parameters of the light signal have
definite importance. The role of these other parameters becomes increasingly
important as the background against which the signal is viewed becomes
ﬁore complex, When the background is filled with lights of various colors,
moving, and. flashing, the role of the noticing ;nd interpretation stages
(see Section 4,2) becomes more important relative to the reéeption stage.
The problem becomes one of distinguishing the signal light from all the other

lights in the background. The conspicuity of the signal light is

maximized bv making it as peréeptually different as possible from some

kind of average of the background lights, Every aspect that can be varied

can contribute to establishing this distinctiveness., These other aspects

are discussed in the remaining sections of-Chapter 7,
7.2, Flash Rate

As pointed out in Section 6.5., the human eye is not capable of
following the individual flashes in a train of flashes occurring at a
high enough frequency, At very high frequencies, no impression of
flashing remains at all, and the light is seen as steady., ' The flash
rate at which this complete fusion of’thé individual flashes occurs =--
the critical flicker frequency (CFF) -- is a strong function of luminance,
area, rétinal location, and other variables, but values of 20-50 Hz
(ﬁgzgg: cycles per second) are fairly -typical in the midranges of these
Qariables. At extremely low flash frequencies, if the light is on half

)
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the time and off half th; time; the‘appearapce.is of a steady light that
burns for a while and is turned off for a whiie.. Thus the impression

of conspicuous flicker is maximum at some intermediate frequency within
the range 0-20 Hz.

Interestingly, several visual effects connected with flickering
lights have their peaks at about 9 or 10 Hz, It has been known for a
long time that lights flickering at frequencies from about 2 to 20 Hz
appear brighter than the same lights shone steadily; this phenomenon is

known as brightness enhancement, Much of the modern work on this effect

has been done by Bartley and coworkers (see Bartley, 1961) and it is

often referred to as the Bartley effect, although Bartley was noft the

discoverer of the phenomenon., , The greatest degree of brightness enhancement
oceurs at frequencies near 10 Hz, although the frequency yielding maximum

effect depends on luminance and other variables,

There might be good reason to use frequencies near 10 Hz to maximize
. f

conspicuity, but unfortunately there is another effect that peaks in the
same frequency range., The electrical activity of the human brain has
certain characteristic frequency components, Most prominent among these .

components is the alpha rhythm, which has a‘frequency in the neighborhood

of 10 Hz. It is found that when a human subject looks at a light
flickering at a frequency of about 9-12 Hz, the alpha component of his

brain waves is increased; this effect is known as photic driving, The

subjective experience that accompanies photic driving is usually unpleasant,
and may include dizziness, nausea, nervousness, and strong urges to
escape the situation. ' The essential nature of the disease known as

epilepsy is an instability of the brain's electrical activity. When
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epileptics are exposed to 1igh£s flickering near thé frequency range of
9-12 Hz, it is common for the resultant pho;;c driving to trigger an
attack, including convulsions in the more serious cases,

The use of light signals flickering at frequencies anywhere near
10 Hz (600 flashes per minute) is thus not practical because of the
unpleasantness of photic driving to almost e&eryone and the dangerous
(especially in traffic) triggering éf epileptic attacks in those
susceptible to such seizures, Above 15 Hz, flicker may begin to Elur
toward fusion, particularly with dim lights., It was necessary, therefore,
for warning-signal designers to turn to frequencies below the disturbing
range, and most flashing signals have been designed for operation at
flash rates inside the range 1-3 Hz (60-180 flashes per minute), For
psychological reasons, speed and urgency are associated in most people's
minds, ‘and it is found that very slow flash rates up to about 1 Hz de
not communicate a sense of warning to many .people, 1In aviation,the’

frequencies that have proved most popular are in the range of 1,2-1,5 Hz

(72~90C fpm). )
7.3. Duty (On-0ff) Cycle

This parameter is also known by a variety of other names such as

light-time fraction, pulse-to-cycle fraction, and light-dark ratio.

What is meant is either the fraction of a complete cycle or period of a
flashing light during which the light is onj; or, in many other cases; the
ratio of the time within the cycle that the light is on to the time that
it is off, Unfortunately, there is no generally accepted convention |
about which of these two measures is preferable, Readers of the techniéal
literature must therefore be prepared to encounter either of them (or
sometimes both) in the work of different authors,
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It will be useful to introduce distinct symbolsg for the two measures,
1f we let

time on / time off (7.3-1)

o
il

and

b

time on / (time on + time off), (7.3-2)
corresponding (in reverse order) to the two definitions above, then a

and b are expressible in terms of each other in accordance with the

relationships
a=_b | b= __a . (7.3-34,b)
1-0bD 1+ a

When the periods of 1igh§ and dark are equal, then a =1 and b = 1/2,
and it will be seen that these values check in the interconversion
equations (7.3-3) above, This particular duty cycle represents the
middle of the scale, At one extreme, there are flashes consisting of
extremely short pulses of light, foliowed by a dark interval; the duty
cycle (a or b) approaches 0., At the other extreme, there is a light that
remains on most of the time, and 'negatively flashes" off for a brief
period within each cycle (a very large, b almost unity), Such lights are
called occulting lights and are used in some lighthouses but have not been

used much for signaling on land,

primeie
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It has been alleged (Symposium, 1971, pp. 163-165) that the visual
efifects- of occulations -- negative flashes -- are quite similar to- the
effects of positive flashes with the inverse duty cycle, That is, a

flashing light with a light-dark ratio of a has a visual effect (in

th

hreshold or of conspicuity) equivalent to that of an occulting
light with light-dark ratio 1/a, (In terms of the light-time fraction
b, the equivalence is between b and 1-b,) Perceptually, then, a 1:1
light=dark ratio is actually at one extreme, Qith the other extreme
bedng. ratios: approaching either 1:0 or 0:1., It may be of some use to
define an actual scale reflecting this perceptual symmetry between

light and dark flashes, One possibility, presented here for the first

time as: far as we know, is a dquantity ¢ we might call light-dark syminetry,

We define ¢ as 4 times the light-time fraction multiplied by the dark=-

time fraction, or, explicitly, as:

- ) time on [ time off Rk _
¢ = 4% [time on + time off] time on + time offJ . (7.3-4)

The relationships of a and b to ¢ are specified -by

4a

a2 c = 4b(1 - b). (7.3-5a,b)

It. is easy to ¢Beck algebraically that the quantity ¢ is unchanged if a

is replaced bykl/a or b by 1l-b, as required,
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The intuitive significance of the name -'light-dark symmetry' for ¢

can be appreciated by noting that for a 1:1 on-off ratio -- the case of
perfect symmetry ~- c¢=1; and for both the on-off ratios 0:1 and 1:0 -- the
cases departing maximally from light-dark symmetry -- c=0. Whether ¢

or any similar measure will prove useful in the representation of actual
visual data, is not yet known, |

Some consideration should be given to the.pdssible ;sefulness of
occulting lights as emergency warning signals. It is worth finding out
whether the symmetry in the visual effects between flashing and occulting
lights might not break down when the signals are presented against
visually complex backgrounds, It is conceivable that an occulting light
differs more from the average‘of the other lights in a night urban street
scene than does a corresponding flashing light, in which case tge
occulting iight may be more conspicuous,

Data on poth thresholds and dark-backgfound conspicuity judgments
suggests, however, that the optimum on-off cycle for a light of fixed

intensity is 1:1, the case of light-dark symmetfy. This finding should

also be checked with visually complex baékgrounds.
7.4, Pulse Shape (Waveform) and Flash Duration

The eye integrates light input over short periods of time, which
range from about 0,01 sec. at high luminances to 0.1 sec, at low levels,

Within the critical duration, as these integration times are kndwn, it

does not matter how the light is distributed in time; it is only the
total luminous energy that counts in determining whether the flash will be

seen by the eye, These considerations hold rigidly for single brief

7-1
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presentations of light, When the light presentations are repeated
cyclically, however, new factors appear to enter the picture.and the matter
becomes rather complicated. Early flashes in the train affect the response
to later flashes, even when the cycle time is shorter than the critical
duration for a single flash, When the repetition period is longer than
the critical duration, as it is for flashing slower than 10 Hz (as in
warning lights), still further complications arise. Experiments on critical
flicker frequency have shown that for some viewing conditions, the detailed
waveform of the stimulus is of no consequence ~- only. the. fundamental
frequency is significant. However, for other viewing conditions; effects
from the temporal shape of the light pulse have been detected. Brown (1965b)
has reviewed comprehensively the data and theory on waveform effects, In \
general, it can be stated that considerable further work will be necessary
to clarify the matter fully and permit predictions applicable to practiéii/
questions such as the conspicuity or even the visibility of emergency .
warning lights, '

In the case of flashing emergency lights, the primary consideration
in the pulse shape -- aside from the total flash duration -- is the rise
time of the. light flash and possibly also the fall time, The facts concerning -
the rise and fall times and total durations of the light flashes produced
by the different basic types of lights are summarized briefly below,

Gaseous discharge lamps, Gaseous discharge lamps have extremely

rapid rise times and fall times, with the fall times comparatively
prolonged with respect to the rise times. However, since the entire
pulse from such a source usually lasts much less than the critical duration

(well under g thousandth of a second), the waveform can be presumed with

confidence to be irrelevant to the visual effect,
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Flashed incandescents,  An electricallylflashed incandescent lamp

has a considerably slower rise time than a gaseous discharge lamp, and
the fall time is about twice as rapid as the rise time, A flashed
incandescent lamp produces light pulses lasting on the o;der of 0,1-0,2
sec., longer than the critical duration, so that the detailed pulse shape
could well have some effect,

Some authorities on flashing lights have the informal‘impression
that among lights of equal effective intensity, a rapid rise time
increases conspicuity. The more sudden shock to the eye‘relative to
the dark condition caused by a rapidly rising flash might intuitively be
thought to increase conspicuity, but experimental tests are called for.

Rotating incandegcents, 'A rotating incandescent beacon produces at

a given point in space a relatively symmetric light pulse with rather ‘slow
rise and fall times, The duration of the flash from a rotating lamp
depends on several factors (discussed in Section 10,5), but typical.values
for emergency-vehicle warning beacons are in the range 0,01 to 0,05 sec,
1f the lights are bright enough, these times may just exceed the critical
duration, so that pulse shape may or may not be a factor,

With respect to both types of incandescent warning lights, new
experimental work will be necessary to answer the decisive question:
if all othér variables besides the pulse shape (particularly color and
effective intensity) ére kept the same, are there differences in

conspicuity among different waveforms?
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7.5. Spatial Sweep of the Beam

When a stationary, electrically flashed lamp of any‘type sends out
a light pulse, the illuminance it produces at a given point in space has
a course of variation with time (the pulse shape), but there is no actual
spatial movement taking place (other than the propagation of the light
beam), On the other hand, a continuously burning% rotating beacon light
not only produces a comparable variation of illuminance with time, but
also a directional sweep through space, As the edge of the beam of light
from one of the rotating lamps moves past the point of observation, the
illuminance rises from zero (or from some:minimal level if the edges of
the beams from, say, four lamps in the bedcon overlap somewhat), reaches
a peak at the center of the beam, and drops again to the minimal level
as the beam's other edge moves by, If the beacén is close enough to have
a perceptible area, it may be possible to notice that, let us say, the

right side of the area begins brightening while the left side is still



dark., The right side remains brighter as the entire area increases iﬁ
brightness, but decreasingly so, As the peak of brightness'is reached,
the area appears homogeneous; and after that point, the left side
becomes brighter and continues increasingly so until the ﬁright crescent
digappears at the left edge and the whole area reaches the minimal
brightness level, 1In such a case, we interpret the spatio-temporal
pattern as a right-to-left sweep of a beam,

If the beacon is far enough away to appear as a point source, the
spatial cues described above are lacking, and the rotating light may be
indistinguishable from a flashed light. TFrequently, however, even at
long distances, other spatial cues are present that permit recognition of
the spatial sweep taking placé, If the haziness of the atmosphere.is
sufficient, the entire length of the light beam may be visible as a
long cone, and the motion of the beam can be seen directly by the
scattered rays even when the point of observation is entirely outside the
beam itself, |

A second source of information about beqm rotation comes from the
observation of non-mirror surfaces near the observer, illuminated by the
beam, The ¢irecular or elliptical patch of light representing the
intersection of the surface with the cone of the beam can be seen,
moving from one side of the surface to the other, if the motion is not
extremely rapid; The surface can be a somewhat diffuse (light-scattering)
reflector, or a somewhat diffuse transmitter. An example of the latter
that sometimes does serve to reveal the éweep of a light beam is a dirty

or scratched automobile windshield,
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When a rotating beacon comes close enough to the observer, it is
sometimes possible to make out the internal structure of the unit,
provided that the dome is not a very good diffuser. The rotating of the
turntable and lamps within the dome may then be directly observable,

Since rotational motion is still another dimension in which a
warning light may differ from the lights in the background, it would be
expected that, everything else being'equal, such rotation would increase
conspicuity relative to a stationary flashing light, Unfortunately,
everything else is rarely equal; for example, if the effectivg intensity
of a gaseous discharge lamp considerably exceeds that of a rotating
incandescent lamp, the flash lamp would be expected to be more conspicuous,
It would be useful to cDmpare‘experimentally for_gonsuicuity two lights
that produce identical variations of illuminance ﬁith time at a given
point in space, but only one of which is rotat&ng.

7.6, Color

It is frequently alleged that one color is more visible or more
conspicuous (attention=-attracting) than another, For example, it might be
claimed that a red light having an intensity of 1000 candelas can be
seen further away than a blue light of equal intensity. As was pointed
out in the last paragraph of Section 6.2, the caicg}gtion of the

[

intensities of the lights in candelas will most likely be carried out

a

-.with the use of the standard CIE photopic luminous efficiency function

that applies to vision in fields of about 2° diameter, We can anticipate,
however, that for lights seen as point sources, a somewhat different
luminous efficiency function'will actually apply (Bedford and Wyszecki,

1958).
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In order to give the two lights an equal chance in a visibility
comparison, we naturally have to present equal luminous intensities
of the two colors, We must therefore use the luminous efficiency
function appropriate to the specific viewing conditions éo be used,
How do we determine the luminous efficiency function for pure spectral
(single-wavelength) lights appearing as point sources? By one of several
methods of comparison, we determine the relative visibilities of the
various wavelengths, either by determining absolute thresholds or by

equating brightnesses at levels above threshold. - Thus, by definition,

if we are using the correct luminous efficiency function, steady lights
of equal luminous intensity (or luminance, for extended sources) must
appear equally visible, '

Actually, it has been discovered that some methods of comparing
vigibility lead to different results than other methods. Thus, the
only meaning that can be attached to a claim that light of one color
is more visible‘than light of another color, is that the method of
comparing visibility used in the determination of the luminous efficiency
function (employed in the calculation of luminous intensity) differs
from the method of visibility judgment used in the final test.

On the other hand, the conspicuities of colored lights properly
equated in simple visibility need not mnecessarily be equal, Again, it
depends on the specific operational test we establish for determining
conspicuity. If we decide to test consbicuity by measuring reaction
times to sudden presentations. of various lights, then it is conceivable

3

that we may get different reaction times despite equality of the luminous

intensities, ‘since the luminous efficiency curve used in calculating the
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intensities will probably not have been derived using an equal-
reaction~time criterion. B

Here, too, we must allow for the possibility of interactions among
variables. Thus, although steady-burning lights of the same, properly
calculated luminous intensity would be equally visible at a distance
regardless of color, if those same lights were flashed we could no
longer be sure that the visibilities or the conspicuities would remain
equal.‘ The existing evidence on this particular questionm, incidentally,
is contradictory (Sharma and Yorke, 1971).

When special backgrounds are introduced, conspicuity can depart
sharply from simple visibility., For example, if the background consists
mostly or entirély of red lights, with no blue background liglits present,
it would certainly be expected that a blue signal light would be more
conspicuous than a red signal light if the luminous intensities of the
two were at all comparable, In such a case, obviously, it is not really
the color of the blue light as sﬁch -- its blueness -~ that makes it more

conspicuous, but rather its differentness from the background,

Although it is not properly a peiceptual problem, it is important to

point out that there are physical effects that may arise in long-distance

viewing that depend strongly on color. Tiny particles suspended in the
air -- and; in fact, the gas molecules comprising the air, themselves -~
tend to scatter light rays that strike them away from: the d;recgions they
were originally traveling. The degree of this scattering is a strong
function of wavelength, when the particles are small enough, with short-
wavelength (blue) light being scattered most and long-wavelength (red)

light being scattered least, ' The clear sky in daytime is seen entirely

o
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by light scattered out of the sun's rays, and as a consequence of the

wavelength dependence just mentioned, it appears blue. (Above the .
atmosphere, in space, where there is no scattering, the sky is invisible;
that is, it appears as black as the ﬁight sky.) Larger particles, such as
the water droplets that make up clouds, scatter all wavelengths equally;
hence ~louds appear white.

In a hazy or foggy atmosphere, scattering will divert portions of
tke beam from an emergency warning light .in directions away from the
location of the observer, Since many hazes and fogs contain particles
of a variety of sizes, some wavelength dependence often characterizes
the average scattering, and the loss of apparent intensity under these
circumstances will be greatest for a blue light, .and least for a red
ligth That is, if the actual luminous-intensity outputs of a red and
a blue light are equal, the illuminance of the observer's retina by the
red light seen-through a haze containing fine particles will be greater
than the retinal illuminance produced by the blue light. Since, as
pointed out earlier, the retinal illuminance determines the brightness
seen, it is clear that red lights have an advantage over blue lights of
the same intensity when the viewing is through an atmosphere that
scatters significantly over the distancerof view, If the use of a blue
light is considered desirable in any particular situation, it is only
neces;arj’to use a light of higher intenéit; in order to ailow for the
delivery of the desired level of illuminance to the retina of an observer
viewing through haze, Tt will generally take a greéter consumpcion of

current to produce a higher intensity, so economic considerations enter

into the situation, ; ~ .
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7.7. Number and Spatial Pattern of Lights

If we have available several identical lights, it is obvious that a
display consisting of two of the lights, presented simultaneously, will
be more conspicuous than a display consisting of only one of the lights,
If the lights are so far away as to appear as point sources, and if the
lights within the two-light display are close enough together as to be
unresolvable visually, then the two-light disélay is optically equivalent
to a single light of double intensity, which is certainly more conspiguous
(although there is no reason to believe thnat it is twice as conspicuous
ds a4 light of the original intensity).

When the two lights are presented with considerable separation --
far enough apart that the retinal areas on which they are imaged'have
negligible neural interconnection -- then the lights will act independently
as far as the probability of simple detection is concerned, If the chance

of detecting a single light within a given period of observation is 1/2,

 for example, then the chance of detecting one or both of the lights in

a two-light display with wide separation between lights is given by the
rules of probability as 3/4 [=1 - (1/2)2].

When the 1ights are close enough together that some neural interaction
can be expected -~ and this is likely to be the situation fdr a real
warning-light display -- then the simple detectability will be greater
than that associated with independent probabilities, but less than that
associated with complete fusion of the lights into one double~intensity
1igh£. Experimental data exist on allvthese relationships when the

criterion is simple detection.



When the criterion, however, is conspicuity -- the rapidity of
noticing when a signal above the detection threshold appears at an
unexpected point in both space and time -- then nothing very quantitative
can be said, The two-light display will surely be more conspicuous than
the one-lighz digplay, but ndt only because of the extra stimulation
reaching the eye, 1Instead, there is the additional factor of the geometric
form of the total display. .The occurrence of two lights in rather close
proximity is a considerably more improbable event than the occurrence
of a single light, and the spatial pairing would be expected to contribute
to the likelihood of the display being noticed, If the two 1ights are
arranged in a precisely vertical or precisely horizontal line, the event
becomes more improbable and hence more striking.

When the display consists of three, four, or more lights, the
geometrical figure in which the lights are arranged would feasonably be
expected to affect the conspicuity,; everything else being egual. Moreover,
when the light; are close enough to the observer for each one to have
a definite shape, this shape, and its relationship to the pattern of the
total displa&, would presumably also affect conspicuity,

The guiding principle, as noted earlier in this report, is that
conspicuity is maximized by making the display differ as much as possible,
in as many ways as possible; from some kind of average of the background,
Now that the concept of improbable events has been introduced, we can
take the principle a step further. 1In vehicular traffic, it is not
only the background that is visible at a given moment that counts, but
some type of weighted average of the ever-changing background scene
over some period of time, More than that, the conspicuity of a signal

-6
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is also clearly affected by some type of average of other similar
backgrounds that the driver has encountered on- past occasions, In the
last analysis, it seems evident that what counts is the expectation of the
observer =~-- the probability that he assigns to the appeafance of a given
stimulus pattern at a given time and place, His estimate of probabilities
will of course be strongly influenced by what he sees in the background

at the present moment and what he has seen in the past few moments, as
well as by his entire previous experience with comparable situations,

The goal, then, is to make a signal a maximally improbable event, in a

specified context., 1In the case of emergency-vehicle warning devices, the

context is the wvehicular traffic scene, in its various phases such as
daytime driving, nighttime colntry driving,. and nighttime city driving;.
In regard to shape, we might speculate that triangular lighting
configurations or triangular lights, for example, are rarely encountered
in any context, so perhaps a triangular cluster of three lights, each
itself triangulaf in shape (achie§ab1e by masking) might prove exceptionally
conspicuous, The only way to determine the gctual conspicuity of this
or any other such complex arrangement is by empirical test, since no data,

theory, or model is available to permit prediction,
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7.8. Tlluminated Area

Lights., 1If a signal consisting of a uniformly illuminated patch is
increased in area, with the luminance remaining fixed, the signal will be
more easilyhdetected (at least up to a large limiting area), and will
surely also be more conspicuous in any reasonable context. In short,
everything else being equal, the larger the sigﬁal the better (but with
diminishing returns beyond some large area)., If luminance must be
sacrificed in order to achieve a larger area, then the effect on conspicuity
cannot be predicted with confidence. Even for simple detectioﬁ, the
relative importances of changes in luminance and area are fﬁnctions of
the initial area, the retinal iocation, and other vafiables.

Surfaces, It appears impractical to expect éhe warning lights
carried by emergency vehicles to be made much more than a foot in diameter.
However, the surface of the emergency vehicle itself cam be regarded
as an auxiliary visual signal, and in bright sunlight the surface
signal could under some circumstances prove more potent than any light
signal used, Esthetic considerations presumably have had a strong
influence in the past on the colors and patterns used in the painting of
emergency vehicles, Another factor has been the desire for distinctiveness
among different categories of emergency vehicles (fire engines red,
ambulances white, etc.) 1In any event, vjisibility and conspicuity have
not been the exclusive concerns of those responsible for the decoration

of emergency vehicles,
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At night, and against dark backgrounds such as earth or foliage
in the daytime, light colors such as white or yellow are more visible,
and some fire departments have started painting their engines white or
yellow for that reason., (Night visibility of emergency ;ehicles is of
some concern, because the vehicles sometimes do not use their warning
lights, as when returning from emergency runs.) Unfortunately, with
snow on the ground a white vehicle is a1l but invisible, and the
noticeability of a yellow vehicle is not much better, Only dark colors
show up really well against snow, or, for that matter, bright sky.
A vehicle of intermediate réflectance, such as medium gray or tan, is
not strikingly visible against eitherklight or dark backgrounds, and is
poorly visible against backgrcunds of intermediaster lightness, such as
the road surface itself, on many occasions.

The solution appears to be to make the vehicle both very light and

very dark simultaneously. Obviously, there is no way of arranging this

for the vehicle as a whole, but it is certainly possible to make half the

vehicle light and half dark, It would be wrong to paint the left half
light and the right half dark, or the front half light and the rear

half dark, It is important that large areas of both light and dark be
visible regardless of the direction from which the vehicle is- viewed, A
fine checkerboard pattern would not serve well; although certainly
conspicuous at close range, a checkerboard vehicle would appear to have
a uniform, mediﬁm lightness at distances beyond which the individual
squares could be resolved, The optimum afrangement would appear to be a
"harlequin' pattern in which each major surface of the car (sides, rear,
hood, roof) is divided into two to four rectangles painted alternately
light and’dark; in other words, an extremely coarse checke:board.
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A harlequin~painted vehicle, regardless of the angle of view,

contains a large area that contrasts maximallv in lightness with any

background whatever. If the background is dark, the light area of the

vehicle has maximum contrast with it; if the background is light, the
dark area of the vehicle has maximum contrast with it; and if the
background is medium, both the light and dark areas of the vehicle
contrast with it about as much as anything can,

Sketches of several harlequin-type patterns were produced, and in
Figs, 7.8-1 to 7.8-3, there are presented six views of an automobile
painted according to the one best pattern discovered, The patfern is
simple, follows the natural divisions of the vehicle, and exhibits
substantial areas and edges of ‘both black and white regardlesg of the
angle of view, Since the pages are white, the vieﬁ simulates the
appearance of the harlequin-painted car in snow, Immediately following
Figs., 7.8-1 to 7.8-3 are duplicatg copies., Readers wishing to examine
the appearance éf such a vehicle on various backgrounds are invited to
cut out the images of the cars from the duplicate figures and place
them on black, gray, forest green, and other backgrounds of interest,
Note that the pattern shown in Figs. 7.8-<1 to 7.8-3 may be slightly
preferable to the inverse (negative) pattern, in that the black area of
the hood may somewhat reduce glare in the driver's eyes during driving

in sunny weather, .
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O'Uw_r view on: -{-o”owfnq ?aqe,

Side views of a harlequin-painted automobile, showing contrast with a white background,
Upper view, from below the roof line; lower view, from above the roof line, This series
of illustrations is presented twice in order toc allow for cutting out of one set of car
outlines to test appearance on black and other backgrounds.
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: Fig, 7.8-3., Diagonal views of a harlequin-painted automobile, showing contrast with a white background,
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. ' illustrations is presented twice in order to allow for cutting out of one set of car outlines
' to test appearance on black and other backgrounds,
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On the following pages, Figs. 7.8-1, 7.8~2, and 7.8-3 are
presented again in order to allow interested readers to
cut out the car outlines and view them against black,
gray, and chromatic backgrounds, while still leaving a

’

full set of figures in the report.
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An extremely important fact about color contrast, to which designers

1

of all kinds should pay much more attention, is that for many practical

purposes, only lightness contrast counts, When one or both of the

contrasting areas subtends a small angle at the observer's eye,
differences in hue and saturation do not add as much to the overall
impression of difference between colors, as does a substantial lightness
difference, At very long viewing distances, the contributicn of the hue
and saturation differences fades toward zero. As a result of this rule,
it is possible to retain color coding for close-up identification in
harlequin-painted vehicles, For example, ambulances could be painted
black and white, fire engines dark red and reddish white, and police
cars navy blue and pale blue, In each case; the presence of the basic
hue (or its absence, in the black-white combination) will permit the
same kind of identifiébility of function that we have now, but the
chromatic content of the colors will not significantly affect the ability
of any of these vehicles to stand out against any background,
Particularly because of the difficulty of seeing lights in the
daytime, it is a definite waste not to make use of the vehicle's large
sqrface,aé a signal, If there were any objection at all to painting
“Emergenqy vehicles in a harlequin pattern, it would pfobably come from
the crews of the vehicles, who might at first feel somewhat self-conscious
about riding around in vehicles that were so--conspicuous, Thé
conspicuousness, of course, is just what is needed for safety. Moreover,
the light-heartedness 'traditionally associated with afharlequin pattern
might possibly’méke a small contribution toward having members of the

~ public accept the presence of the vehicles in good humor. Needless

L
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to say, the principle of maximum contfast with the. background requires B
that if harlequin painting becomes customary or standard for emergency

vehicles in any jurisdiction, the use of such a pattern on any other

vehicle should be forbidden.

There are instances in which the police authorities in a given
jurisdiction prefer to have some or all of their police cars. painted
inconspicuously, in order to permit covert surveillance activities, The
suggestion for harlequin patterning naturally is meant to apply only to

vehicles for which high noticeability is desired.
7.9. Motion of the Light Source

Electrically flashed lamps contain no moving parts; they simply

go on and off, Rotating beacons, on the other hand, involve actual

motion, Either the lamp is rotated or oscillated on a ‘turntable or
else the lamp is left fixed and a lens is moved in front of the lamp oxr
a mirror in back of it, In more complicated units, both lamps and
mirrors may be in motion, - At long distances, when the entire unit is
seen as only a point, the rotating beacon may be indistinguishable from
a flashed lamp. However, when the unit is close enough to be seen as
having a definite size and shape, the motion of the moving parts or of

the light beam itself may become noticeable,




The increased noticeability of a moving light in e¢ircumstances when
most lights in the environment are steady has always been well known,
People signaling to boats offshore traditionally swing their lanterns
back and forth, and railroad workers also swing their signal lanterns
at night, Even when there are pedple and vehicles bearing lights moving
across the background{ a swung lantern is relatively conspicuous because
its localized, repetitive motion is markedly different from the steady,
unidirectional motion of a man or vehicle progressing in a particular
direction,

Once again, we see that the best 3signal is one that differs as much
as possible, in as many ways as possible, from the normal background
stimuli; that is, one that is as improbable as possible under the total
set of circumstances in which it appears. Several designs that apply
this principle through the use of light-source motion are feasible., An
emergency-vehicle warning light might be made more conspicuous by
oscillating it back and forth across the width of the vehicle, or bobbing
it up and down a few féet, or both together, Another approach might be
to impart some even more complicated but repetitive motiom, such as
moving the light around and around a large triangular track standing
'upright on the roof in an orientation corresponding essentially to

that of the windshield (but straight up, like old-fashioned windshields).



The larger the excursions of the moving light (as for example, .
across the entire width of the vehiclé's roof), the greater will be the
distance at which the motion will be visible and will contribute to
conspicuity. Such gross motion of the entire unit would be conspicuous
at far longer range than the small internal motions characterizing most
of the present rotating beacons. As is most often true, a price must be
paid for conspicuity added through gross motion, The cost of the unit
would increase, there would be more frequent mechanical failures, air
resistance might be increased, and if vertical motion were included, there
would be some possibility of collision with low-~hanging tree branches.
Fortunately, as will be discussed in the immediately following
section (7.10), actual mechanical motion can often be replaced by
illusory motion produced by flashing 1ights.in sequence with proper

timing,
7.10, Temporal Phase Relations Among Lights

Some emergency-vehicle warning=-light displays consist of two or three
separated lights mounted across the width of the roof, If, to consider
the two-light case, both lights are flashing with the same frequency,
is it more conspicuous for the lights to flash on and off together (in

phase) or for one to go off as the other comes on (out of phase)? With

a center light and two side lights, should all the lights have the same
frequency, and, in any case, what should the phase relationships be

among the three lights to maximize conspicuity?



In some situations, people's perceptions correspond closely to the
objective physical pattern. . For example, suppose that an observer is
watching a display consisting of two lights flashing at the same
frequency with a 1:1 on-off ratio, but with one light lagging a little
behind the other.in phase., What is seen might be as follows: 1left light
comes on and stays on (for a while); right light comes on a moment
later and stays on; left light goes off and stays off; right light goes
off a moment later and stays off; then repeat,

Now suppose that we leave everything else as above, but change the
timing to put the two lights fully out ol phase, Now what is occurring
is objectively as follows: left light comes on and stays on; left
light goes off and stays off, and simultaneously right light comes on
and stays oh; right light goes off and stays off and left light comes on
and stays on; then alternate the last two steps, Human perception being
as complex as it is, the observer may now see something quite different
from the reality of the situation: he mway see a single, continuously
burning light that hops suddenly back and forth from side to side,

In other words, he may see motion that is apparent or illusory.

Apparent Motion. This particular illusion is not very surprising, for

consider what the observer would see if there were in fact a continﬁously
burning light that hopped very quickly from gide to side with a regular
rhythm: he would see precisely the pattern of stimulation described
above, except that in addition, he might see a faint blur of light along
the path of the rapid motion, When the motion is quite rapid, the blur
of light as the lamp passes from one position to the other is quite faint;

the principal events are the alternate appearances of the bright light
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on the left and on the right. Thus the perceived patterns for a Single
light jumping back and forth and a pair of lights blinking alternately
are very similar, and it is not difficult to believe that the two could
be confused., Since we do tend to expect the faint intervening blur when
we interpret our perception as a moving light, it is common for observers
to see the blur even when it is not there; that is, when the motion is
illusory,

In the illusion of motion described above, it is not necessary that
the flashing of the two lights be repetitive; a single flash of each
light with a suitable time lag between the flashes may be enough to
trigger the illusion. The appearance or non-appearance of the illusory
motion is a function of a number of variables. Among these variables
are the durations of each of the flashes and of the dark interval between
them, If there is no dark interval -~ that is, if the flashes overlap
temporally -- then the relevant variable is the interval between the
starting times of the flashes, Other factors that have been shown to
influence the perception of illusory motion are the intensities, colors,
sizes, and shapes of the two lights, and the spatial separation between
them. Finélly, the attitude ("set") of the observer, including his
guess as to what he is looking at and his expectations concerning whether
movement. is to be anticipated, can influence whether he will in fact

see movement,
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In its crudest form, the type of apparent motion discussed above is

adel

. ' seen in the sequential turn signals used on the rear of some automobiles,
What is actually the repeated sequential lighting or brightening of,
usually, three lights, is seen as the movement of something -- perhaps
a blob of lights -- in the direction of the later brightenings. In more
elaborate form, the phenomenon is seen on older theater marquees in the
strings of incandescent bulbs that produce sensations of a flow of light
around and around or back and forth, 1In still more elaborate form, the
phenomenon is seen in Times-Square type traveling message signs or
animated advertising signs., 1In the ultimate forms of illusory wmotion,
namely movies and television, real and apparent motions are combined,

The images in both media actually consist of a succession of still pictures.
There is real motion in the sense that the image corresponding to a
' particular moving objecet shifts its position on the screen [rom ome
-still shot to the next, The image, however, never actually occupies
any of the intervening positions; they are filled in perceptually by
the observer so that the motion is seen as smooth and continuous'in most
insfances,

A different motion illusion is often seen when a single light is
flashed, The illumination seems to burst radially outward from the center
of the light; that is, éomething (perhaps a pattern of rays or spikes of
light) seems to be expanding out from the center., When the light goes
off, the "rays" may be seen to be sucked back into the center of the
light, in an inward contraction, This illusion does not seem ;o require

separate attentién in considerations of warning-light hesign, since it is

a function of the same wariables -- intensity, pulse duration, and

@ R 7-27 :
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possibly pulse shape (time course) and color -~ that are already
known to be determinants of the conspicuity of signal 1£ghts.

The first kind of apparent motion, however, involving two or more
lights, could quite possibly be made to play an important part in
improving the conspicuity of a multi-light unit, The real motion
discussed in the preceding section (7.9) can probably be replaced
advantageously by apparent motion with fewer of the disadvantages

mentioned in (7.9) as being associated with real motion,
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8., 1Influence of the Background
8.1, Characterization of the Background

When a signal light appears against a backgroﬁnd of other lights,
the characteristics of the background lights influence the conspicuity
of the signal, The same variables discussed in Chapter 7 for the signal
lights are also the relevant ones for the lights appearing in the back-
ground, A reasonably complete specification of a particular background
viewed from a fixed wvantage point would include the following:
(a) the position of each light within the field; (b) a statement of
the intensity, color, size, and shape of each lighty (c) a statement
of the flash rate, on-off ratio, and pulse shape, for each flashing or
sweeping light (rotating‘or oscillating around g point); (d) for each
moving (position-changing) 1igh§, a statement of the path of motion
and the time course: (e) Lf there is wmore than one flashing or sweep{ng
light, a statement of the phases of all such iights at a specified moment
in time; and (£f) where there is more than one moving 1ight, a statement of
the phases of all such motions at a specified moment in time,

In city driving, the background does not ordinarily consist of a
set of isolated lights seen against an overall curtain of blackness.
There is usually enough prevailing light to illuminate ordinary objects,
so the background consists of a gigantic mosaic of small patches of 1ighf,
each patch representing a more or less uniform portion of aﬁ object.
For such a background, the same type of specificatiom would serve as was
described above for the case of isolated lights embedded in darkness;

there would simply be enormously more stimuli to specify.
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The discussion of background specification to this point has been
based on the idea of a stable background viewed from a singlé observiﬁg
position. 1In moving traffic, however, the background is continuously . ‘
changing, It is clear that no adequate description of the actual back-
ground encountered in driving can be supplied in the form of a few or
even many numbers, The closest thing to an-adequate statement of a real
traffic background would consist of a roll of color movie film or
videotape shot from an actual moving vehicle,

Despite the practical impossibility of accurately specifying the
background encountered in the driving situation, some of the more
important aspects of real backgrounds could be abstracted out and
quantified in a statistical sense. For example, it would be helpful to
know the relative frequencies of occurrencé of lights of diffefent colors.,
Also directly relevant to the emergency-vehicle warning—signal problem
would be a specification of how many flashing lights of different colors .
are encountered per minute, |

One possible procedure for actually generating the required information
would involve repeatedly smapping color photographs.of the.rear—view
mirror of an automobile driving through actual traffic, at intervals of
about 20 or 30 seconds, In order to identify lights that are changing
in intensity with time, each photographic record could actually consist
of two pictures, snapped in very rapid succession, Statistical cognts

of colors and time-varying lights could then be made from the photographs.,
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In order to obtain information of really general national

. ‘ - applicability, it would be necessary to make counts such as those
described above in many different locations within many different cities
across the country. Quite possibly, the knowledge gained would not add
enough to what can be learned from the overall subjective impressions of
experienced drivers to warrant the considerable expense of the objective

measurements,
8.2, Controlling the Background

To a considerable extent, the wvisual background encountered by
motor vehicle drivers is a given aspect of the world that must be taken
account of in the design of optimum light signals, Fortunately, however,
affecting the visual environment on the roads is not totally beyond our

. capacity. Because most emergency signal lights are flashing, some
jurisdictions have banned from the streets all flashing lights other
than emergency signals. The emergency signals are thus made to differ
more from the background, and this increases conspicuity.

Similarly, in a jurisdiction that uses red emergency lights, their
conspicuity can be increased by banning all red 1ights>op the streets
that are not eﬁergency or traffic signals. Banning anything is a 'serious
step for which society pays séme price, and the gain in emergency-signal
conspicuity must be weighed against the loss of freedom, if nothing
else, Some jurisdictions that have become concerned with "visual

pollution" have banned all garish, flashing, or moving commercial

-

- signs, Although it may not have been intended in every case, the same bans

that reduce unpleasant visual clutter also contribute to the conspicuity

. ' of‘fpgsp«of our present warning lights,
Claii e %__3 *
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One step that can be taken without the need for legal proceedings
is to improve the immediate backgrounds of signal lights., The background .
that differs most from any sufficiently bright light is total darkness.
Consequently, instant improvement in at least the daytime conspicuities
of all warning and traffic lights could be obtained by surrounding the
lights with areas that are painted black, We are unaware of any actual
realization of this principle in connection with vehicle-borne emergency
warning lights, but black surrounds are being used around some school-
bus flashers, and some jurisdictions have begun a program of installing

black backgrounds around their traffic signals.

8.3. The Crucial Role of the Background

In a series of laboratory experiments studying reaction times to
peripherally viewed lights, Gerathewohl (1953, 1957) established that .
under some circumstances, a flashing light is more conspicuous as a
signal than the same light left burning steadily. 1In Gerathewohl's
studies, the signal lights appeared against a background of steady
"distraction" lights, Some time later, Crawford (1962, 1963), in a generally
similar series of experiments, introduced various percentages of flashing
lights into his backgrounds, No one who has read the earlier sections

of this report should be surprised to learn that Crawford found flashing

light signals to be less conspicuous when some of the background lights

were  flashing than when the background lights were all steady. What is

‘surprising in Crawford's findings, however, is that if even a single one

of the background lights was flashing, the advantage of a flashing signal
light over a steady signal light was lost; and if at least 10% of the lights
in the background were flashing, steady signal ligh'ts-became unequivocally '

superior to flashing signal lights.
- % -4



Because there were quite a few differences in the detailed conditions
of the Gerathewohl and Crawford studies, the two sets of results méy or
may not be directly comparable., Moreover, both series of studies used
configurations highly simplified with respect to the real-life traffic
situation (although resembling it more than the configurations in any
other laboratory studies of which we are aware), so that the direct,
quantitative applicability of the findings to the design of emergency-
vehicle warning lights is open to some question, It is mevertheless
quite clear, even from the internal results of the Crawford experiments,
that the nature of the background plays a critical role in determining

the conspicuity of a signal light,



9. Assessing Conspicuity
9.1, 1Introduction

In this section, attention will be paid to the problems of con-
spicuity assessment both for existing warning-light devices and for light
signals produced as part of laboratory experiments., 1In many attempts
to evaluate the perceptual effectiveness of hardware of one kind or another,
unsophisticated experimenters have produced useless results because
variables that have a major influence on effectiveness have been left
uncontrolled., The following section, 9.2, is included as a caution to

those interested in experimenting not only on emergency warning lights,

but on any category of sensory devices, ‘
9.2, 'Sources of Differences in Effectiveness: A Caution

Lights are used on all types of vehicles and in some fixed installations
such as lighthouses and airport runways both to indicate mere presence
and also to signal the occurrence of important events, such as the
application of brakes in a motor vehicle, Lights that are maximally
effective in one of these situations need not necessarily be best in any
of the other contexts, so repeated attention has been given to the problem
of conspicuity by investigators working with each of these specialized

contexts in mind,
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One problem that arises in alwmost every’case is the question of which
color is most effective, There are three different classes o'f variables .
that contribute to the final answer to such a questiomn, fhese will be
reviewed now with respect to the specific issue, used as an example,
of whether red or blue lights are more effective,

(a) Physical outputs of devices., There is no meaning at all in the

unqualified question: which is more effective, red or blue lights? It
is necessary to specify exactly which red and blue lights are to be
compared. If we are concerned only with the effect of color, it is
clearly necessary to give the lights an equal chance at being effective
in every respect other than color, In particular, the intensities of
the 1ights are crucial. No one could believe that a fair test was being
conducted if a blue glass were installed as the lens of an antiaircraft
searchlight and that beam were compared in effectiveness as a signal to
the beam from a pocket flashlight with a red lens installed, As a first
step in making an unbiased comparison, we might think of using two
identical pocket flashlights, containing identical light bulbs, one
equipped with a red lens, and one with a blue lens,

Such a comparison would in all probability still not be fair, howevef.
In fact, it would not be fair even if a representative sgelection of
different commercially available blue glasses and plastic filters were
tested against a similar seleétion of red filters. The problem has to do
with the typical characteristics‘of commercial blue and red filters. A
blue filter, in order to appear strongly blue, must transmit light ﬁithin
the fairly narrow band of wavelengths that appear blue, and must not transmit

very much light of other wavelengths, As a result, only a small percentage .
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of the total energy emitted by a white source such as an incandescent
lamp passes through strongly blue glass or plistic. The percentage of

incandescent lamp light passed by a typical blue filter is about 3%, in

-

By

luminous (visibility-weighted) rather than radiant (energy} terms; this

fraction is known as luminous transmittance,

On the other hand, the entire long-wave end of the spectrum appears
rea, so that a glass can appear strongly red by passing all wavelengths
beyond a certain point in the spectrum, and no wavelengths below that
point,  As a regult, a typical red filter passes a broader band of
wavelengths than a saturated blue filter, Moreover, incandescent lamps
emit more long-wave (red) than short-wave (blue) energy, The combination
of’a broader range of transmitted wavelengths and a greater level of
energy within that waveband leads to a typical luminous tramsmittance
of about 20% for red signal-light filters tramnsmitting incandescent
lamp light,

Thus, even if identical light sources are used for comparisons
carried out with a selection of red filters and a selection of blue
filters, there will be typically seven times as much luminous. power in
the red light as in the blue light, 1In order to be fair to the blue
light, then,’the lamp used with the blue filters should have about seven
times the luminous intensity of the lamp used with the red filters.
Comparisons made using several ccmmercial red-light units and several
commercial blue-1light units reveal only the performance of those specific
red units relative to those specific blue units, If the issue is the

generic question of the relative effectiveness of -redness and blueness

. as qualities of a signal, then the requirement is that the units tested should
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deliver to the retina of the observer equal illuminances of red and blue
light, regardless of what kinds of light sources and filters are used to

produce the lights,

(b) Sensitivities of the observers. Usually it is some measure

of observer sensitivity alone that is really sought in comparisons of
effectiveness, The "physical' output discussed in (a) above cannot
properly be considered indebendently of observer sensitivity. It is
retinal illuminances that must be equated for a fair visual comparison,
and illuminance is obtained by weighting irradiance -~ a physical energy-
related measure -- by the luminous efficiency function of the observer,
The luminous efficiency functipn appropriate to the viewing conditions
(the angular size of the lights, the irradiance level of the 1ight
entering the eye, and the portion of the retina on which the light is
imaged) must be used, as discussed in earlier sections (6.2 and 7.6),
What we need .to do, then, is to deliver to the observer's eye
red and blue lights that appear to him, under the viewing conditions
being used, to be equally bright. Aﬁy differences in conspicuity that
may exist between red and blue lighr must then be a function of aspects
of the observer's response other than his impression of simple brightness.
For example, it is conceivable that differernces in the rapidities of
response of the different color channels of the visual system might make
flashing~red lights attract attention to a greater or lesser extent
Ehan flashing blue lights, even though the lights are equally bright

when steady.
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(c) Familiarities, Many people live in jurisdictions in which red
and perhaps yellow lights are used for all emergency signals, and blue
lights are not used at all for signaling. When such people serve as
observers in an experiment in which they are asked to respond to red
and blue lights in some manner, it is possible that the quickness or
strength of their responses will be influenced by their loné familiarity
with red as an emergency-warning and stop-signal color and their
unfamiliarity with blue in the samz contexts,

Since theére are now jurisdictions in which blue is widely used as
an emergency-warning color, people from those areas would be expected to
yield results showing less of an advantage for red relative to blue as a
signal color. A test of whether familiarity does in fact contribute
significantly to the¢ measured effectiveness of a signal can be arrangnd
by using two (or more) groups of observers. with.different histories
of exposure to the classes of signals being tested, : Thus, in the example
we are using, we might use two large groups of observers, chosen randomly
from among long-term residents of jurisdictions using mainly red and no
blue warning lights, and of jurisdictions using mainly blue and a minimum
of red warning lights, ©Perhaps more efficiently, we might use two
smaller groups chosen not at random but by matching pairs of members on
characteristics such as aée, sex, driving experience, and other
variables that might affect the results of an effectiveness or conspicuity

study,
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Although in a comparison of red and blue the role of familiarity
may be in sufficient doubt as to require a direct test, there are other ‘
comparisons in which it is obvious that familiarity plays a major role,
at least comparable to the contribution of the perceptual variables,.
An example is the question of the relative effectiveness of pictorial
as opposed to verbal road signs, Unfamiliarity with the language in which
a highly visible verbal sign is written will render the sign totally
ineffective, Similarly, unfamiliarity with the accepted meaning of one
of the less self-explanatory pictorial signs will also render it

ineffective, regardless of how clearly it can be seen,
9.3. Basic Experimental Approaches

(a) Direct subijective ratings, In this type of experiment, each

observer is asked to look at the signals and give some kind of rating ‘
corresponding to his or her impression of how effective the signals

would prove to be in actual use, Several variations are possible, The

signals can be presented one at a time and the rating might then be

in the form of a number -- say, from 0 to 100 -- representing the observer's
subjective scale of effectiveness, Alternatively, the signals can be

presented in pairs, avd the rating might take the form of a simple

judgment as to which of the two signals being simultaneously judged

appears to be more effective. With the latter procedure, the numerical ratings
of effectiveness for each signal would be derived by established |

statistical techniques [see, for example, Guilford (1954)1].
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When the comparison is specifically of the conspicuities of emergency-
vehicle warning lights, it would obvibusly be important to present the
lights with viewing conditions as comparable as possible to the conditions

’under which real lights are seen on the road, Thus the lights should be
viewed from a distance giving the test lights an angular size at the
observer's eye comparable to the angle subtended by a typical commercial
unit at a distance long enough to allow a normal driver to take necessary
action in time, (Note thét an 8-inch dome seen at 382 feet subtends an
angle of 1/10 of a degree -- 6 minutes of arc,) There is little
importance in conspicuity ratings made from close up, because the practical
interest is in maximizing the probability of the signal's being noticed
at distances that will allow the emergency vehicle to move smoothly
through traffic,

Even more: important is the fact that, in this context, there-is
relatively little interest in direct (foveal) viewing of the signal
lights, because the difficult situation is attracting a driver's
attention when the signal-light image is coming from the rear-view
mirror, from the right side of the windshield, or through a side window.
It is not unusual for the center of the rear-view wmirror in a full-sized
American automobile to be 35° or 45° to the right of the driver's
straight-ahecad line of sight, and the right edge of the windshield

can be about 70° away.
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The basic format of a'comparison-within-pairs'experiment might
therefore involve having the observer fivate (steadily look at) a relatively .
unobtrusive target directly ahead, while the two lights to be compared
in conspicuity appear symmetrically perhaps 35° - 45° to the right and
left of the fixation target, The lights are thus separated from each
other by something on the order of 70° - 90°, As we have discussed in
earlier sections, an observer can see little detail 35° or 45° into the
periphery of his field of view, but some color discrimination and a good
deal of sengitivity to flicker and motion are retained, so that the
obgerver is quite capable, with a bit of practice, of focusing his
attention on the conspicuities of isolated lights very far from his
direct line of sight.

A final variable important in these conspicuity comparisons (see
Section £.3) is the background against which the signal lights appear. ‘
A black (dark) background is of some interest as an approximate
representation of conditions on low-traffic unlighted‘roads at night.
More ugeful is a background that is basically dark but which contains a
selection of "distraction' lights of various colors and intensities,
Ideally, the distraction lights should move and an occasional one or
more should flash on and oif, This background represents a city stxeet
at nigﬁt or a road with heavy'traffic. Perhaps the most critical test is
with a high-brightness background, corresponding to the condition of
driving in daylight or sunlight, which strongly interfere with the

noticeability ofyligh: signals. - -
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Recently, a laboratory experiment of the direct-rating 'paired"
comparison type was carried out by Edwards (1971); Edwards explored the
relative conspicuities of lights having different combinations of flash
rate and on-off ratio, The viewing conditions were not ideal from the
point of view of emergency-vehicle warning lights because each light of
the pair being compared was only 2°50' to the side of the fixation point,
The Edwards study does establish, however, the basic soundness of the
methed,

Any method of testing conspicuity éther than collecting real-1life
statistics involves some assumptions relating the measure used experimentally
to the kind of conspicuity that operates in the practical situation.

The direct-rating method involves the rather strong assumption that an
observer examining lights in a static viewing situation can correctly
estimate from what he sees the degree to which the different lights would
be able to attract his attention if he were not expecting their appearance
and was concentrating on other matters (that is, if he were driving a car).
If it could be established that this assumption is realistic, then
confidence in direct-rating studies would be justified. 4It*would
consequently be desirable ﬁo show a high correlation between direct
ratings and other measures of conspicuity that are more objective or
;1osef to ?te real-lifevsituation. >TQO such measures are discussed in

(b) and '(c) below. Exploration of the latter two measures will require a
relatively long-term experimental program, In the absence of ample
resources of time and funds, method (a) appears to be the procedure of

-
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(b)Y Eye movements, There now exist devices, known as "eye~movement

recorders,' that can make an accurate record of the positions of both of ‘
an observer's eyes over a period of time, Suppose an observer is fixating

a foveal tarpet and comparing the conspicuities of two lights located

in symmetrical positions in the periphery, as described in (a) above,

The observer is trying to fixate the foveal target rigidly, but there will
{nevitably be swmall involuntary movements of his eyes to one side or the

other of the fixation point. An eye movement recorder sufficiently

gengitive to pick up the small involuntary eye excursions might well show

that, for two particular lights, the observer's gaze has a significant

tendency to start to move slightly toward one light more than toward the

other, It would be necessary to show that the same tendency was retained

when the two lights were interchanged left for right, since the tendency

for the eyes to move to one side could be a positional bias of the ‘
| obgerver rather than a genuine preferential attractioﬁ\toward one of the

Tighta, The same precaution is necessary in a direct-rating experiment

or any other procedure involving comparisons within pairs., (Such procedures

are known in the jargoun of experimental psychology as paired comparisons

or pair comparisons,)
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Another precaution that is desirable in studying eye movements
with two flashing lights present simultaneously is to avoid having one
1igﬁt consistently flash before the other, since the eyes may tend to
turn toward the earlier light, rather than the more conspicuous one, The
only sure solution, where feasible, is to synchronize the lights to flash
simultaneously, If the lights have differernt flash ratas that cannot
be adjusted, it may be possible to average out the effect of flash
ordering by simply running the eye-movement recorder for a long enough
time. It must first be established, however, that in a long series of
flashes of the particular lights being compared, each light flashes first
very nearly half the time, regardless of the times of occurrence of the
initial flashes when the units are turned on, Even when unbalanced flash
ordering cannot be avoided, the eye-movement method could still prove
informative if it turns out that the average magnitudes -~ not gimply
the frequencies ~- of involuntary eye movements are related to conspiduity.

The basic assumption of an eye-movement study is that if an observer
is paying attention to the stimuli of the experiment (see Sectioﬁ 5.1),
his gaze is drawn more strongly toward a more conspicuous light, This
is an assumption that many people would consider less risky than the
assumption underlying the direct-rating approach [see (a) abovel. It
would not be unreasonable, therefore, to use eye-movement recording as
a method for validating, at least partially, the direct-rating procedure.
Fortunately, since the experimental arrangements are the same, it is easy
to combine the two procedures; the eye movements are recorded while the

observer considers which light to rate more conspicuous.



A congiderable amount of preliminary work would probably be necessary
in order to make the eye-movement method practical, We know of no . ‘
experiments applying eye-movement recording to the specific problem of
signal-light conspicuity., An important element of the preliminary work
would be finding a suitable measure, derivable from the recordings, that
correlates well with gross differences in conspicuity (that is, conspicuity
differences go obvious as not to require assessment through another type
of experiment), TFor example, it might be that the fraction of the time
that the obserﬁcr's gaze lies on one side of the fixation point is a
better or a4 worse meagure than the average size of the eye excursious
in that direction, Tt might even be found that rigid fixation is not
the best condition to we in studying eye movements., A simpler proceduré
would be to tell the observer to fixate only before the’test lights
appear and then to look freely back and forth at both lights as soon ‘
as they come on. It might turn out that the light toward which the observer
firgt turns his gaze is, with high probability, the more conspicuous,

Tt could conceivably be found that some aspect of the eye-movement
statistiecs measured when only one light was presented at a time (still
peripherally, of course) would correlate better with obvioqs differences

in conspicuity than any measure obtainable with paired presentation,
Finally, it could unfortunately turn out that no eye-movement measure

at all could be found that had any significant association with differences

in congpicuity, but that result seems unlikely,



Both the eye-movement method, if it proves feasible, and also the
direct-rating method, are applicable either to the testing of actual
commercial warning-light units, or to simulated laboratory displays.

There might be occasions when the effectiveness of commercial units isg of
specific interest., For example, a police or fire department contemplating
the purchase of new warning-light units would undoubtedly like to see

a graph showing some reliable measure of effectiveness as a functiqn

of the’selling price of the unit,; for ali'units on the market, However,

if the factors determining conspicuity are ever to be explored quantitatively
in such a way that the conspicuity of a unit will be accurately predictable
from physical measurements made on it, it will be necessary to use
simplified, fully controllable lights in the laboratory, The building of

a quantitative .predictive model for conspicuity will require the use of
equipment permitting wvariation of each of the relevant variables

separately over‘a considerable range of values, and such control is not

available when only commercial units are studied.

(c) Reaction time, In studies based on reaction time, a signal light
is turned on at randomly chosen moments, and the time that the observer
consumes in reacting to the signal -~ that ig, carrying out the required
response -- is measured, This procedure is not well suited to comparisons
between lights presented siﬁultaneously in pairs, but proyides an
absolute measure for lights presented one at a time, The lights should
still be presented peripherally, and each light should be presented at
least twice: once to the left of the fixation point and once equally far
_to the right (preferably a number of times on each side), thus averaging
out any tendency the observer may have toward greater sensitivity on
~one side or the other, With flashing lights, the reaction time
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ghould be measured from the moment the first flash occurs, not the

moment that the "on" button is pressed,

When a single light is presented at a location known to the experimental

subject, and a single reaction is always expected, and there are no
distracting stimuli deliberately introduced, then the situation is
referred to as a simple reaction time study,., Reaction times are minimal
under thesge conditions; for lights, the times are typically in the
neighborhood of 1/5 of a second forreasonably bright lights viewed
foveally. Thus, very accurate measurement of time is necessary in a
reaction time study. An electric clock capable of measuring to the
pearest millisecond (thousandth of a second) is desirable,

It is impossible to measure simple reaction times to low-frequency
flashing lights, because the subject reacts to the onset of the first
flagh and the second flash occurs tbo late to affect the outcome, The
solution is to abandon simple reaction time and to go instead to

disijunctive (also known as discriminative or choice) reaction time, in

which the subject does mot know which of several stimuli will occur on
each presentation, and must make a different response depending on which
stimulus appears. Other complications can be introduced, such as
distracting stimuli and randomization of the place as well as the time of
appearance of the stimuli, As described in Section 8.3, Gerathewohl

(1953, 1957) and Crawford (1962, 1963) studied the reaction times to

steady and flashing lights with this sort of complex experimental procedure,

and Gerathewohl refers to the method by the name ''complex reaction time,"

With sufficiently complicated patterns of background lights and ongoing
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demands on the observer's attention, reaction times of several full
seconds were achieved by these experimenters, so that the later flashes
of the flashing stimulus lights had a chance to affect the observer's
reaction,

Although considerébly simplified, the type of experimental configura-
tions used by Gerathewohl and by Crawford have an obvious resemblance to
the real-life situation, There are still assumptions involved in
extrapolating their results to the real situation, however, Their
patterns of background lights were much simpler than the background seen
on the road; in particular, no "flowing past" motion was simulated,
Moreover, the observers knew they were experimental subjects and were
braced for the regular appearance of stimulus lights at random, but
relatively brief, intervals of time, The practical emergency-vehicle
warning-light situation involves the unexpected appearance of the warning
light at time intervals that may run to hours or even days.

With enough time and money, the real-life situation can be simulated
even more closely than Gerathewohl and Crawford represented it, The
subjects can be seated in a driver trainer or even a real automobile,
surrounded by optical equipment capable of presgenting lights that flow
past, as when a car is in motion on a road, The visual scene can be
made to change in response to the subject's manipulation of the steering
wheel, brake, and accelerator, The subject can be left in the.experimental
situation for hours, with random appearances of dynamically changing
("approaching") warning lights at intervals of minutes rather than sekondé.

Unfortunately, the cost of a highly realistic dynamic vehicle simulator

£l
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can be extremely high., Some such devices exist, but they were primarily
consstructed for special training purposes and would not be likely to be
releagsed for research on warning-light conspicuity, It may be a long
time, therefore, before any experimenker goes very much beyond

Gerathewohl and Crawford in achieving realism.
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10, PHYSICAL CHARACTERIZATION OF LIGHTS AND LIGHT SIGNALS

10,1, Physical Measures, Conspicuity, and Standards
for Warning Lights

The ultimate purpoge of the research effort of which this report
is @ part is to propose standards for emergenéy-vehicle warning lights
that will assure that lights meeting the standards will have a certain
minimum level of conspicuity. A relatively traditional approach to
deriving such standards would be to test a variety of lights for
conspicuity, and also to measure all the relevant physical values
characterizing the outputs of the lights. From an analysis of such
data, the hope is that those physical asvnects of the light signal

that affect conspicuity can be identified, and a function of all these

variables derived such that it correlates highly with conspicuity,
In other words, we would like to learn how to quantitatively describe
and then predict conspicuity from a knowledgé of the purely physical

characteristics of a light.

A standard for warning lights derived on the basis of physical
measurements would be phrased in terms of permissible limits on each of
the relevant variables, ' For example, the intensity would be required
to be above some minimum level for conspicuity purposes, and below some
maximum level for the purpose of preventing damage to the eyes of nearby

observers, Such a physical performance standard would similarly impose

upper aand/or lower limits on the flash rate, the flash duratién, and other
instrumentally measurable aspects of the output of the light units, In

former times, these physical requireménts might have been translated into

-
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specific restrictions on hardware; that is, detailed specifications of
light sources, lenses, domes, circuitry, mounting brackets, etc, Today
it is becoming increasingly accepted that performance’ standards --
indicating the functions that the device must perform, but not how

the performance is to be achieved ~- are degirable because such
standards encourage the continuing development of new technology. A
complete physical performance standard for warning lights might

include not only limiting values for the basic parameters of the light
signal, but also minimum requirements for the service life of the device
-~ of whatever kind -- and for its ability to function under adverse
environmental conditions, such as temperature and humidity extremes,
precipitation, and perhaps the presence 6f atmospheric pollutants such
as dust, sand, and salt,

A still more performance-oriented approach to writing a standard

for signal lights is possible, and, from some points of view, preferable.

This is the specification of a perceptual performance standard, in which

we indicate the ultimate function we expect the light units to perform,
and how well we demand that the units perform this function, The
physical means used to achieve the required level of performance are
not mentioned in such a standard; any configuration of lights that
meets the behavioral criterion is acceptable. The primary function

we are interested in having the lights perform is,; of course,
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attracting attention; more specifically, being conspicuous when seen
away from the direct line of gaze -- that is, in peripheral vision.
A highly simplified example of how a perceptual performance standard for

warning lights might be phrased is as follows:

An emergency-vehicle warning light, viewed at a
distance of 1000 feet, must be visible at least 60° into
the periphe;y of the (binocular) visual field by 85 percent
or more of licensed drivers, An intermittent light shall be

deemed 'visible' when each individual flash can be perceived,

NOTE THAT THE ABOVE SAMPLE STANDARD IS A SIMPLIFIED EXAMPLE ONLY

AND IS NOT BEING PROPOSED AS AN ACTUAL PERFORMANCE STANDARD FOR LIGHTS.

The specific numerical values used in the above sample standard
may be reasonably appropriate, but should not be taken too seriously,

Moreover, a complete perceptual performance standard would have to spell

-out a number of additional requirements, such as the viewing conditions

under which the visibility test is to be conducted (night or day,

against what background, etc.); the procedure to be used; how large

a group of observers is demanded; how they should be sglected; and so

on. _(The number and type of observers selected must be such as to assure
with high probability that the test group is representative of all the
licensed drivers in the jurisdiction concerned; the problem is similar

to choosing the sample for poll-taking,)
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The sample standard on the preceding page is an indirect perceptu?1
per formance standard; that is, a type and level of performance are
demanded that are tnot iﬁ themselves the end result desired, but which are
thought to guarantee that end’result. What is really desired in an
emergency-vehicle warning light is that it bé noticed sufficiently soon by
some specified fraction of drivers when it appears in the rearview mirror,
or off to the side, during a time when the driver is in a traffic situation

requiring a specified high level of attention in the forward direction. The

development of a direct perceptual perfermance standard would involve
creating a driving simulator that permitfed a standardized test to be run
that closely approximated the conditions just described,

The use of a standard based on physical variables involves the
tacit assumption that the dependence of the ultimate perceptual variable
(such as conspicuity) on the physical variables, separately and in .
combination, is understood well enough so that no substantial improvement
in perceptual performance could be achieved (within the restrictions of
safety) by going outside the specified limiting ranges of the physical
variables, Thus-a very substantial body of psychophysical experimentation
is presupposed. On the other hand, the use of a perceptual standard
presupposes only that a practical and acceptably accurate technique for
measuring performance in the criterion perceptual variable has been
developed, Even where recourse is had to an indirect perceptual standard,
such as the one exhibited above, a similar assumption is implicit, because
unless the ultimate criterion variable (conspicuity) can Ee measured, it

cannot be established that some simpler perceptual variable (peripheral



visibility) correlates highiy with it., The measuring technique for
conspicuity could, however, be elaborate and expensive, in the case of an
indirect standard, since the technique would be used only in research

and not on a routine production basis; the indirect test must then be

the practical one,

It should be noted that although a perceptual ﬁerformance standaxrd for
only the conspicuity of lights might prove feasible, a complete standard
for emergency-vehicle warning ligh:. would probably still be expected to place
restrictions on the service life and harsh-environment performance of the
physical device, even though the standard did not otherwise discuss the device.
Moreover, if the lights were to serve secoundary functions beyond the
primary function of attracting attention == such as identifying the
vehicle type or indicating the action expected of the target drivers --
some arbitrary physical codings might then have to be written into the
standard, such as requiring the light to be red on a fire engine, or
to have greater intensity in the forward direction than to the
rear or sides., A pure perceptual performance standard is therefore
not realistic; the question is whether some items of perceptual
performance should be mixed in with the physical performance requirements,
No recommendations concerniné standards will be made in this report;
the purpose of this section is to call attention to some possible

alternative approaches.
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10.2, Angular Inteasity Distribution

& orar of the osrdinary variety, viewed from far away, is a source of ‘
light thot ip egnentially vniform, te within a practical margin of
negnraey; that {6, the intensity of thé light is the same regardless of
the divection in which the obagerver is lacatéd relative to the center of
thee ntor, Ezeept perbaps ag an expensive and impractical stunt, no
artificial souree of light can posisess this degree of unifcrmity.‘
Thun, an fncandeseent lamp obviously delivers less light directly below
ftn opague bage than in other directions, and fluorescent lamps, gas glow
tubes, cutehes, berosene lanterng, sateral gas mantles, and other sources
audfer frem sintlar non~unitormitics, caused mainly by the necessities
for physical support and for delivery of energy to the actual luminous
elemnt, The nan*uni{mrmizy is often not thought of as undesirable, and
in vany situatfons -= such ag those in which spotlights or floodlights .
ayv uocd == the concentration of the light output in a limited range of
directiony o ponitively desirable,

For any light souree, a complete Specificaticn of the intensities
in 21l diyveettonn from the center of the source is referred to as the

tatenstty dintritation, Sinee the directions from the center are usually

Bienfiis

gpercificd by a poir of angles measured from two reference directions (such as
latitude and lenpitude on the surface of the earth), the more specific

phrgee do gppudar intensity distribution. Because intensity is a concept

applicabtle ro o polat gource, the observer -- or, actuslly, the
photuviectric weaguring device gaed by the observer -- must be carried
far enough avay from the lomp so that the lamp is effectively

8 point goures at thy "wiewing" distance uged, The quantity measured

‘

{0



directly by an ordinary photocell is flux: the light power striking

the photosensitive surface. Since the area of the phoéocell's recelving
aperture is fixed, the flux deteeted‘ig proportional to the illuminance
(flux per unit area) of the usable photésurface. -The inverse square

law of illumination states that the illuminance of a surface produged by
a poinﬁ source is inversely proportional to the square of the distance
from the source to the surface. Thus, wheﬁ the intensity of a point
soufce)is determined by measuring illuminance, the distance from the
source to the receiving surface must be known. Moreover, when the
intensities of a source in different directions are compared by measuring
the illuminances produced by the source on receiving surfaces located in
those directions, it is convenient to keép the distance from the source
to the receiving surface the same in each of those directions, so that
no correction of the illuminance values for viewing distance is
necessary, Ideally, then, the photocell used to measure the intensity
distribution of a light source would be carried around to different
positions on the surface of a sphere centered at the source., In
practice, it is easier -- and fully equivalent -~ to leave the

photocell and source in fixed positions and to vary the direction of

view by rotating the source around its own center point,

'~D§&
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In thewe measurorents, the line joining the center of the light
wamrer tu the center of the active area of the shotoswnsitive surface 42’
Ji

tu rederted 1o a9 the ghatemetrie azin, The light source is mounted in an

froreecoat, culled o pontereter, that allows the source to be independently
porared abeout two yvrﬁen&ignlai gxes, and that permits accurate measurement
af theae augles of vatation, (The prefix "gonio-" is Greek for "angle".)
trndscety s cvananyerents are made in tha following way. 1In most measurements,
the larp fn initially aimed directly along the photometric axis; tha: is,

e u%%ﬂ o4 the balh 45 alined with the photometric axis, which is

poyeal iy apprendcately hovizontal (parallel to the floor), This is the
eiegeie o pendtson (97, 0%y, the primary axis of rotation of the

pontocs ey peyndts up and down tilting of the lamp (corresponding

inocome inatrwssats o latitude angle or elevation angle), and the
recandary axis permnlts sideways swings (corresponding to longitude .
anple or agimath ansle),  The procedure normally ig to set the vertical
("intitade™ anple to seme fixed value, and then to rotate the lamp
herigentally throueh a serics of "longitude' angles, making measurements
#t vorly of these positions, When that series of measurements, called a
Iroyerae, in completed, the poniometer is tilted up or down to a new
"atitude” getting, ond another traverse is carried out, I1f the

readings in vaeh traverse are made at the same fixed set of horizontal
{longltude) angles, the complete results can be represented in the form
of a4 matrix (o rectangular array of aumbers), in‘which‘each row represents

# wortical angle sotting, and eoch column a horizontal angle setting; this

in knewn as an (aagular) intensity distribotion matrix.



Since the interest in the case of a signal light is normally in
luminous (visible) rather than radiant (physical) intensity (see Section 6,2),
the photocell used hag a filter in front of it having a spectral transmittance
curve designed to make the spectral response of the filter-photocell
combination closely match the CIE luminous efficiency function, The
readings are thus automatically corrected for the (standardized)
sensitivity of the"human eye to light. The readings obtained from the
photocell output constitute a s;t of relative intensity values., If
absolute intensities in candelas are desired, the system must be calibrated
by réplacing the test lamp by a special standard lamp of known luminous
intensity. Chépter 12 is an appendix-describing in detail the equipment
and the measurement and calibfation prdcedures used Qt.}he'Naticnal
Bufeau of Standards for determinations of angular intensity distribution.

’The measurements described above apply to steady-burging lights.
When the 1light of .interest flashes on and off, as many warning lights do,
the intensity in any direction varies cyclically as a function of time,
However, it is convenient to be able to specify a single number to represent

an equivalent fixed intensity for a flashing light in a given direction.

The'quantity most commonly used for this purpose is the so~called

effective intensity, discussed in detail in Section 10,6, Essentially,

the effective intensity assigned to a flashing light is meant to
represent the actual intensity of a steady light that has the same

visual range; that is, that can just barely be seen at the same distance,

The intensity distribution matrix for a flashing light can then be

specified in terms of effective intensities.



The two mogt significant traverses made in determining the angular
intensity distribution of a light are the horizontal traverse at 0° ‘
vertical position, which indicates how the intensity varies when the
dircetion of observation is moved off axis sideways only; and the vertical
traverse at 0° horizontal position, which indicates how the intensity

varies when the dircetion of observation is moved off axis in only the

~up-down gense. References to the 'horizontal intemsity distribution”

“of a light denote a curve representing the first type of traverse; and

"'vertical intensity distribution'" refers to a curve representing the

gecond type of traverse,
(a8) Incandescent Lamps

Fig. 10.2-1 shows the horizontal and vertical intensity distributions
of an Iincandescent scaled-beam floodlamp., Such lamps have parabolic .
yefleetors built into the rear of the bulb, and are also known as PAR.
lamps for this recason. The front face of the bulb may also have a built-in
{fresnel lens to further concentrate, or spread out, or redistribute the
1ipht keam, The intensity values in Fig. 10.2-1 are not absolute -- that

ig, are not given in candelas or other units of luminous intensity -- but are

relative values determined by taking the peak intensity of the
hoxizontal distribution as unityv(l.O). There is frequently little
intercst in the faint intensities that exist at angles far from the
Eﬁam axris, s0 curves of this sort arée often not carried all the way
down to zero intensity. It is clear from the figure that the useful
gpread of the beam (the beamspread) in the horizontal direction is

broader than the vertical spread., It is convenient to be able to refer

I
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Variation of the light intensity from a sealed beam floodlamp
as a Ifunction of direction, The curves are examples of
horizontal and vertical angular intensity distributions,
Intensity values on both curves are normalized relative
to the maximum value in the horizontal plane (taken as unity).
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to the useful beamspread in quantitative terms, and the most common
convention concerning the end of the useful core of the beam is that the

points at which the intensity has dropped off to one-tenth (10 percent) of

the peak intensity delimit the edges of the portion of the beam in
which there is practical interest, (This is the definition used by the
Society of Automotive Engineers -- the SAE,)
Since the peak of the horizontal distribution in Fig. 10,2-1 is

set at 1,0, the beamspread is determined by the angle range within
which the intensity is greater than 0,1, according to the 10%-point
convention., For this lamp, the sﬁape of the horizontal distribution curve

is ‘quite symmetrical about the beam_axis,yand the 10-percent points
aré at about *#35°, Thus the ﬁorizontal beamspread is approximately 70°.
This svmmetry of intensity distribution curves is quite common, but
small deviations from symmetry are not unusual, and, in fact, can b%
.seen to exist in the vertical distribution curve in Fig, 10.2-1, TFrom
‘that curve it can be seen that the peak of the vertical distribution
i;slightly above the direction taken as the center of the beam (0°),

and also that the intensity at the vertical peak is slightly higher than
the intensity at the horizontal peak. Both of these features result
simply from the common circumstance that in doing the distribution
meas&fements, the divection taken as the axis of the bulb or the

beam (06,0°) did not happen to coincide preciéeIY‘with the direction

in which the intensity of the beam is maximum. The 0°,0° direction



is the only direction includedlin botﬂ of the traverses determining
the horizontal and vertical intensity distribptions, so that the two
distributions must always show the same intensity at 0°, If, in addition,
the true peak of the beam's intensity were exactly in the 0°,0° direction,
both the horizontal and vertical distributions would have tﬁeir (equal)
peaks at 0°,

The Horizoﬁtal line represenﬁing the 10-percent~of-~peak intensity
for the vertical distribution in Fig,.10.2-1 should be a bit higher than
the line used for the horizontal distribution, but for rough estimation
there is little difference, so we note that the points‘at whigh‘the line
at intensity 0.1 cuts the vertical distribution curve lie at about
-20° and at -+21° or +22°, The total beamspread of the slightly
asymmetrical vertical distribution is thus about 41° or 42°, A beamspread
on the order of 70° horizontai by 40° vertical is not unreasonable
for a floodlamp that is meant to provide general illumination over a broad
but limited area, but much narrower beams are appropriate for use in
emergency~vehicle warning units. The most typical PAR lamp (PAR-36,
##4416) used in such signaling units has a beamspread ofvonly 4,5° horizontal

by 11° vertical.
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(&) Gaseous Discharge Lamps

Another type of ligi:t source used in some kinds of emergency-
vehicle warning units is the gaseous discharge lamp.  Fig,10,2-2 shows
the horizontal and vertical distributions of effective intensity for a
common type of flash lamp containing xenon gas. Such lamps cannot
be operated continuously, but afe flashed at regular intervals, so
that the intensities specified in the distributions are "effective"
and not actual, As in Fig,10,2-1, the intensities are relative, and are
normalized to the ﬁeak of the horizontal distribution as 1.0. For
the flash lamp that yielded the measurements in Fig, 10,2-2, the
beamgpread both horizontally and vertically is in the neighborhood
of 40°, The two distributions are very nearly the same, with the
vertical beamspread being a few degrees wider than the horizontal.
Unlike the continuously operating incandescent lamp on which .
Fig.10.2-1 is based, thé flash lamp characterized by Fig.10.2-2 does not
have a single direction of maximum intensity, with a smooth dropoff from
the peak in all directions. Instead, the curve exhibits "structure"
around the beam axis; that is, there are significant variations of
intensity in the immediate neighborhood of the axis. Although these
variations aré rather irregular, the fact that both distributions have
approximately equal peaks about 8° or 9° on either side of the axis
suggests that the peak intensities of the overall angular distribution
lie oﬁ an approximately circular ring surrounding the center of the beaﬁ

about 8° or 9° out,
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"EFFECTIVE INTENSITY

HORIZONTAL
- - ———— VERTICAL

Variation of the effective (Blondel-Rey-Douglas) intensity

- of the light pulses from a xenon flash lamp as a function

of direction, The curves are examples of horizontal and
vertical angular (effective) intensity distributions, The
effective intensity values on both curves are normalized
relative to the maximum value in the horizontal plane
(taken as unity),’ :
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The lamp on which Pig,10,.2-2 is based is a sealed-beam flash
unit of the generzal type shown on the ends of the bar in Fig. 3.5e.
The center lamp in that figure is a 360° gaseous-discharge source for which
the horizontal distribution curve would be approximately at a‘constant
level all the way'across -~ that is, from -180° all the way around to
+180° (the two angles *180° denoting the same direction -- namely,
directly backward),

(c) Notation

In graphical or tabular presentations of angular intensity distributions,
angles on one side of the beam axis (0°) are regarded as positive, and
on the other side as megative, both in the horizontal and vertical
directions. WNormally, up and right are‘taken'as the positive directions,
with down and left taken as negative. There is, of course, an ambiguity

regarding which direction should be regarded as right and which as left,

A viewpoint could be adopted corresponding either to that of an observer

looking at the lamp from a pecimt along the beam axis, or to

the reversed viewpoint of an observer located behind the lamp, looking

out along the beam in the opposite direction, It is the latter convention
that is customarily adopted; one might call it the user's viewpoint, as
exemplif}ed by the driver of an automobile looking out at the pattern

of intensity made by his headlights on a wall in front of the vehicle,



The SAE, and many of the police and traffic codes based on SAE
practice, observe thié same directional convention but use a different
notation for the four primary directions. In SAE tefminology, U denotes
up, D denotes down, L denotes left, and R denotes right, A direction
that is neither upward nor downward is denoted H for horizontal; and
a direction that is neither leftward nor rightward is denoted V for
vertical (that is, lying along the vertical axis of the beam's.cross-
section). 'Thus in most automotive lighting literature, the direction
that would be referred to in a photometry laboratory as -3° vertical,
~ =2° horizontal, is denoted 3D-2L, and the direction 0°,0° (the beam axis)
is denoted H~-V, TFig. 10,2-3 illustrates the two systems of notation, with
the SAE notation given in parentheses, Contrary to the convention in
pure mathematics, the vertical coordinate is usually given first in
goniophotometric (angular-intensity) specifications, presumably because
of the procedural primacy of the vertical angular setting, as described
earlier in this section.

10.3. Flash Rate

Many emergency~vehicle warning-light units produce a regular series
of identical flashes, with a constant time interval between flashes,
Other unité produce more complicated patterns, such as regularly
spaced flashes of two alternating types, which often differ in color
and intensity and sometimes in other characteristies such as location
or duration, We will confine attention here to the simple type of unit

with regularly repeating identical flashes,
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distributions,

photometric work; the lower notation is common in automotive

In both systems, the vertical coordinate is

The symbol in the middle of each, SAE notation is
not a minus sign, but a dash, which is sometimes replaced by a

_ double dash, blank space, or some combination of spaces and

The directions are not as seen by an observer’ looking

at the light source, but as seen by an observer behind "the

applications (SAE),
given first,

dashes.

'source looking at a wall illuminated by the light beam.
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Notation of angular directions in the specification of intensity
The upper notation is that used in general



The flash rate for such a light is the number of flashes that
occur within some specified interval of time., The most convenient
units for expressing the flash rate of warning lights is the number
of flashes per minute (fpm)., The Society of Automotive Engineers
(S8AE) recommends rates between 60 and 120 fpm (SAE Standard J595b).
A flash rate is, of course, a special case of a frequency, for which the
internationally acggpted (S8I) unit is the hextz (Hz), formerly referred

to as the cycle per second. The rates of 60-120 fpm correspond to 1-2 Hz,

For flésh rates in the rather slow range indicated above, it is possible
to time the interval between two successive flashes with considerable
accuracy, by means of electronic timing circuitry acting on the output
pulses of a photocell exposed to the flashes, This is the method of
choice when high accuracy is important, For many practical purposes,
however, a good stopwatch is accurate enough. All fhat is necessary
is to measure the time required for a substantial number of complete
flash cyclesg, and then to divide the number of cycles counted by the
total time, to obtain the mean flash rate, TFor example, if a light is
flashing at 90 fpm, the time between flashes (the period of the light)
is 2/3 sec, To time =-- let us say -- 30 flash cycles will then require
measuring a time interval of 20 seconds, If the stopwatch can be used
to an accuracy of 1/10 sec, the 20-sec period, and the flash rate, can
thus be measured to within 1/2 percent., An incorrect elapsed time of

19.9 sec or 20,1 sec for the 30 flash cycles will lead to respective
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flash rate estimates of 90.45 fpm (1.508 Hz) or 89.55 fpm (1.493 Hz)
instead of the correct value of 90,00 fpm (1.500 Hz). ©Note that in order
to time 30 inter-flash periods, with the starting point taken as the
moment of the peak of one flash, 31 flashes must be obsérved. The
simplest technique is to start the stopwatch as a flash occurs,
counting that flash as number 0, and to étop the watch as flash
number 30 occurs. |

Counting the number of flashes within a fixed period of time, as
opposed to measuring the amount of time for a fixed number of flashes,
is a significantly less accurate technique and should be resorted to
only when a stopwatch is not available and a rough estimate is
satisfactory, The source of the difficulty is that the count of flashes
changes by whole units only. The count within a specified interval
of time for a particular flashing light may vary by 1, on repeated
attempts, depending upon where in the flash ecycle the timing period‘
is started on each occasion. Conversely, lights flashing at somewhat
different rates can produce the same count within a particular interval
of time, if the time interval begins at suitable, different points

a
!

(phages) within the respective flash cycles.
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As a numerical example, consider a light with an inter-flash period .
of 0,6453 sec,  The flash rate of this light is 92,98 fpm (1.550 Hz).
Assume the clock is started for a 20-second timing period and the first
flash occurs 0,6421 sec later, the preceding flash having‘been just missed,
by 0.0032 sec, The 30th flash will then occur 19.3558 sec
(= 0.6421 + 29 x 0,.6453) into the timing period and will be counted, but
the 31st flash will be just after the end of the timing period, at
20,0011 sec (= 0.6421-+ 30 x 0.6453), and will not be counted.
On the other hand, consider a light with a longer period of 0.6896 sec.
This light has a fla;h rate of onlf 87,01 fpm (1.450 Hz). Assume the
clock 1ls started for a 20-second timing period and the first flash
occurs only 0,0013 sec later. 1In this c;se, the 30th flash occurs
just inside the timing period, at an elapsed time of .
19.9997 see (= 0.0013 4 29 x 0.6896)., Both lights have produced a
count of 30 flashes within a périod of 20 seconds, and both would be
taken, on the basis of the measurement, to have equal flash rates of
90 fpm (1.5 Hz). Since the actual flash rates are 3 fpm off above and
below this measured rate, it is seen that the error can be. as much as 3 1/3
percent when, as here, the worst possible cases occur, even with absolute

accuracy in both the timing and counting.
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It can be shown in general that if the number of flashes
counted during a fixed interval of time is n, the flash rate calculated
(as' n divided by the length of the time interval) car/, in the worst

e ¢
cases, be off by the percentage 100/n, This resuyﬁ'is independent of

the time interval used, In the numerical example'given above, n was

30, so the 100/n formula gives a maximum percent error of 3 1/3,
coinciding‘with the result exhibited., Obviously, the accuracy of the
measurement can be increased by making n larger. For a given light;
this is accomplished by extending the timing period appropriately,
Similarly, when the method involving measuring the time for a fixed
number of flash cycles is\used, the accurécy can be improved by
lengthening the timing period, a result aéhievable for a given light

by appropriately extending the number of flash cycles. Both measurement
procedures are subject to errors in the watch accuracy and in the
performance of the human timer (who in one case must synchronize his
pushing of the stopwatch button with a light flash, and in the other must
decide whether a flash occurred inside or outside the timing interval),

but only the flash~count-for-£fixed-time procedure is subject additiomnally

£o the uncertainty due to phase described above.
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10.4. Temporal Pulse Shape and Flash Duration

(a)- Flashed Incandescent Lamps

No light source can turn on literally instantaneously; or turn
off instantaneously., The filament of an incandescent lamp that is
electrically flashed on and off has to heat up from a relatively low
temperature (well above the ambient temperature, after the first few
flashes) to white heat (about 3000K or 4700°F), and when turned off,
has to cool down to the lower temperature again., These thé;maivprocesses,

known as ingandescence and nigrescence respectively, require time,

on the order of a tenth of a second, Fig.10.4-1 illustrates the
typical time course (variation o% intensity with time) of the light
pulse from a flashed incandescent lamp, The phrase 'pulse shape' is
often used to refer to the form of the curve representing the temporal
variation, and does not connote the geometric shape of the light source

or light beam,

(b) Gaseous Disrharge Lamps

In gaseous discharge lamps, on the other hand, there is no solid
element being heated and cooled. The applied surge of voltage serves
to prgpagate a wave of ionization across the gas in the tube, permitting
the pulse of current to flow across the resultant plasma arc, thus
exciting the ionized gas into emitting visible light. Current can flow
at nearly the speed of light, which is approximately one foot per
nanosecond (billionth of a second), and both the initial ionization
process and the decay of the excitation of the gas once all current
flow has stopped, are comparably rapid. Since the on and off processes

consume negligible time (for most practical purposeé), the
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0.4-1. Example of time variation of light intensity from an
. incandescent lamp flashed on and off by current interruption,
The intensity values on this curve are normalized relative
to the maximum value (taken as urity), which occurs at the
moment the current is shut off,
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duration of the light pulse emitted by a gaseous discharge lamp is
determined essentially by the duration of the pulse of electrical
current, By choosing suitable electrical circuitry (including, for
example, a choke or self-inductor), the duration of the light flash from
ordinary dischafge lamps of the type used in warning signals can be

varied from the order of microseconds (millionths of a second)

up to the order of milliseconds (thousandths of a second). The total

energy in the emitted light pulse is determined by (but is of course

less than) the total energy in the electrical pulse, which is usually
generated by charging up a large capacitor (condenser) and then
permitting all the stored energy to discharge suddenly., It can be seen,
therefore, that the longer the time over which the discharge of a given
quantity of electrical energy is spread, the lower will be the rate

of electrical current flow during the discharge, and hence the lower

will be the instantaneous intensity of the light during the course of the
light flash. Fig.10,4-2 illustrates a typical puise shape for the flash
of a discharge lamp,

(c¢) Rotating Incandescent Lamps

The third common method of producing emergency warning'flashes is
rotafion, either of one br more lamps around a central point, or of one
or more mirrors or lenses around a stationary lamp in the center. In
such devices, the intensity of the beam rises smoothly as the mowving
component rotates toward the observer's line of view, reaches a
maximum when the moving component is pointed directly at the observer,
and drops off smoOthly‘as the moving component rotates past the
observer's line of view, (See Fig, 10,4-3,) ‘The duration of the flash

produced by the rotating beam at the eye of the observer is a function
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of the angular spread of the beam and the rate at which the rotation
is. occurring., The duration of such flashes is typically in the range
of hundredths of a second.

In a unit producing fiashes by rotation, the curve indicéting
temporal pulse shape at an observation point on the axis of the beam
is identical to the horizontal angular intensity distribution, if the
scales of angle and time are suitably adjusted, The mathematical
details of the adjustment will be discussed in the next section (10,5),
but the basic fact of the equivalence ought to be intuitively clear
from a physical point: of view., The sweep of the beam paét the eye
of the observer is precisely a horizontal traverse in the context
of measuring the angular intensity distribution (Section 10,2), with the
observer's eye serving as the photosensitive device. As a particular
lamp rotates across the line of sight of the‘observer, he is
progressively exposed to successive angular directioné of the lamp's
output, and the changes in intensity over these different directions are
the source of the changes in intensity over time at the fixed position
of the observer's eye. The intensity of the lamp at its maximum value
in the time course of the pulse is the same as the maximum (on-axis)
intenéity of the stationary beam, since the instant when the intensity
of the flash is at its maximum is precisely the moment when. the lamp is‘
in the on-axis position with respect to the line of sight from the observer
to the unit, Fig, 10.4-3 shows a typical pulse shape for the common type
of incandescent lamp with a symmetrical angular intensity distribution

such as that shown in Fig, 10.2-1,
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(d) Measuring Instrumentation

In order to obtain graphs of the intensity of a light pulse as a
function of time, such as Figs. 10.4-1 to 10.4-3, it is necessary
to use both a photocell with a very rapid response capability, and a
recording device that can follow comparably rapid fluctuations in
electrical current. Any recorder using a mechanical arm bearing the
writing device is slowed by the inertia of the arm. A certain amount
of tiﬁe is required to accelerate or decelerate even the relatively
small mass of a recorder arm, and most ordinary "strip-chart' or "X-y"
recorders cannot follow extremely rapid signal variations., The
customary solution is to use an oscilloscope as the output devize,
An oscilloscope beam consists of electrons, which, because of their
almost negligible mass, can be electrically or electromagnetically
deflected with extreme rapidity. Ordinary oscilloscopes have
phosphors that decay quite rapidly; that is, the image remains on the
screen. for a very brief period of time, 1In order to capture a
permanent record of the trace on the oscilloscope screen corresponding
to the pulse shape of a light flash, the face of the screen is usually
photographed by a camera arranged so as to have its shutter open
during a time interval that includes the very brief period during which

the trace is on the screen,
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10,5, 1Interrelationships of Basic Variables
for Devices Employing Rotation

The most common type of rotational unit is that in which several
outward-facing lamps are'equally spaced around the periphery of a
rotating turntable, all at the same distance from the center of rotation,
The other type of rotational device, in which a vertically mounted
stationary central lamp has mirrors or lenses rotating symmetrically
around it, is optically equivalent to the rotating-lamp type, and can be
replaced conceptually by a rotating-lamp unit with suitably designed angular
iﬁtensity distributions for the lamps. The following analysis will he
phrased in terms of a rotating-lamp device,

Table 10.5-1 below lists the four quantities characterizing the
device as a whole, the symbols to be used here for those quantities,
and the customary units for specifying the.quantities" Tablel10.5-2
lists the same information for the two quantities characterizing the

individual rotating lamps, or the signal issuing from them,
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Table 10.5~-1. Quantities Charactarizing Rotatiomnal Warning-Ligﬁt

Devices
Abbreviated
Quantity Symbol Units? ' Units
Flash rate : @ flashes per minute "fl/min (fpm)
Number of lamps n [ flashes per revolution] fl/rev
Period of rotation T seconds [per revolution] sec/rev
Turntable speed W revolutions per minute rev/min (rpm)

4The units in brackets are usually regarded as dimensionless
and are customarily omitted,

Tablel0,5-2. Quantities Characterizing Individual Rotating Lamps

Abbreviated
Quantity Symbol Units® Units
Beamspread (Horizontal) o degrees [per flash] deg/fl
Flash Duration t seconds [per flashl] sec/fl

8The units in brackets are usually regarded as dimensionless and
are customarily omitted.
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With respect to the device variables of Table 10.5-1, three

equations give their interrelations:

rev _ se
reé} _ <;in, =~ 60 (?Té) .. (16.5-1)
£1N 2 fl rev , -2
o(Gm)-n (&) - @ ey ta0.5-2)

dCORMCM

The units of the quantities in these equations have been included

il

( ) (%Q (10, 5-3)

above in order to (a) stress that the numerical constants in the equations
apply only when the variables are measured in these particular units; and
(b) to prove the dimensional balance of the equations. Note that n,
the number of lamps on the turntable, woulé normally be considered a
dimensionless quantity, but this number is necessarily the same as the number
of flashes that hit a fixed observer during one revolution of the device:'&
The dimensional balance of the equations is clearly visible, as above, -
only if (a) n is given explicit units of fl/rev; and (b) the number
60 is identified as being a factor expressing the number of seconds in
a minute, | |

The units of beamspread, g, are usually given simply as degrees,

but again to make the dimensional balance of some equations evident,

the units are given in Table10,5-2 more precisely as degrees per flash.
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Three equations that relate the quantities of Tables 10.5-1 and 10,5-2

to each other are: . .
o] é%) T <Ii.e_.§.> = 360 <§_§.g.> t <SEC\ ao 5_4)
f1 ./ ° ev. rev/ * 1./ .
deg) . . /deg/rev rev [ ‘sec _
"(ng)‘é\sec ﬁ‘ﬁ)'“’ min/ « P\FT. (10.5-5)
degy ., n (Ll = “deg/rev\ ¢ (sec (£l -
© <ETE n'kxev 6 \Gea/min/ \FT / ° ¢ ‘{h)_ (10.5-6)

The number 360 in Eq. (10.5-4) is identified for dimensional
purposes as representing thewgumber of degrees in one complete
revolution; and the number 6 in Egs. (10.5-5) and (10.5-6) is the
result of dividing the constant 360 of Eq. (10.5-4) by the constant
60 of Eqs. (0.5-1) and (0.5-3), with the corresponding dimensions
preserved.

For convenient reference purposes, the six preceding equations,

| ®

which appear cluttered with the dimensions attached, are rewritten

without dimensions as follows:

TW= 60 ' (10.5-7)

¢ = mw (10.5-8)

¢ 1= 60n . (10.5-9)
L o.T = 360t (10.5-10)
o= &ut | (10.5-11)
cn= 6tp. | (10.5-12)

THE CONSTANTS IN THESE EQUATIONS ARE CORRECT ONLY IF THE UNITS USED
ARE AS GIVEN IN TABLES 10,5-1 and 10,5-2, WHERE THE SYMBOLS ARE ALSO DEFINED.
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These six equations permit convenient calculation of the values of
whichever of the basic variables one needs to determine, from the values
of whichever variabie; are known.

In order to demonstréte a little of the utility of Eqs, (105-7)

»to (10,5-12), let us suppose we are given a device containing lamps
each having a beamspread g equal to 6°., Then Eq. (0,5-11) tells us

immediately that

t = %. (¢ = 6°); @.5-13)

that is, for the particular beamspread ¢ = 6°, the duration of
each flash in seconds and the turntable 'speed in rpm are simply
reciprocals of each other (regardless of how many lamps are on the

turntable), Eq. (0.5-11) shows that for any beamspread, the relationship

is always one of inverse proportionality, the constant of the proportionality

being /6.

I1f we now assume further that the flash rate ¢ is 90 fpm, in
addition to the beaﬁspread g being 6°, then Eq., (105-12) reveals that

t = 0.011ln (o=6°, ¢=90 fpm); (9. 5-14)

that is, With the flash rate kept fixed, the duration of each flash~
is proportional to the number of lamps on the turntable (always), and
for these specific values of beamspread and flash rate, the duration ié
0.0111 sec (=1/90 sec) multiplied by the number of lamps. Since the

values assumed above are not far from typical for actual rotatidnal
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warning-light devices, we see from Eq. (10,5-14) that the duration of
the flashes produced by such devices is approximately equal to as many ‘
hundredths of a second as there are lamps in the device. (If ¢=100 £fpm
instead of the more common 90, the relationship is exact, with ¢ = 6°,)
The lamp most commonly used in rotating warning units (PAR-36, #4416)
has a horizontal beamspread of 4.5°, rather than 6°, so at 90 fpm
the most representative numerical version of Egq. (10.5-12) is
t = 0,008333n (0=4.5°, $=90 fpm). .5-15)

With a beamspread as narrow as 4.5°, the flash rate necessary for the
relationship t=0,01ln to hold exactly is 75 fpm, a value toward the lower
end of the range covered by commercial units.

As another illustrative application of the equations of this
section, we can now be more specific concerning the fact mentioned
in the discussion of pulse shape (Section 10.4) that for rotating .
lights, the curves defining pulse shape and angular intensity
distribution are the same, if the scales of time and angle are
suitably adjusted, Eqs. (10,5-10) to (10.5-12) can be combined and

rewritten in the form

rtQ

=___36 =6u)=_6_Q
Il

Ks . (o 5-16)
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The expressions in Eq. (10.5-16) give us the value of the
equivalence factor we seek, expressed as degrees of beamspread per
second of flash duration (o/t). The equation expresses this factor
in three different but equivalent ways: (a) as 360 divided by fhe
rotation perigd“in seconds; (b) as 6 times the rate of ¥otation in rpm;
and (c) as 6 times the flash rate in fpm divided by the number of lamps
on the turntable, If the last three expressions in Eq. (10.5-16) are
indeed all equal to o/t, then they must be equal to each other as well, -
as we have just asserted. That these three alleged equalities are
really correct can be verified directly in Eq. (10.5-7) , relating the

first and second of the last three expressions (7 and w); in Eq. (L0.5-8),

relating the second and third of these expressions (¢, n, and ®); and
in Eq. (10,5-9), relating the first and third of these expressions
(%, n, and 7).

In establishing an equivalence between a beamspread and a
flash duration, we are necessarily restricting the definition of flash
duration. Just as ''beamspread' usually does not mean the total
angular width of the beam, but only -- according to one common.
definition -- the width out to the angles at which the intensity is
10 percent-of the peak intensity, similarly we have to redefine
"flash duration' not as the total duration of the flash, but as the
length of time between the instants at which the intensity first rises

above 10 percent of the peak, and first falls below 10 percent of the
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peak, Eq. (10.5-16) is also valid when interpreted as applying to total
beamspread and total flash duration; it holds for any case in which the .
limits of beamspread and flash duration are defined in corresponding

ways, and, of course, does not hold otherwise.
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10,6, Effective Intensity

In the perception of emergency-vehicle warning lights, the
problem is often separation of a fairly bright signal from all the
other 1ights>ip.the background. In most earlier signaling work,
particularly in connection with marine aias to navigation, the
background was totally black and the problem was catching sight
‘of the faint signal light at the greatest possible distance, Thus
the central interest in that situation -- and still in much sea and
air signaling work‘today ~-- is in comparing the detectability of
lights close to the absolute threshold, A convenient numerical
specification of the visual effectiveness of a flashing light with

respect to simple detection, when the light is seen foveally as a

point source against a black background, is the intensity of a steady
light that rcaches threshold visibility at the same viewing distance

(visual range) as the flashing light., A partially self-explanatory

name for this quantity might be something like "steady-light equivalent

intensity', but historically the name effective intensity has become

standard, Because effective intensity is the only widely used measure
of the visual impact of flashing lights, it will be discussed in
considerabie detail in this section. Comments will be included
relating to the discrepanéy between the viewing conditions 1is§ed above

and those that apply to the noticing of emergency-vehicle warning lights,

A

.
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Blondel and Rey, working in France in the early years of the

twentieth century, proposed as a formula for effective intensity the .
equation
t
ne
f I(t)dt
t
=1 .
e T (10.6-1)

where ie is the effective intensity of the flashing light; I(t) is
the instantaneous actual intensity of the light at the time t during
the course of a single flash; t1 and t2 are the beginning and ending
times of the ugeful, higher-intensity portion of the flash; and a is
a constant (having the dimensions of time) that Blondel and Rey found

to have a value of about 0,21 when t, ty, and t, are measured in seconds,

The integral in the numerator of Eq. (10.6-1) represents the total

luminous energy content of the flash (per unit solid angle of the '
beam) ‘between the times tl and t2; that is, the area under the tempbral

pulse-shape curve between the limits t1 and tz. The calculation of
areas under curves can be accomplished numerically in a computer

program, but for practical purposes, the use of an area~measuring

instrument called a planimeter on the pulse-shape graph is‘quick and

reasonably accurate, Counting of graph-paper squares under the pulse-

shape curve is another technique that is commonly used,

The major difficulty with the Blondel-Rey formula (10.6-1) is
the vagueness of the definitions of £y and t2. At least partly because
of this uncertainty, not much attention was paid to the formula for many

years, Blondel andARey themselves worked mostly with pulse shapes that

they treated as reasonable approximations to rectangles; that is, ‘
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flashes having neglible rise and fall times and constant intensity

throughout the duration of the flash, For such flashes, t1 and t2

are chosen unambiguously as the beginning and ending times of the total
flash,.and with the constant intensity denoted by I, fo%mula (10,6-1)

reduces to simply

I = oo T (10.6-2)
a + ( 2” 1)

If t is used as an abbreviation for the total flash duration (= tr=ty),

the equation (10.6-2) can be written in the form most commonly used in

the technical literature:

I, = it

. e a+t ° (10.6-3)

Blondel and Rey empirically derived Eq. (10,6-3) on the basis ?f
actual threshold experiments with flashing liglhis having virtually
rectangular waveforms, The formula (10,6-1) was proposed by them as a
generalization of Eq. (10.6-3) suitable for application to flashing
lights with significantly long "tails'" at the beginning and/qr end of
the flash,'and non-constant intensity in between., As seen in Figs.
(10,4-1) to (iO°4-3), allvof the common types of emergency warning lights

have such non-rectangular pulse shapes,
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The Blondel-Rey formula was given new life by Douglas (1957),
who proposed defining t; and ty unequivocally as those times within. .
the flash that made tﬁe effective intensity Ie of Eq. (10,6-1) as
large as possible, Douglas showed mathematically that the values of t1
and t2 that yield the maximum I, are, for tl, the time during the
brightening phase of the flash at which the instantaneous intensity
I(t) rises to this maximgm I, value; and, for tg, the time during
the dimming phase of the flaéh at which I(t) drops back to the maximum
I, value, The use of this criterion may at first appear to be hopelessly
circular, since the calculation of Ie depends upon the choice of ty and tz;
and the choice of tj; and t, requires knowledge of the maximum value of
I,. Fortunately, by means of a simple iterative procedure (successive
approximation) described by Douglas (1957), it is possible to converge
simultaneously on the values of the maximum I, and the corresponding ‘
ty and t2° The method is also described in a guide put out by the,
Illuminating Engineering Society (1964),

Douglas' proposed definition and calculation procedure made the
Blondel-Rey equation a practical tool at last, and the Blondel-Rey-
Douglas formula has been widely accepted and used in the field of
signal lights, Although the formula is still frequently writtén in the
incomplete form (10.6-1), the actual current definition of effective

intensity is

ty
le I(t)dt

I, = max , (10,6-4)
sty [0.2 + (ty-t))
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where

max
€12t
denotes the maximum value obtainéble through variation of both t; and tz;
and the specific value 0,2 has been used for the constant a.

In a companidn article to Douglas' 1957 paper, Projector (1957)
points out that the constant 0.2 (aporoximately) applies to lights near
conditions of absolute threshold only, and that the value of a becomes
smaller -- and, correspondingly, the value of I, becomes larger ~-- as
the lights become significauntly brighter than threshold, As a result,
when a flashing light and the steady light that matches it for threshold
detectability are approached by an observer, the flashing light becomes
noticeably brighter than the steady light, A similar effect, again
corresponding to a decrease in the applicable value of a, occurs if the
background departs from total darkness, as it does for daylight signhling.
Projector's (1957) paper is a helpful summary of the history, meaning,
and implications of the Blondel-Rey-Douglas formula for effective
intensity, and, together with the Douglas (1957) paper, should be
consulted by anyone interested in the fine details of the sﬁbject.

Unfortunately, the term "effective intensity" is now used ambiguously
with at least the three distinct meanings of: (a) steady-light equivalént
intensity, for threshold foveal viewing of péint sources against a dark |

background; (b) steady-light equivalent intensity for whatever viewing

) conditiohs are being considered; and (c) the I, value calculated from
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the Blondel-Rey-Douglas (BRD) formula (10,6-4), which is intended to be
a prediction of the intensity defined in meaning (a) above., Some
signal-lighting scientists are now becoming interested in separating
these meanings by the coining of new names, but at present a reader

of the technical literature is expected to judge the intended meaning of
'effective intensity' from the context.

Because no alternative formula is currently available ~- or, at
least, none has found widespread acceptance -- the effective intensity
of signal lights is commonly calculated by the BRD equation (10.6-4),
even when the viewing conditions depart significantly from those
for which the calculated Ie value is expected to be valid, It is
important to note that the conditions under which emergency-vehicle
warning lights are viewed frequently depart in every particular from
those to which the BRD formula is thought to apply, and almost always
differ from the latter in at least one respect, In Ehe emergen;y—
vehicle warning-light situations of greatest interest, viewing is
peripheral rather than foveal; the background is usually spotted with
other lights at night and in the daytime may be dazzlingly bright, rather
than totally dark; noticing of the signal rarely occurs when it is .
anyﬁhere near the dimmness characterizing dark-background thresholds;
and, because the increase of the brightness of an approaching emergency-
vehicle warning signal is accompanied by an increase of the ang}e
subtended by the light source at the target driver's eye, detect&on often
takes place when the light is no longer a perceptual point source, but
has a visible disk., Moreover, in the classical Blondel-Rey gituation,.
the viewer knows the lights are out there and is looking for them, often
- in an at least approximately known direction; while, in contrast, a
driver is rarely expecting the approach of an emergency vehicle, is
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usually concentrating on other matters, and is obliged to monitor a

fairly wide cone_Pf directions that may cover a full 180° at

intersections, So%é day, undoubtedly very far into the future, sufficient
psychophysical data may have been collected to permit the "constant" a

in the BRD formula to be replaced by a function of all the relevant viewing
variébies,.so that realistic estimates of equivalent steady-light
intensity can be made regardless of viewing conditions. At the present
time, however, it is not even known whether the basic form of the BRD
equation applies to viewing conditions departing as drastically from the
Blondel-Rey situation as those associated with the detection of emergency-
vehicle warning lights; the problem of calculating equivalent intensity

for purposes of peripheral conspicuity may go beyond merely finding an
appropriate value for a, In the meantime, there is no obvious practical
alternative to BRD effective intensity as a quantitative specification ‘

of the luminous output of a flashing light, and Eq. (10,6-4) is commonly
used -~ because‘it is an agreed~upon formal measure -- even when it is
known that the flashing light being described will be used under conditions
to which thevvalue of a=0.,2 does not apply, and to which even the basic
form of the equation mafJAOt apply.

Arnother basic éssumption underlying all the various forms of the
Blondel-Rey equation is that it is sufficient to deal with the temporal
prbfile of a single flash; that is, it is assumed that the flash rate is
slow enough that the visual effectiveness of each flash is not significantly
influenced by earlier or later flashes, With brief flashes (under a
hundredth of a second) and long dark intervals between‘flashes (several
éenfhs of a second), the assumption is probably justified. When Ehe

‘flash duration becomes extended and the dark period shortened, significant

interactions between flashes may arise and the BRD formula may give inaccurate
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predictions., Projector (1957) has discussed some of the earlier
experimental work bearing on this problem, The approximate visual

equivalence of inverse flash cycles -- in which the durations of the

light and dark phases are interchanged (see Section 7.3) -- obviously
is not predicted by a formula such as (10,6-4) that is influenced
only by the profile of the light phase, Effects related to flash rate,
such as brightness enhancement (see Section 7.2), similarly cannot be
encompassed by any such formula, . It would appear reasonable to expect
that a more widely wvalid formula for effective intensity might be based
on the temporal profile of a complete cycle, including both the light
and dark phases. ‘Unfortunately, no all-inclusive formula of that kind
has yet been developed, .

When the light flash is extremely brief, as is, for example,
the output of a gaseous discharge lamp (usually under-0.001 sec), the
term tzft1 in the denominator of formula (10.6~4) is, for practical

purposes,; negligibly small compared with the constant 0.2, Therefore,

the expression being maximized becomes

ty
J I(t)dt/0.2,
&1

or

"
5 I(t)dt. (10.6-5).
t1 .
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With t gone from the denominator, the maximum value of the integral
(area) in the expression (10.6-5) is obtained by choosing t1 as small
as possible and t2 as large as possible; in other words, as the beginning
and ending timg; of the total flash, respeétively. Thus, for very brief
flashes, the ambiguity associated with the time limits in the original
Blondel~Rey formula (10,6-1) is eliminated and, to a practical degree of
approx?mation,
| | I, = SJI(t)dt. (10.6-6)

total

Since the integral in formula (10.6-6) represents the total luminous
energy (per unit solid angle) contained in the entire brief flash, the
possibility suggests itself of using a photoelectric device that responds
to total energy rather than flux, in order to measure directly and
instantly the effective intensity of gaseousAdischarge lights,
Douglas (1958) worked out the design of equipment for achieving the
same end by measuring aﬁerage intensity over the complete flash cycle,
rather than total energy in the flasgh, and such equipment is used in
practice for the measurement of the effective intensities of lights
with sufficiently brief flashes., When the flash duration inéreases
beyond about a millisecond (0,001 sec), the duration term t2-t1 in
the denominator of formula "(10,6-4) becomes large enough to be no
longer entirely mnegligible,  Correspondingly, the times yielding the
maximum Ie move in somewhat from the beginning and end of the flash,

As indicated by Douglas (1958), the increasing error of formula

(10,6-6) as flash duration increases can be approximately compensated
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for mathematically, for flashes up to apout 0.01 sec in duration; but
for still longer flashes, this cenvenient instrumental method breaks ‘
down and a much slower procedure such as the direct application of

formula (10.6-4) to a graph of the temﬁoral profile of the flash

becomes necessary.

The process of measuring areas under a curve with a planimeter and
carryiﬁg out Douglas' (1957) iterative procedure for obtaining effective
intensity is fairly time-consuming, although the iteration converges
to an adequate approximation of the true answer with only a few
repetitions. When the curve répresenting I(t) -~ the pulse shape ouf the
flash -~ can be closely approximated by an ex?licit mathematical function,
then the maximization process included in the BRD formula (10.6-4) can be
carried out “irectly by the methods of calculus, instead of by a successive
approximation process. Sincqe the pulses pfoduced by rotating incandescent ‘
lamps often have a smooth, symmetrical time course approximating the

bell-shaped curve known as the normal distribution curve, and because the

areas under various portioms of the normal distribution curve have been
published widely in the form of tables (in almost any book on statistics
or probability), Wohlers and Leupp (1959) worked out the nécessary
mathematics and published a graph permitting immediate approximate
determination of effective intensity for rotating lights having bell-
shaped temporal pulse profiles. (They actually worked in terms of‘the

error function, which is closely related to the more widely familiar

normal distribution curve,) The essentials of how to use the Wohlers-
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Leupp (WL) method are also included in the Illuminating Engineering
Society's (1964)>”IES Guide for Calculating the Effective Intensity of
Flashing Signal Lights", a useful general summary of practical information
about effective_intensity,'

There are several slightly awkward aspects of the WL method, in
the form in which it has been presented in the existing literature
(Wohlers and Leupp, 1959; Illuminating Engineering Society, i964).
These can be classified as minor annoyances, except for one feature of
the method: the fact that the quantity that must be known in order to
apply the WL curve is the ratio of a rotation rate to a beamspread.
Expressing the key quantity in these terms limits the application of
the method to rotating lights, Although the pulse shape of a light
rotating at uniform speed can typically be more closely approximated
by a normal distributicn curve than can theAéulse shape of a flashing
1ight‘(sée Figs, 10.,4-1 to 10,.4-3), a flashing-light pulse shape can be
symmetrical enough to warrant application of the WL metﬁod. ‘Wohlers
and Leupp (1959) showed by graphical examples that their curve gives
acceptably accurate results even for moderately asymmetrical intensity
profiles,

It can be seen from Eq. (10.5fll)ythat a rotation rate (W, in
the notation of Section 10;5 of this report) divided by a beanispread
(o) has the dimensions of the reciérocal of flash duration (1/t). If
effective intensity can be given'as a functiom of 1/t, it can more conveniently
be presented as a direct function of the flash duration, t. This has

been done in Fig, 10.6-1, which has not been previously published.
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The curve shown is mathematically equivalent to the WL curve, as applied
to an ideal normal distribution curve, The dependent variable (vertical
scale or ordinate of the graph) is, as with the original WL curve, the
ratio of the effective intensity I, to the peak intensify I, of the
temporal pulse profile, The use of the ratio Ie/IO instead of simply

I, allows a single curve to serve for lights of any absolute intensity
level,

The independent variable (horizontal scale or abscissa of the graph)
in Fig. 10.6-1 is t;,, the flash duration measured between 107%-peak points
of the pulse-shape curve, This is the useful flash duration corresponding
to the most common definition of the useful extent of the beamspread, (See
Section 10,2 and the last paragraph of Section 10,5,) If we are not
given direct information on the pulse shape or flash duration, we can
calculate tio from other quaﬁtities. Solving Eqs. (10.5-10) to (10.5-12)

for t gives, respectively, the three formulas

aoT

t = ?éa (10. 6'73)

t=9_ (10,6-7b)
6w

t= %’% . (10,6-7c)

Eqs. (10.6-7) furnish three alternate ways of calculating flash
duration if t is not given directly., For flashing lights, the temporal
information must necessarily be available, but for rotating lights, we
see that the flash duration can be calculated as:‘ (a) 1/360 of the
product of the beamspread in degrees and the period of tpe turn;able

_rotation in seconds; (b) the beamspread in degrees divided by 6 times
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the turntable speed in rpm; or (c) the product of the beamspread in

degrees and the number of lamps on the turntable, divided by 6 times ’
the flash rate in fpm, These equivalences, symbolized in Eqs. (10.6-7),

are predicated on consisten£ definitions of the limits of useful beamspread

and useful flash duratiom.

(2) Incandescent Lamps

As an illustration of how to find effective intensity using Fig. 10,6-1,
consider a lamp having the angular intensity distribution shown in
Fig, 10,6-2, The lamp is a PAR~36 sealed-leam unit of the type (designated
#4416) most commonly used in rotating emergency-vehicle warning lights.
The lamp, operated at its design voltage of 12,8, draws 30 watts and has
a peak intensity, as seen in the graph, of 35 ked (= 35 kilocandelas =
35,000 candelas). The beamsp'read is delimited by the éngles at which '
- the intensity is down to 10% of the peak, or 3.5 ked in this case. As
shown in Fig. 10.6-2, the angular intensity distribution is very nearly
symmetrical, and the beamspread is about 4,5°,
If we now assume that the lamp is being used in a 2-lamp rotating
unit that produces 90 flashes per minute, we can calculate from
Eq. (10,6-7¢) that

tp=25%2=1 =0,01667 sec = 16,7 msec. (10.6-8)
6% 90 60

(The subscript 10 on t, it should be recalled, simply indicates that the
10%-peak points are being used to define both the useful beamspread snd.

the useful £lash duration,)
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As explained toward the end of Section 10,5, we can set up a general
correspondence between angle and time, for rotating lights, and the
lower abscissa ;éale in Fig. 10,6~2 can be read when the éurve is to be
interpreted as a temporal pulse profile, There is no need to do this
extra work in calculating effective intensity, but for the present
illﬁstrétive purposes it is helpful to see directly on the lower scale
that the flash duration, t1gs is indeed 16,7 msec,

All that is necessary now is to find 0,0167 sec on the abscissa of
Fig. 10,6-1 and read off an approximate Ie/Io value of 0.044, 1In short,

the effective intensity of the lamp is 4.4% of the peak intensity, or

I, = 0,044 T, = 0,044 x 35 ked = 1,54 ked = 1540 cd,

This calculation indicates that a steady-burning lamp of only 1540-cd
intensity would have the same visual range (in darkness) as the flashes
from the lamp of our example, which has a peak intensity of 35,000 cd
during its 16,7-msec flash.

If the same lamp is rotating on a 4-lamp turntable, with the unit
still producing 90 flashes per minute, the value of n in Eq: (10.6—7c)
is doubled, and the flash duration is correspondingly doubled to 33,3 msec,

10

Looking in Fig, 10.6-1 at t; = 0,0333 sec, we find that I_/I_ is now

about 0,081, so that‘

[l
It

0,081 Io = 0,081 x 35 ked = 2,83 ked = 2830 cd,

somewhat less than double what the effective intensity was with the same

.‘puise profile compressed into half the time, B

-
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The fact that the curve of Fig. 10.6-1 is ever-increasing shows
that for a fixed peak intensity IO, the effective intensity Ie increases
with increasing flash duration, This result is hardly surprising, since
with a fixed peak, the shortér a flash is, the less energy it contains,
However, a less obvious result can also be seen by inspection of
Fig, 10.6-1: even at its steepest, namely for flash durations between
0.1l and 1,0 sec, the effective intensity does not increase by as great
a factor as the flash duration does., For example, a 10-fold increase in
flash duration from 0,1 to 1.0 sec produces an increase in I, from 197%
of I, to 60% of I , only a little over 3-fold, In other words, what
we found for the #4416 lamp is true in general: short flashes have an
advantage over long flashes with respect to gaining visually effectiye
light output for a given electrical power input to the lamp. The ratio

of light output to electrical input is known technically as luminous

efficacy.

(b) Luminous Efficacy

In the calculations above for the #4416 lamp, which has a rated
electrical power consumption of 30 watts, we found that a tworlamp
rotating unit,.drawing 60 watts (since the lamps burn continuously),
produces flashes with an effective intensity of 1540 candelas, In
units of candelas per watt, therefo:e, the lumindus efficacy of the two-
lamp unit is 1540/60 = 25,67 cd/W. The four-lamp unit dréws 120 W and
produces flashes (at the same rate as the two-lamp unit) with an
effective intensity of 2830 cd, The efficacy of the four-lamp unit is
thus 2830/120 = 23,58 ¢d/W. 1In short, the efficacy of the two-lamp
unit with its 16,7-msec flashes is 8,9% higher than that of the four?

lamp unit with its 33,3-msec flashes.
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This approximately 9% difference in efficacy could in some cases be
canceled out by the extra power drain from the motor rotating the two-
lamp turntable, which has to run twice as fast as the four-lamp turntable
to produce the ;;me flash rate, On the other hand, this increased power
drain’due to motor speed might be partly combensated by the decrease in
the weight load on the two-lamp turntable (namely, the weight of two
1;mps); All in all, it doés not appear that the question of efficacy
has much importance in terms of selecting among warning units using
rotating incandescent 1amps; for example, in deciding between the use
of a single four-lamp unit or a pair of two-lamp units, Spatial factors,
such as those descfibed in Section 7.7, probably should form the primary
basis of such decisions,

In grosser comparisons between types of warning lights, as for
example between gaseous~-discharge lamps and incandescent-=lamp units, the
“question of luminous efficacy may be of greater significance, It is
generally claimed that gaseous-discharge lamps have twice the efficacy
of incandescent lamps, In an emergency vehicle with a limited supply of
current available for the warning lights, this efficacy difference could
provide one argument -- not necessarily decisive -~ in favor of using
gaseous-discharge lamps, The matter of efficacy as such will not be
pursued any further here, but some properties of the signals produced

by gaseous-discharge lamps will now be discussed, with reference to

Fig, 10.6-1.
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(c) Gaseous Discharge Lamps

It should be noted that the shortest flash duration inclqded in
Fig, 10,6-1 is 0,0001 sec, or 100 psec, the order of magnitude of the .
duration of the flashes from gaseous-discharge lamps, As shown on the
graph, the effective intensity of any such flash is esséntially zZero
compared to the peak intensity of the flash, The actual value of Ie/Io
at tyg = 0,0001 sec is 0,0003, or 3/100 of 1% (determined by computer).
Therefore, as calculated by the Wohlers-Leupp approximation, a discharge
lamp with a peak intensity of a million candelas in a 160~ysec flash could
be seen no fu?ther away than a steady light of only 300 candelas, It is
clear from these considerations that statements of peak candlepower for
gaseous-discharge lamps are not very informative in themselves, and in
particular must not be thought of as being in any way comparable to
candlepowers of long-duration flashes or steady lights. The figure that
permits an immediate intuiti.ve appreciation of how "powerful' a flash .
lamp is, is the BRD effective intensity,

The computer calculations from which Fig, 10.6-1 was generated
indicate that for short durations -- below a millisecond -- the value
of Ie/Io is very nearly simply proéortional to the flash duration, with

e

a proportionality constant of about 3 (actually, slightly more than 2,92),

That 4s,

Te < 0,001 10.6

Tf; =3t (t1o .001 sec); (10.6-9)
or

I, = 31t (tlwo < Q"’OOl sec). (10.6-10)
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presumed that the effective intensities predicted by those equations

The approximate proportionality expressed by Eq. (10.6-10) is closely
valid over the same range of brief flash durations for which Eq, (10.6-6)
is accurate, It has been possible to derive the former equation from the
latter algebraically (not published) and confirm the computer calculations,
The actual proportionality constant, given roughly as 3 in Eq, (10.6-10),
is an irrational number (namely, 2,5 /ﬁT3§I6E), which, to six decimals,
is equal to 2,920163, These proportionality relationships apply accurately
to brief flashes with pulse shapes that are mearly symmetrical and cadr
be closely approximated by a normal distribution curve, However, thé
pulses from a gaseous-discharge lamp typically have a rapid rise and a
slower (exponential). fall-off (as shown in Fig. 10,4-2), so that the

normal distribution curve is a fair but not very accurate approximation,

The comstant 3 (or 300) in Eqs. (10.6-9) to (10,6~12) is therefore subject
to an unknown degree of error when applied to such lamps, but it can be
do give a rough, order-of-magnitude estimate, as applied to real discharge

lamps.

»

If tjg for a gaseous-discharge lamp is assumed to be about 100 rsec
(it is frequently less), then Eq, (10,6-10) yields the following simple
rule of thumb for estimaéing effective intensity from peak intensity fox
such 1amps:' | |
I = I, x 3 x 10”%  (discharge lamps). (10,6-11)

1f I is measured in millions of candelas (Mcd), then Eq. (10,6-11)

becomes
Ie,= 3001, (I in cd; I in Med; tyg = 100 Psec)u ‘ {10,6~12)
. . e N b 11 ‘



The simple relationship (10.6-12) allows an immediate rough mental
estimate of effective intensity for discharge lamps for which a peak
intensity is known. Thus, such a lamp with an impressive peak intensity of
10,000,000 cd (10 Mcd) should be visible at night at about the Samé
distance as ‘a st;édy light of 3000-cd intensity. If the actual value
of the flash duration tqg for the particular 1amp is known, then Eq.

(10,6~10) will supply a more accurate estimate of the effective intensity.

(d) Fixed-Energy Flashes

As a conclugion to the discussion of effective intensity, it will be
useful to consider a type of comparison among light pulses that cannot
be made directly by using Fig, 10,6-1. Suppose we have a certain fixed
amount of luminous energy to put into a flésh. Is it best to squeeze
this energy into a very brixf pulse, or to spread it out over a long time?

Or is there some optimum intermediate duration for the flash? ‘ ‘

The total luminous energy (per unit solid angle) in a flash is equal to the
area under the entire temporal pulse profile (intensity versus time), Let
this total area under the curve be A (in units of candela-seconds). For
pulses of varions durations, with theyggmg total energy content A, how does

p

the effective intensity vary with the flash duration? Frojector (1957) has
published graphs answering this question for rectangular light pulses., The
curve of Fig. 10.6-3 (not previously published) gives the answer on the basis
of the Wohlers-Leupp assumption that the pulse shapes can be well approximated
by normal distribution curves. 1In analogy with Fig.'10.6—1, to permit
one curve to serve for all possible values of the total energy A, we
plot Ie/A on the ordinate instead of simply I.. This curve shows
that to get the greatest possible effective intensity from a given ‘ .
‘total luminous pulse energy, it is neéessary to squeéze the
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energy ingo a brief pulse. However, nbthing significant is gained by
using flash durations. below a tenth of a millisecond (100 microseconds),
and nothing of much practical importance is gained by going below a
millisecond (thehléss of effective intensity at 1 millisecénd being less
than 1%). Extending the flash to a duration of a hundredth of a second
causes an effective-intensity loss of 6,6%, and spreading the pulse over
a full ténth of a second causes a drastic loss of 34,6% of the maximum

e e

possible I, for the given amount of total luminous emergy. For flash

durations of 15 to 35 msec, the range that we have just seen (in Section 10.6a)
includes typical cases of rotating incandescent lamps, the loss is from

about 9% to 18%.

1f gaseous-discharge and incandescent lamps were otherwise equal
with respect to generating conspicuous signals, this intensity loss
could be considered an argument in favor of the gaseoué—discharge lamp,
However, an intensity difference of 9% to 18% is not very significant
visually, and could easily be outweighed by some other variable in
which incandescent lamps might be superior to gaseous-discharge lamps.,
The problem of what type of emergency-vehicle warning-light unit is best
is going to require perceptual experimentation to find a solutiong the

issue cannot be settled by effective-intensity computations alone,
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10370 Color

A statement that a-light should be, for example, "red', is noct a
very precise specification., There is a considerable range of colors that
would be calledw”ked”, in the sense that they are more red than anything
else, but these colors may differ quite noticeably from each other. For
example, a red light can have yellow added to it, to the point where the
light aﬁpears to be somewhat orangish., At first, this slight yellow
admixture might be of little concern, because the light is still pre-
dominantly red, and would not be thought of as any other color, With
enough yellow added, however, the light may appear orange rather than
red., Although red and yellow are widely used colors for emergency-
vehicle warning lights, orange is not frequently assigned such a role,
Consequently, a motorist seeing a pure orange warning light ~- appearing
equally yellow and red -- would be confused because he would not be able
to decide whether a red or yellow was intended., It is accordingly "
necessary, in a signal system using both yellow and red, for reds to
be kept from having too much yellow in them, and yellows to be kept
from having too much red in them,

It is not sufficient to choose an intermediate orange color and
specify that any color redder than the orange is to be regarded as red,
and any color yellower than the orange is to be regarded as yellow,
Warning 1ights‘are sometimes seen when they are rather faint and subtend
a very small angle at the eye, The ability to tell colors apart is
considerably reduced under such unfavorable viewing conditions, and then
an observer could not be sure if he were viewing a very yellowish

red or a very reddish yellow., There may be additional problems in color
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discrimination caused by color-distorting hazes or fogs, or by a non-neutral
state of visual adaptation of the observer, as when he is driving on a

road illuminated by yellow sodium vapor lights, The requirement, therefore,
necessary to permit easy discrimination of red from yellow under most
circumstances is that reds be permitted to have no more than a small amount
of yellow in them, and yellows be permitted'to have no more than a small
amount of red in them,

The quantitative specification of color =-- in the sense that excludes
the intensity aspect -- is commonly expressed in terms of the chromaticity
coordinates x,y based on the 1931 CIE standard color-matching functions
(see Section 6,3). The usual procedure in indicating the allowable
deviation away from a particular standard color is to box off the point
corresponding to the standard color on the:CIE x,y chromaticity diagram,
byva set of limit lines, Each of the limit lines indicétes how far off
from the standard it is permiésible to go in some particular color
direction. With a red standard, for example, there would be a yellow

limit (keeping the red from being too orangish)} a blue limit (keeping

the red from being too. purplish); and a white (formerly, weak or pale)

limit (keeping the red from being too whitish),

»

Some systems of color tolerances also include a strong limit; that
Kkeeps the color from being too saturated (pure, vivid, unwhite), but in

many applications, including signal lights, the higher the saturation of the

color, the better, There is, of course, a natural "stiong limit",
namely the saturation of the ultimately pure spectral colors such as come

from a prism dispersing white light,

]
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In actual practice, the limit on saturation is often indirectly
impesed by the requirement for minimum intensity. Signal colors are .
normally produced by passing white light through a color filter that
absorbs a considerable fraction of the white light, letting through mostly
light within a restricted range of wavelengths that corresponds to the
desired color. The purer (more saturated) the colored light coming
through the filter is, the narrower the passed wavelength band must be,
Thus, as the light getting through the filter is required to be progressively
purer, more and more of the illuminating white light is being absorbed,
so that the total amount of light coming through -- and therefore the
intensity or luminance =- becomes lower and lower, Because blue light
corresponds to a quite narrow band of wavelengths near the shortwave end
of the gpectrum, where the eye is relatively insensitive, a fZilter that
passesg saturated blue light ha‘s to absorb most of the luminous energy ‘
coming from the illuminating white light, In othexr words, a good blue
filter has a low luminous transmittatice,  The same is true of saturated
red filters, which pass only the longwave end of the spectrum, where the
eye is also insensitive, On the other hand, green covers a fairly broad
wavelength band in the part of the spectrum to which the eye‘is most
sensitive, so a green filter that passes a fairly strong green can still
have 'a rather high transmittance. It happens that a mimture of red and
greei light appears yellow to the eye, so a yellow filter can pass mnot
only the yellow band of the spectrum, but considerable portions of the
neighboring green and red bands as well, Therefore, saturated yellow
filters can transmit a good portion of the white light that illuminates

them,
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The total luminous transmittance of a filter is partly determined
By the spectiral transmittances =-- the fraction of light of each wave-
length that the filter passes, However, it is also determined by the
spectralvpower dhtput of the source used to illuminate thé filter,
Ordinarily, the total transmittance of a filter is specified with respect
to a_light source that has a substantial amount of output at all wavelengths
within the visible spectrum; that is, a "white! source, There is
considerable variation, however, in the detailed spectrum of the many
different types of sources that are thought of as providing '"white"
light., 1In modern emergency-vehicle warning lights, there are basically
two types of white sources: incandeéescent (tungsten-filament) and
gaseous-discharge (most commonly, xenon). In the range of temperatures
at which the filaments of incandescent lamps are normally maintained by
imposing the rated vqltage, the light produced by these lamps is biased
toward longwave output; that ig, the light is relatively rich in red aﬁd
relatively low in blue, On the other hand, xenon arc lamps and flashtubes
produce a much 'cooler" light, with considerably more blue content, relative
to the red, than incandescent lamps provide. As a result, the transmittance
of red filters is somewhat higher for incandescent-lamp light than for
xenon-discharge lighé, while the reverse is true for blue filters,
Table 10,7-1 shows typical transmittances, for both types of sources,

of the colored domes and lamp faces commonly used in warning-light units,

/0-5%



Table 10.7-1.

Transmittancesof Typical
Colored Domes and Lamp Faces

Transmittance Transmittance
for Incandescent for Xenon
Filter Color Lamp Light Discharge Light
Red 0.20 0,17
Yellow 0.65 0,50
Green 0.27 0,33
Blue 0.03 0.06

As can be seen in Table 10,7-1, placing a blue dome or face coating
over an incandescert lamp -- as is often done in jurisdictions that use
blue lights -- results in a loss of something like 97% of the light
supplied by the lamp. This loss of intensity is perceptually serious,
and should be compensated for by increasirg thie output of the lamp. An
extremely high-wattage incandeécent lamp would be needed to bring the
intensity passing through a blue filter up to a level comparable with 'the
intensity passed through a white (clear) or yellow (amber) filter by a
low~wattage lamp, Because the use of such high-wattage lamps introduces
problems of power drain on the electrical system of the vehicle and heat
accumulation in the lamp housing (which could melt the dome or other
plastic elements of the unit), this method of compensation for intensity
loss is not popular in practice. Instead, what has happened is that many
of the manufacturers of domes and lamp-face filters have degraded the
purity of the blue color of the filters by broadening the transmission
band to include significant amounts of non-blue wavelengths, The result

is blue signals that are either pale (whitish), or greenish, or both,

/0-5¢



It can be seen in Table 10.7-1 that the use of a xenon flashlamp
instead of an incandescent lamp, in a blue warning-light unit, is of
some help in combatting the intensity-loss problem., Even with xenon
flashers, however, the intensity through a blue fiiter is.sharply lowered,
so impure blue fgiters are commonly used with flashlamps, too,

The Society of Automotive Engineers (SAE), which publishes voluntary
standards concerning most aspects of automotive equipment and materials,
haé a séandard that sets limits on the colors of lights ﬁsed on automobiles,
SAE Standard J578a - Color Specification for Electric Signal Lighting
Devices ~ sets chromaticity limits of the sort describad earlier in this
section, for red, yellow, and white lights only, This selection of colors
in the standard .is explained historically by the limitation of lights
used on ordinary passenger vehicles to thoée three colors, as well as
by the limitation of emergency-vehicle warning lights to the same three
colors until the relatively recent proliferation of blue warming lights
in the U.5.A, The SAE, which revigses all of its many standards from time
to time as changing practice and advancing technology require, is currently
considering adding limits on the colors of blue and green lights to their
Color Standard, At present, green is rarely, if ever, used %n signal
lights carried by emergency thiéles, so there is no need to consider the
question of green boundaries here, However, in the absence of a current
SAE blue standard, the boundaries for blue set by the CIE (International

Commission on Illumination) will be presented as a general guide to

what a good signal blue would be,
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e Tt should be noted that altbough the SAE standards have no legal
force, manufacturers of automotive products are at a competitive disadvantage .

in the marketplace if they cannot certify that their products do meet

the widely accepted SAE specifications, However, it is important to note
that at the time of completion of this report (summer 1973), the National
Highway Traffic Safety Administration is preparing the final version of a
regulation (Motor Vehicle Safety Standard -- with the force of law) that
covers vehicle lighting and that is now expected to conflict with the SAE
color specifications., In the face of such a conflict, the SAE Color Standard
will presumably have to be revised, and will probably then reference the

NHTSA Standard,

Figure 10,7~1 shows, on the CIE 1931 x,y.chromaticity diagram, the
boundaries for red,‘yellow, and white prescribed by SAE Standard J578a,
and the boundaries for blue recommended by the CIE. . ‘
In this dlagram, roughly speaking, x represents the fractional red
content in each color, andli the fractional green content, The assumption
under lying the diagram is,; in intuitive terms, that any light can be
matched in color by some mixture of three fixed ("primary') lights,
usually chosen as a red, a green, and a blue, Thus, the fractional
blue content, denoted by z, is whatever is left 'in a color other than
the fractional red or green content; that is, by definition,
x+y+z=1, (10.7-1)
Thus, because the value of z is fully determined by the values of §'and'
Y, it is possible to represent any color on a two-dimensional plot of
Yy against x., The point at the upper tip of the horseshoe-Shaped’fegion
in Fig. 10.7-1 has a high y (green) value and a low x (red) value, and- .

therefore represents a strong green color, The right-hand corner is the
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reverse: high in red (x) and low in green (y), and therefore represents
a strong red, The lower left-hand corner is low in both red and green,
and therefore is a strong blue (high z). Points near the center of the

diagram represent colors containing substantial amounts of all three

primary colors, and such colors are near-whites, It should be noted,
finally, that chromaticity diagrams are completely independent of the
dimension of intensity,

The "horseshoe'" curve in the figure is the spectrum locusg, the

track of the chromaticities associated with spectrally pure (single-
wavelength, monochromatic) light of all visible wavelengths, Some
wavelengths, in nanometers, aremarked along the locus, The straight

line across the bottom of the horseshoe is known as the purple boundary

‘(sometimes called the line of purples or the locus of purples), This

line is the track of colors (purples) that can be formed by various mixtures
of two fixed wavelengths -- one a red at the longwave end of the spectrum,
and the other a violet (reddish blue) at the shortwave end, No color can
exist pﬁysically that has a chromaticity outside the region enclosed by the

spectrum locus and purple boundary.

The curve in Fig, 10,7-1 labeled "Planckian locus" shows tﬁe range
of chromaticities taken on by a certain kind of ideal glowing (incandescent)
body (known as a ”blaékbody” or "full radiator") as it heats up from low
‘temperatures to high temperatures, Tungsten filaments show polor changes
closely following this blackbody locus, although they are not perfect
blackbodies, The numbers along the locus are absolute temperatures in
kelvins (formerly known ag '"degrees Kelvin" ot '"degrees Absolute'),

It will be seen that at comparatively low temperatures (1000 K), a glowing

"
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body is quite red, :As it heats up, it becomes yellower and then whiter,
Finally, at extremely high temperatures (designated ® in Fig, 10,7-1),
the body becomes bluish white, (The colors of stars are correlated with
their temperatures in the same fashion,)

An incandescent lamp burned at rated voltage usually gives off a
yellowish light similar in color to the light émitted by a blackbody in
the temperature range of about 2800-3000 K. Such a iamp is said to have a

color temperature of 2800-3000 K. As Fig. 10.7-1 shows, the unfiltered light

from such a tungsten lamp (exemplified by the 2856 K blackbody point) lies
within the area designated as 'white! by the SAE. Unfortunately, xenon
flashlamps have a color temperature in the neighborhood of 6500 K (about
the same color as natural daylight), and, as the figure shows, such light
is far too bluish to be considered white by ;he present SAE standard,
Placing a suitable light yellowish filter over a xenon lamp would bring its

color into the chromaticity region regarded as white by’ the SAE, without a

serious loss of intensity, and some thought should possibly be given

to adopting this practice when a flashtube is used as a white component
of a warning-light configuration. Without such correction, the bluish

white flash of an unfiltered xenon lamp can be confused -- particularly
at night -- with the whitish blue flash that results when an unusually

pale blue filter is used,

For reference purposes, the detailed specifications of the 1limit .
areas in Fig. 10,.7-1 are given numerically in Table 10,7-2, Only the
white area is fully delimited by four straight limit lines, The yellow
and blue areas have the spectrum locus as the fourth 1imiting curve, and

the red area is bounded by both the spectrum locus and the purple boundary,
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0.44
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0.41

0.31 + 0.25x%
0.28 + 0,25x

0.065 + 0.805x
0.133 + 0,600y
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Corner Points
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Wavelengtha
(nm)

(0.6620,
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(0.6000,
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0.1372)2
0.1669)
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0.2653)3,P
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830.00
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596.29
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In order to test whether the chromaticity of a given light does or

. does not fall within the areas shown in Fig. 10,7-1 (and characterized

numerically in Table 10.7-2), it is necessary to measure the color of
the light. The measurement of color can be accomplished in several

different ways, of varying degrees of precisiom.

The crudest procedure is a visual method that determines only

4 e

whether the light is inside or outside the acceptable area, In order to

use this method, there must be available a set of limit filters having

chromaticities that lie near the midpoints of the limiting line
segments in Fig, 10,7-1. TFor example, a filter representing the green
limit of the yellow area would appear to be a slightly greenish yellow
when illuminated by an incandescent lamp having a color temperature of
2856 K, (An incandescent lamp burning at 2856 K is one standard for

‘ colorimetric work; it is referred to as CIE Source A,) The chromvaticity
of the light from the limit filter should have a y value of 0.44 (as
shown in Table 10,7-2) and should have an x value lying somewhere between
tﬁat of the cormer (x = 0,5500) and that of the intersection of the line
y = 0.44 with the spectrum locus (x = 0.5593). Any yellow light that is
seen as no greener than this illuminated green limit filter i; acceptable,
as far as deviations in the green direction are concerned, - For yellow
‘lights,‘there would also be a red limit filter and a white (pale) 1iﬁit filter,
In addition to lying within the green limit, an acceptable yellow light
would also have to appear mno redder than the red limit and no whiter than
the white 1limit., 1In order to maximize the sensitivity of the visual color
~judgments, the light from the unit under test should be collected by an

; optical instrument that also separately collects light from a limit

-
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filter transilluminated by Source A. The two beams of colored light are
gseen in the instrument as illuminating‘adjacent fields of comparable area,

with as fine a dividing line between the fields as possible.

In Section 6,3, the tristimulus values X, Y, and Z were defined, and
it was explained how they can be measured physically by using suitable

combinations of photocells and filters, An instrument that operates on

that priqciple is called a filter tristimulug colorimeter, The accuracies

of the X,Y,Z readings depend on how closely the spectral responses of

the filter-photocell combinations matech the CIE ;if ;%3 and z color~matching
functions (also described in Section 6,3), The relationship between

the chromaticity coordinates x, y, and z, and the tristimulus values

X, ¥, and Z is quite simple, namely

= X = Y - 7z = Z (10.7"2)
XYz ° V7 Xy XHYHZ

X

The chromaticity coordinates are thus nothing more than’ tristimulus
values expressed on a fractionél basis. Because of the relationships
expressed by Eqs. (10.7-2), which actually comprise the definitions of
the chromaticity coordinates, it is clear why the latter sum to unity,
as expressed in Eq. (10.7-1),

Most tristimulus colorimeters use a single photocell and a group
of filters placed‘aequentially in front of the photocell, ' By simply
mounting a set of the proper filters in a wheel that can be rotated
in front of the entrance port of a photometer, any photometer caﬁ be
used as a trigstimulus colorimeter, Some of the better photometers today
have a set of tristimulus filters available as an option, A photometer
thus employed as a cdlorimeter is able to measure the color of an incoﬁing

light beam, as is required for checking warning lights, The prospective

o
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purchaser of equipment should be aware that many of the instruments that bear
the name "tristimulus colorimeter! use an internal source of light and
are capable of measuring the colors only of reflecting surfaces or
transmitting filters, not gf external light beams,

The most accurate =-- and correspondingly most expensive ~-- method
of measuring color is the spectral method., TFor directly measuring the
color of an external light beam, such as the beam put out by a warning-

light unit, the necegsary instrument is called a spectroradiometer,

The incoming light is split into its component wavelengths by a prism

or diffraction grating inside the spectroradiometer, and the amount

of energy at each wavelength is measured sequentially by an unfiltered photocell.
The result is the spectral power distribution of the incoming light.

From that information, the tristimulus values and chromaticity coordinates

are obtained by computation, as described in Section 6.,3. In the spectral
method, the actual values of the color-matching functions %k’ 3&’ and %K’
are used numerically, eliminating the error of approximating these

functions by the spectral response of a filter-photocell combination,

A more indirect spectral method involves the use of a spectrophotometer,

an instrument that splits the light from an internal light source into its
compcnent wavelengths, and uses the light of the various wavelengths in
turn to measure the spectral reflectance of a surface or the spectral
transmittance of a filter, A spectrophotometer could be used to measure
the spectral transmittances of a set of warning-light domes of various

colors. Then the colors obtained by using these domes over a particular
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white light source can be obtained by computation, provided the spectral
power distribution of the white source is known, It is common to assume
that the white source, if it is an incancescent tungsten lamp burmed at
rated voltage, has in the visible spectrum the relative spectral power
distribution of a blackbody of the same color, Tables of éhe blackbody
gpectral distribution for different temperaturés are available (see,bfor
example, Wyszecki and Stiles, 1967, pp. 16-28), so the color of the light
from the’source~domc combination can be calculated without using a
gpectroradiometer on the white source, It is necessary only to determine
the color temperature of the incandescent lamp. For rough calculations,
a color temperature of 2856 K (Source A) can be assumed,

Unfortunately, the light from a real incandescent lamp does not
actually match the relative spectral power distribution of a blackbody
exactly. There is also usually some error in determining the coler

temperature of the lamp, Moreover, each "colorless' optical element that

operates on the light -~ such as the reflector of a PAR lamp, the glass

in the front of the bulb, and any lenses in the unit -- changes the
gpectral distribution slightly because of the slight wavelength selectivity
that almost all ”colorless” objects possess, Another source of error

in applying the spectrophotometric method arises from the fact that most

of these instruments are designed to measure flat filters, but warning=
light domes are usually curved. All of the preceding errors may be rather
small, but the total final error may be significant. It is safer to use

a spectroradiometer, where available, so that the light being measured

in the instrument is the actual light sent out by the complete warning-

light unit, with no assumptions being necessary,
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PART IV, SUPPLEMENTARY MATERIAL

11, List of Manufacturers and Distributors

The following is a list of companies that either manufacturer or
distribute emergency-vehicle warning-light equipment, We have received
or requested catalog literature from these companies and have ordered
representative samples of emergency-vehicle warning lights from a
number- of the included manufacturers, These sample units are being
physically and perceptually evaiuated in a phase of our overall program
that will be separately reported at a later time,

It i3 believed that most major manufecturers are included in the
list, as well as many of the largest distributors., It is frequently
difficult to determine from a catalog alone whether a compnay produces
its own lights, or distributes only the products of‘other firms that are
manufacturers, so no attempt'has been made here to distinguish the
categories, A few‘of the listed companies produce o£ distribute lights
that are only marginally classifiable as emergency-vehicle warning lights;
for example, hand-held high-intensity spotlights, or truck lights that
can be flashed as warning lights.

Since updated versions of this list may be included in later
reports of this project, we would be grateful for any corrections,
additions, withdréwals, or identifications.as manufacturer or distributor.
Communications should be directed to:

Sensory Environment Section (462.02)
Emergency-Vehicle Lighting Project
BR-A313

National Bureau of Standards
Washington, D.C, 20234
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Abex Corp. - see Signal-Stat Co.

Aero Safety Device, Georgetown, Delaware,
Ed. Agramonte, Yonkers, New York.
Automotive’Conversion Corp., Troy, Michigan.
Auto Safety, Inc., Cumming, Iowa,
Baader-Brown Mfg, Co., Springfield, Ohié.
Bapgor Punta Co, - see Stephenson.

Blitzer - trademark of Northern Signal Co,
George F. Cake, California,.

Cassell Company, Napa, California.

Cats-Eye Lamp Div. (Holophane Co, of Johns-Manville Corp.,)
Columbus, Ohio,

Cristie Electronics, Los Angeles, California,

W. S. Darley and Co., Melrose Park, Illinois,

Dazl-Ray Corp., Kansas City, Missouri,

Dictograph Security, Florham Park, New Jersey,

R. E. Dietz Co., Syracuse, New York, (See also NAPA,)

Dominion Traffic Sign and Signal (Division of Grote Manufacturing
Co.), Richmond, Virginia,

Do-Ray Lamp Co,, Chicago, Illinois,

Dunbar-Nunn Corp, - see Unitrol,

Dura Corp. - see Weaver,

Esco Light - trademark of Streeter Amet,

Fargo International, Chevy Chase, Maryland.

Federal Sign and Signal Corp., Blue Island, Illinois,

FEDTRO, Inc., Rockville Center, New York.
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General Telephone and Electronics (GTE) - see Sylvania Inc,
Griffin Lamp Co,, Shelby, Miss.
Grimes Manufacturing Co., Urbana, Ohio.

Grote Manufacturing Co., Madison, Ind., (See also Dominion
Traffiec Sign and Signal,)

Holophane Co, - See Céts-Eye Lamp Div,

Home Safety Equipment, New Albany, Indiana,
Hope=Tronics Ltd., Hempstead, New York,

I1linois Central Industries - see Signal-Stat Co.
International Luminite, Chicago, Illinois,

International Telephone & Telegraph Corp. (ITT) - see Portable
Light Co, and Sireno.

Jabsco Products ~ see Portable Light Co, and Sireno,
Johng-Manville Corp. ~ see Cats-Eye Lamp Div.

K~D Lamp Co., Cincinnati, Ohio,

Kel=Lite Industries Inec., Covina, California,
Walter Kidde and Co, - see Weaver,

Kustom 8ignals, Chanute, Kansas.

Macehi Corp., San Francisco, California.

Maugood Corp. - see Streeter Amet.

Mars Signal Co,, Chicago, Illinois,

Miro-I'lex Co,, Inrc¢., Wichita, Kansas.

Motorola, Chicago, Illinois.

NAPA (supplied by Dietz), Syracuse, New York,

NQrth Amexrican Signal Co., Chicago, Illinois,
Northern Signal Co,, Sauvkville, Wiscomsin, (See also Blitzen):

On-Guard Corp,, Carlstadt, New Jersey.
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Orion Industries - see Pathfinder Auto Lamp,

Paralta Equipmént Co., Hammond; Indiana and Los Angeles, California,
Pathfinder Auto Lamp (Subsidiary of Orion Ind.), Miles, Illinois,
Peterson Manufacturing Co.; Grand View, Mo,

Pichel Iﬂaﬁstries, Pasadena, Califprnia.

F. Morton Pitt, San Gabriel, California,

Portable Light Co. {Jabsco Products, ITT) Costa Mesa, California.
ﬁ@chester Srefety Equipment, Rochester, New York,

Safety Guide Products, Scottsdale, Indiana,

Safety Products, Chicago, Illinois.

Signal-Stat Co. (Abex Corp.,, Division of Illinois Central Industries),
New York, New York,

Sireno (Jabsco Products, ITT), Costa Mesa, California.
Smith and Wesson Electronics Co, - see Stephensdn.
Soderberg Manufactures, Alhambra, California.

Spartan Manufacturing Co., Flora, Illinois.

J. W, Speaker Corp.,, Milwaukee, Wisconsin,

Stephenson (Smith & Wesson Electronics Co., A Bangor Punta Co.),
Eatontown, New Jersey.,

Sterling Siren Fire Alarm Co., Rochester, New York.
.
Streeter Amet (Division of Mangood Corp.) Grayslake, Illinois,
(See also Esco Light,)
Sylvania Inc. (GTE), Mountain View, California,
Robert E. Thomas Co., Inc., Santa Ana, California.

Trippe Manufacturing Co, - see Tripp-Lite Co.

Tripp-Lite (Division of Trippe Manufacturing Co,), Chicago,
Illinois, :

Truck Lite Co,, Jamestown, New York,
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Unitrol (Dunbar-Nunn Corp.), Anaheim, California,

Unity Manufacturing Co., Chicago, Illinois,

Vehicle Safety Products Manufacturing Corp., Syracuse, New York,
Weaver (Division of Dura Corp., a Kidde Co,.), Springfield, Illinois,
Werlin Safeﬁy Prbducts, Folcroft, Pennsylvania,

Whelen Engineering Co,, Inc,, Deep River, Connecticut,

’

Yankee Metal Products Corp., Norwalk, Connecticut,
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12, Appendix: NBS Photometry Facilities and Procedures
12,1, Introduction

An emergency warning'light consists of a light source and an optical
system which together produce a beam of light, 1In the photometry of these
devices, the intensity of the device as a function of angle of viewing is
measured, A variety of techniques and equipment have been developed for
tests on variocus types of sources,

Photometric testing is carried out on a photometric range by
comparison of device output with a standard lamp of known luminous
intensity in a specified d;rection. These.comparisons are made with
photosensors which are color corrected by, filters so that the spectral
response is similar to the CIE luminous efficiency fuﬁction° Considerable
care is required to keep the experimental errors within the desired limits,

A common exzmple of an emergency warning light séurce is the PAR~type
lamp which is a sealed beam iamp consisting of a filament placed at
the focus of a parabolic reflector with a glass cover, Another example
is a light source placed at the focus of a Fresnel lens.

For measuring the luminous intensity of such a device,'é photometer
employing an electrical photosensor is used, The response of the photosensor
is read or recorded on an electrical measuring device such as a self-
balancing recording potentiometer, Ihis response ig a function of the
illuminance on the face of the‘photosensor, and the iiluminanae.is

expressed by the inverse~-square law as follows:
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E = 3]1—2 , (12.1-1)
where E is the illuminance at the photosensor,

I is the luminous intensity of the light source, and

d is the distance between the light source and the photosensor.

The photometer is calibrated against a standard lamp of known luminous
intengity in a specified direction, oriented in that direction at a known
distance from the photosensor,

The emeréency warning lights are mounted at one end of a photometric
range, There are two ranges for the photometric measurement of these
devices at the National Bureau of Standards., On the shorter range, the
distance between the source and the photbsensor can be varied to a
maximum of 100 meters. On the longer range, this distarnce is a fixed
363 meters, *

NBS has made photometric measurements of vafious kinds of sources,
particularly those units used in airfield and aircraft ‘lighting. Since
these sources have been of many sizes, shapes, beam characteristics and
intensities, a variety of corresponding procedures, techniques and equip-
ment have been developed for their measurement, When photéﬁetric measure-
ments are to be made, each source must be considered individually, and it
is not possible to put forth any one general method for testing them, The
intent of this appendix, therefore, is first to describe: the photometric
equipment most commonly used, with emphasis on its application to
particglar types of sources; Next, the theory and practical consideratidns

of the various calibration procedures are discussed, Finally, there is a

generéifdéscription of the procedures used in these measurements,
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The information and data contained herein have been obtained
from many photometric tests of sources at NBS. Although this appendix ‘
deals specifically with‘photometry of emergency warning lights, the
techniques and equipment mentioned are also adaptable to the photometry

of other kinds of light units,
12,2, Equipment

12,2,1, Ranges

100 Meter Range

The 100 meter range is located in the basement of the NBS Metrology
Building, The photosensor and standard lamp for calibrating it are
mounted on a movable '"photometer bar'", shown in Figs. 12,2,1-1 and 12,2.1-2,
By moving the photometer bar, a maximum distance of 100 meters can be
obtained between the unit under test and the i)hotosensor. The standard ‘
lamp can be moved in and out of the calibration position by remote
control,

Test units are mounted on a goniometer, a device which can rotate
the unit through known angles about a horizontal and a vertical axis,
The test unit can then be set at a given angle with respect to one
axis, and when photometric measurements are made, a traverse can be
taken at this angle by rotating the gonioﬁeter about the other axis,

thus obtaining .an intensity distribution.
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Figure 12,2,1-1, The Photometer Bar of the NBS 100-meter Range which can
be utilized for photometric testing of emergency warning
lights., Mounted on the bar is the equipment used in
calibrating; however the shielding for stray light between
’ the gtandard lamp and the photocell has been removed
and a white background has been substituted for the
normally black one,
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Figure 12,2,1-2,

Dimensional diagram of the photometer bar in the:
NBS 100-meter Range, This bar supports the photo-
sensor, and the standard lamp for calibrating it,
which can be used to measure the output of emergency
warning lights,
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The goniometer which is located at one end of the 100-meter range is
shown in Fig, 12,2,1-3., Units mounted on it can be rotated about =
horizontal axis through two pivot points on the U-shaped inner frame,

There are two. rotary tables fur horizontal traverses which permit the
goniometer to be used as either a class A or class B goniometer as
described by Projector (1953), The inner table on which the test unit
is mounted is used almost exclusively, however, This table prbvides
rotations about a secondary axis corresponding to the vertical,
perpendicular to the horizontul axis which in this case is fixed, When
the goniometer is operates in this manner, it is a class A goniometer,

Horizontal traverses obtaiiied by rotating the larger table on which
tb? outer frame is mounted resul* im ~tations about a fixed vertical axis.
When the goniometer is operated in this msnner, it is a class B
goniometer,

The goniometer is gear~driven in the horizontal and vertical directions
and is usually turned by means of synchronous motors. When a self-
balancing recording potentiometer is used to record the output of the
photosensor, the recorder chart of the potentiometer is driven by another
synchronous motor which is powered from the same source as is the goniometer
motor,  Gear ratios for the recorder and the goniometér can be varied
to make available several choices of speed of rotation and chart speed,
and hence provide a range of angular scales (degrees per division) on

the chart,
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The Goniometer of the NBS 100-meter Photometry Range.
This unit can be utilized to rotate an emergency warning
1ight through known angles about a horizontal and
vertical axis, to enable determination of the angular
variation of light intensity,
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One source of error in goniometry is the backlash of the driwving
gears, For horizontal traverses, the errors caused by backlash are
minimized by running traverses in only one direction, In the vertical
direction, backlash can result from inconstant torque and from the
goniometer c;édle passing through a balance position in the course of
the traverse, To minimize these effects, with the test unit mounted on
the goniometer the pinion gear on the vertical drive is disengaged, and
the inner frame is balanced by means of the counterweights at the top of
the goniometer, After this balancing, a constant torque is applied by
means of a smail weight at the end of a cable, which pasgses ove;b5ubu11ey
connected to the vertical drive shaft (Projector, 1953), The pulley and
weight are seen to the left of the goniometer (Fig, 12.2.1-3).

In order to minimize the errors cau;ed by stray light from spurious
reflections, the photometer bar is provided with a series of baffles, One
of these baffles is seen in Fig, 12,2,.1-1, In addition, there are
adjustable baffles situated along the range between the goniometer and
the photometer bar, The walls behind and around the goniometer and the
background of the photometer bar are black., Additionally, there is a
black curtain behind the goniometer that is pulled across when testing

revolving or double~ended lamps,

»
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the minimum test distance in photometry of these sources is called
the "minimum inverge-gquare distance" (Illuminating Engineering Society,
1972, p. 4=273y, The illumination from the light source, measured at
digtances preater than this minimum, obeys the inverse-square law which
i o necesgary eriterion for the determination of luminous intensity,
The photometric distance is made greater than this minimum distance. The
minimunm iﬁvcrﬁe«square distance 1s determined by the type and size of the
1ight source, lens, reflector, etec,, and must be considered individually
for each unit,‘ If this distance is more than 100 meters (approximately

428 feet), the 100-meter range cannot be used.

The photometry of a gearchlight with a finite sized light source
and emitting o collimated beam is illustrated schematically in Fig., 12,2,1-4,
For this light source, the angle subtended by the optic (reflector) of
the gearchlight at the photosensor must be‘less than the angle subtended
At the point on the reflector farthest from the light soﬁrce by the
gmallest projected dimension of the light source, If>the reflector is
viewes through a telescope at the pogition of the photosensor, the
reflegtor will then appear bright over all the aperture,
From these considerationsg, the minimum inverse-square distance,

Loy 48 given by

d

a
Lo = Tos | (12.2.1-1)
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where Ly is the minimum inverse-square distance (in feet),
a 1is the distance from the point on the reflector that is farthest

from the light source to the axis of the searchlight (in inches),

o

is the distance from the light source to point "a" (in inches),

and is the smallest projected dimension of the light source as viewed

2R

from point "a" (in inches).

- If all lengths in the formula had been expressed in the same units, there
would have been a factor of 2 in the numerator, Thé factor 6 in the
denominatbr of Eq. (12.2.1-1) results from dividing 2 by 12, the number
of inches in a foot,

To illustrate, these considerations may be applied to the phbtometry
of two different sealed refléctor lamps of the PAR-64 ‘type, onejwith a B
300 watt, 6.6 ampere (45 volt) filament, and the other with a 120 watt,
20 ampere (6 volt) filament, These lamps have the same overall dimensions
and differ only in the size and construction of the filaments, Both lamps
have clear covers and parabolic reflectors, and both emit collimated beams
of light, For both lamps, the dimension a is 3.7 inches and the dimension

d is 3.8 inches. |

The filament of the 300 watt lamp is of the GC-6 type. That is, the
filament wire is wound in a helix, and the helix isg again wound into a
larger helix., The axis éf the larger helix is perpendicular to the axis
of the reflectoi, The smaller helix is‘wound s0 tightly‘§hat its diameter
can be considered the smallest dimension of the light source, and its
vprojected dimension, dimension s, is this diameter, 0,033 inch, Lb,is
therefore 70 féet, which permits the lamp to be‘phqtometrically measured -

on the 100 meterkrange.
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The filament of the 120 wact lamp is the ¢-6 type. The filament
wire is wound into a single helix, This helix is wound so lrosely that

the single turns of the coil can be discerned, Therefore, the diameter

of the filament wire itself, 0,020 inch, is considered its smallest pro-

o

jected dimension., L, is 120 feet, and on this basis this -lamp also could

be tested on the 100 meter range.

.The above discussion for the determination of the minimum inverse
square distance is exact only for axial measurements., For measurements
off the axis, test distances of two or three times these computed wminimum
inverse square distance are sometimes required but are often
impractical, Measurements near the axis are usually the m&stvimportant
in the testing of tHese sources; test distances only slightly greater
than the computed minimum inverse square distances are necessary for
most practical purposesv(Walsh, 1953, Chapter XIV),

363 Meter Range

As discussed above, a longer range may be required where the device
to be tested has a broad source, Larger lights are usually tested on the
363 meter range, The detector and standard lamp are located in the
attic of the Polymers Building., The goniometer, recording poteﬁﬁiometer
and all electrical controls are located in the attic of the Chemistry
Building, Thé distance bétween the photocell and the goniometer is fixed

at 363 meters (approximately 1191 feet),
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12,2,2, 7PAR Lampholder

A special holder for PAR-type lamps is used to facilitate the mountin'

of lamps of this type, The holder has been designed to be mounted easily
on the goniometer on thé 100 meter range and is shown -in Fig., 12,2,2-1,
A set of remo&able mounting rings makes it possible to mount any of the
'several sizes of PAR lamps on the holder.

. The holder contains a telescope which is used to align the holder with
a mark at the other end of the range so that the axis of the PAR lamp
reflector will coincide with the photometrie axis, It is therefore
possible to remove the holder from the goniometer and to replace it at

some future time, aligned as before.

12,2,3, Photosensors

The photosensors used in the photometric measurements are constant

current devices which produce c¢urrents proportional to the illuminance ‘
on their faces, All photosensors used are color corrected by means of
optical filters in order to make their spectral response similar to the
CIE spectral luminous efficiency function, Two different types of
photosensors are in general use, the barrier layer photacell and the
vacuum phototube, "Although photomultiplier tubes have a %igher signal-
to-noise ratio at low illuminancé<1evels and a fast photo-optical response,
the present detectors are superior, on balance, within their limits of
operation, - This superiority is based on a combinatioh of stability,
simplicity of power supply. circuitry, and relative ease of correcting

their color response to correspond closelykto the CIE luminous

efficiency function,
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100~meter Photometry Range, Seen are the telescope
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Barrier Laver Photocell

The barrier layer photocell, a solid state photoelectric device, is
used in most of thé photometric measurements, In the selection of a
photocell for,photometric testing, several cells which have been color
corrected by means of color-correcting filters are checked for linearity
and similarity of spectral response to the CIE luminous efficiency function.
In order to check the adequacy of the color correction, the luminous
transmiﬁtance of several colored filters for light of a specified color
temperature is measured with these photocells. These measurements are
compared with transmittances determined from spectrophotometric
measurements, The results of one such series of measurements,‘using a
lamp operating at Source A (color temperature 2854 K)* are given in
Table 12,2,3-1,

The photocells with good color response are then tested for linearity,
and the one most nearly linear in its response is sélected for use. The
response of the photocell being used at present, cell number 3 of
Table 12.2.3-1 was found to be linear to better than 0.1% in the most
useful range. This is sufficiently linear for photometric testing. The
linearity was tested using several standard lamps of known horizontal
intensity in turn at distances from 1 to 30 meters from the photocell,

The results of the linearity measurements of this photocell are shown

in Fig. 12,2,3-1,

ale
Since these measurements were made, Source A has been redefined to have

a color temperature closer to 2856 K,
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Table 12.2.3-1, Color Response of a Group of Barrier-Layer Thotocells with Filters

Filter Characteristics

‘Colaer for Source A

‘Transmittance Ratio #
X% yk%  Thxk . Cell 1  -Cell 2  Cell 3  Gell 4 Cell 5 - Cell 6
Red ©.725 275 L0410 1.17 1.04 1.00 1.20 1.13 .98
" .687 313 222 1.07 1.00 1.00 1.07 1.05 1.03
" .648 351 .324 .97 .95 .94 94 .96 .94
Yellow  .630 .370 427 1.02 1.00 .99 1.02 1.01 1.00
" .578 421 612 1.02 1.01 1.01 "1.02 1.01 1.01
" . .554 b4 .725 .97 .97 .97 .97 .96 .95
Green .233 679 .0370 .98 .98 1.01 .96 - .94 .96
" .310 573 .201 .97 .97 1.00 .96 .94 .96
" .350 4500409 1.00 1.01 1.02 1.00 .99 1.00
Blue .160 .080 - .020 1.01 .98 .99 .95 .96 1.00
L .162 .293 140 .90 .90 .92 .87 .88 .97
" .320 .329  .250 .87 .88 .88 .88 .87 .87

# Ratio of transmittance measured by photocell

from spectrophotometric measurenents
* x-coordinate on the CIE chromaticity
%% y-coordinate on the CIE chromaticity

*%% Luminous transmittance of the filter

diagram

diagram

as determined by spectrophotometric measurements

to transmittance determined .
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Figure 12,2.3-1, Linearity of response for a selected barrier-layer photocell of the type used

"as a detector in photometric testing of many types of lights.

drop across photocell did not exceed 1 millivolt,

Note -- Voltage



The barrier-layer photocell is used with two different circuits,’
For most photometric work with this type photocell, an external shunt
is used, The voltage drop across the shunt is amplified by means’of a
linear amplifier, and the o;tput of the amplifier is recorded on the
recorder chart of a self-balancing potentiometer, This circuit is shown
in Fig., 12,2,3-2, However, when greater precision is required in the
measurements, or when the illumination of the face of the photocell is
either very large or very small, a '"zero resistance' circuit is employed,
and intensity measurements are made using a Kohlrausch potentiometer
(Barbrow, 1940; Projector, Laufer, and Dcuglas, 1944),

Vacuum Phototube

For flashing ligﬁts of short flash duration such as gaseous
discharge lights, and for lights of very low intensity, a G.E. type
PJ-145% vacuum phototube is used (Douglas, 1958), 1In the photometry of
flashing lights, it is desirable to compute the effective intensity of
‘the flash which is determined from a measurement of the average intensity
of the flash, The effective intensity of a flashing light is equal to
the intensity of a steady-burning light of the same color which will
produce the same visual effect under identical conditions of’ observation

~ (Douglas and Freund, 1959).
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12,3, Calibration of the Photometric System
12.3,1., Introduction

Lamp standards of luminous intensity~are used to calibrate the

photometric testing equipment. A separate calibration is made before

A each.test, and a record is kept of the photometer sénsitivity in order

to detect any irregularities, The illumination of the photosensor produced
by the standard lamp is adjusted to some typical value of the illumination
produced by the test light, usuallv in the range of 75% to 100% of the
peak illumination produced by the test light., This procedure minimizes
errors resulting from nonlinearity of the response of the photosensor.

The adjustment of the illumination of the standard lamp on the photosensor
is accomplished by varying the distance of the standard lamp from the
photocell and by using optical attenuators. The photometer is usually

calibrated so that it is direct reading in luminous intensity,
12,3,2, Standard Lamps

The standard lamps used are 'working standards' whose luminous in-
tensity in a given direction has been determined at a given voltage,
Standard lamps are available ranging in intensity from about 8 to 900
candles, When a colored light is being tested, a filter is placed
between the standard lamp and the photosensor, which results in a standard .
lamp-filter combination having approximately the same spectralkcharacter—
istics as those of the light to be tested, This procedure minimizes errors
resulting from inadequate spectral correction of the photosensor. In this
procedure, a standard lamp of known color temperature as well as‘of_known

luminous intensity is needed,
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12,3.3, Attenuators

Sector disks are almost always used for light attenuation, although
neutral filters are also qvailable° A sector disk is usually placed be-
tween the gtandard lamp and the photosensor to calibrate the photometer
for the proper range Qf illumination. However, when the intensity of the
light being photometrically measured is unusually high, the sector disk
may be used to attenuate the illumination from the test light, The
range of sector disks available is from 1% to 80% transmittance.

When a sector disk is used, it is placed within a few inches of the
photocell in order to reduce error from stray light, The disk is rotated
at a few hundred revolutions per minute, which is fast enough to minimize
error from apparent flicker, When .a high illumination is attenuated by
a sector disk of low transmittance, there is an error which results féom
only one part of the photocéll being illuminated at a time; this error
ig successfully eliminated by placing a condenser of about 4 mfd, achss
the output of the photocell, (In utilizing this technique,; one must be

careful to obtain a capacitor which does not itself generate an emf,)
12,3,4, Calibration Procedure

The calibration involves illuminating the photosensor with light
from a standard lamp placed at a given distance from the photosensor,
and then adjusting the sensitivity of the photometric system to some

desired value,
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If

T

is the photosensor current,

is the intensity of the light illuminating the photosensor,

1=

and D is'the distance from the test unit to the photosensor,
~ then, since the.photosensoé produces a current proportional to the illumi-
nance on its face, .
i = kI/p? (12.3.4-1)
" where k is the sensitivity of the photosensor,
It is usually convenierit to calibrate the photometer to be direct
reading, so that
I = NS, (12,3.4~2)
where & is the reading of the potentiometer of the measuring circuit,
and where N is an integral power of 10 or the prdduct of an integer,
usually 2 or 5, and an integral power of 10,
The photometer is then calibrated with.a,standard lamp of known
horizontal luminous intensity., If
Ig is the luminous intemsity of the standard lamp,

Dy is the distance of the standard lamp from the photosensor,

§s is the potentiometer reading,

and i, is the photosensor current when the photosensor is .illuminated by
light from the standard lamp placed at the distance D, from the photosensor,
then

: 2,
i, =k Ig/D."; (12.3.4-3)
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and since the potentiometer reading is proportional to the photosensor

currant, .

i/ = 1/8. (12.3.4-4)
Combining Eqs. (12.3.4-1) through (12,3.4-4) yields
= 1 p2/np 2 -
§,=1ID /NDS . (12.3.4-5)

Calibration is accomplished by the following procedure: I

I and D

axe chosen so that IS/DS2 will be approximately equal to I/D2, where

I is some typical value of the intensity of the light to be tested, A
suitable value of N is then selected, Calibration to make the photometer
direct reading is completed by one of the three following procedures,

depending on the photometer circuit used,,
a, External Shunt Circuit

A diagram of this circuit is shown in Fig, 12.2.3-2, In this circuit ‘

SKI
. =EL——Q—§- ’ (12.3,-’-}-6)

D
s

)

where S is the sensitivity of the photometer circuit and Ry is the re-
sistance of the shunt, £

Calibration, therefore, requires that, with the photocell illuminated
by light from the standard lamp, the external shunt resistance is set so
that the potentiometer indicates the values ~£S given in Eq. (12.3.4-5).
The other parameters of the calibration are usually chosen so that the shunt
resistance will be of the order of a few ohms., This order of resistance

is used as it is large enough to be set accurately, and small enough so

that the voltage developed across the photocell will not cause the photo-
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cell to respond nonlinearly, The practice is to maintain the sensitivity
of the recorder at a fixed wvalue of 5 millivolts for full-scale deflection.
The sensitivity of the preamplifier is therefore set so that this recorder

sensitivity and desired range of resistance may be used,
b, Phototube with Electrometer Amplifier Circuit

The procedure for calibration is the same as that for procedure a,
The load resistor on the phototube and the controls of the amplifier are
adjusted for the optimum performance range of the amplifier., Also, the
output of the amplifier should not exceed 5 milliamperes. Hence, other
parameters are adjusted so that gL is greater than 1 ohm and ig less than

5 ohms,

¢c. Zero-Resistance Circuit

In this circuit, if the photometer is balanced so that no current flows

through the galvanometer, then

i=1iafr, (12.3.4-7)
a X
p

where

i is the photocell current,

ia is the current through the slidewire between O and A,

a 1is the resistance of the slidewire between O and A,
and r_ is the resistance of the resistor, rx.'
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Equation (12,3.4-7) is an approximation which depends on j? béing much
greater than i. In practice, ia is kept at about 10 milliamperes, and the
range of i is from 1 to 20 microamperes. If i is 20 microamperes; the
error resulting}from the use of this approximation will Eg 0.3%. For
larger values of 1, a correction in the calibration can be made (Douglas,
1958). |

Assuming the slidewire is graduated from 0 to 100, the reading of
thé indicator of the slidewire is graduated from 0 to 100, the réading
of the indicator of the slidewire is

¢ = a/ao, (12.3.4-8)

where a, is the total resistance of the glidewire,

Then, combing Eqs. (12.3.4-1), (12,3.4-7), and (12.3,4-8) gives

rku

6 = i,a_D2 ‘ (12.3.4-9)

In the calibration of the zero-resistance circuit,_:’La is usually kept

constant and r, is varied,

X
When the photocell is illuminated by light from the standard lamp,

£x is adjusted to obtain a zero reading of the galvanometer when the

slidewire is set at the value é% of Eq. (12.3.4-5) for a given test

distance, D, With the photometer thus calibrated, the intensity of the

test light is given by Eq. (12.3.4-2).



d., . Special Procedures
While photometric data are usually presented for a test light
operating under a particu;ar "design" (reference) condition, phoﬁometry
of the test light under operating conditions other than the design
condition is often desirable, Equation (12,3,4-5) can be generalized,
taking into account this special condition as well as the transmittanze

of any filters or sector disks used in calibrating, so that

2
: 6g== Yo Vg FIs 2, (12,3.4-10)

ND 2
S

where lc is the transmittance of the color filter at the color temperature
of the standard lamp, ls is the transmittance of the sector disk, and F
is the ratio of the output of the light under test when it is operated
under the design condition fo the output of the light when it is operated
under test conditions, This‘rétio may be, for example, the ratio of the
rated lumen output of the test lamp to the output of the lamp at the test
voltage, It also may be the ratio of the intensity in a given direétion
at the operating voltage to the intensity in this direction at the test
voltage, ]

For lights which are flashed in service but on which
phoégﬁetric measurements are made with the light burning steadily at a
selected voltage, the factor F is the ratio of the effective intensity

of the flash in a given direction to the steady intensity at the gelected

voltage in this direction of view,
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12;4° Testing Procedures

The photometer is calibrated as described above (Section 12.3.4,
Calibration Propedure) to an illuminance range determined by the intensity
of the light being tested, the test distance and the_information desired,
The test unit is mounted on the goniometer a&d is ‘'aligned, The angular
settings of the goniometer are adjusted so that the origin of the goniometer
settings willvcorrespond to.the desired axis, This axis usually is chosen
with respect to either the seat plane of the unit or some characteristic
of the beam such as its peak,

The baffling for stray light is put into place, The eye is placed
in the position normally occupied by the photosensor, Examination can
then be made to insure that the baffling is pioperly placed so that no

obstructions exist between the light and the ‘photosensor and that ‘

reflections from the walls, floor, and ceiling of the range are intert
cepted before they reach the photosensor,

I1f a sealed-reflector lamp is being measured photometrically, the
lamp is usually operated at either rated voltage or rated current, Other
lamps, such as those used in combination with an optical system, are
usually operated at or corrected to rated lumen output, Power for the
test-and standard lamps is usually obtained from storage batteries, which
are periodically recharged, Voltage and current are measured on a poten-
tiometer, and photometric measurements are not made until the lamp has
reached stability,

1f the goniometer is to be motor driven, the gear ratios are chosen so

that the traverse will be slow enough to insure the accurate recording of

the characteristics of the light, 1204 ~ ’ ‘



13, GLOSSARY
Note: a word enclosed in asterisks in these definitions, as
*intensity%*, is itself Qefined elsewhere within this glossary (or a
different grammatical form, jdentical to the asterisked word. except
for the ending, is so defined). For unfamiliar words not defined within

the glossary, see an ordinary dictionary.

absolute threshold: for any perceptual variable corresponding

to the quantity of some stimulus variable, the smallest amount
of the stimulus variable that can just barely be detected by an
observer under optimum conditicns, inzluding no background. In
signal-detection terms, the smallest gignal that can just barely
be distinguished from a background containing no signal and no

external noise,
adaptation: the process whereby an observer's sensory system
adjusts to a new pattern of stimulation, tending toward a new

steady state,

adaptation level: the level of stimulation, in a particular sensory

or perceptual dimension, to which an observer is currently®adaptedt

adequate stimulus: a stimulus or class of stimuli capable of
generating a perception within a particular sensory system of
an observer who is paying attention, under a specified set of

conditions. Frequently used in the psychological literature

~in the misleading sense of the class of stimuli that are

ordinarily thought of as adequate. For example, light is

-
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referred to as '"the adequate stimulus' for vision, even
though electricity and pressure can also lead to visual

percep}ions under the proper cenditions, 1In this usage,

the term ‘appropriate stimulus' would be better, ‘

alpha rhythm: a component of the brain's electrical wave
activity, having a frequency of 9-12 Hz, It is most prominent

when the eyes are closed,

anomalous trichromat: a person whose color vision contains the

normal three dimensions of variation, but whose detailed color

sensitivity deviates significantly from normal,

-

.

attention-attracting power: synonym for *'conspicuity'#,

Bartley effect:s “*brightness enhancement®. The effect was not

discovered by Bartley, but has been extensively investigated by him.
The discovery is generally credited to Brillcke, and the phenomenon is

sometimes also known as the Brlcke-Bartley effect or the Brilicke effect.

Blondel-Rey-Douglas formula: a widely used formula for *effective

intensity¥*, given in this reportkas Eq. (10,6-4).
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brightness: attribute of visual sensation according to which

an area appears to emit more or less light (*CIE* definition).

Brightness is a gubjective measure referring to the perceived amount

of light, This concept is called *"luminosity'* in English-speaking

countries other than the U,S,A. The "emission” of light

may involve light generated directly by a self-luminous body,
_or light from another source being reflected from or transmitted
through the surface in question. Not the same concept as
%lightness®, Should also not be confused with "photometric

brightness," an obsolete synonym for *Yluminance®®,

brightness enhancement: the phenomenon of a flashing light,

over a certain range of frequencies (2-20 Hz), appearing

brighter than the same light shone steadily.
candela: the internationally recognized (#SI¥*) unit of
%*luminous®* *intensity®. Formerly called the ''candle" in the

United States. Abbreviated cd.

CFF: abbreviation for *'critical flicker frequency'* or

*'critical fusion frequency'+,

choice reaction time: synonym for *'disjunctive reaction time'?,




chromatic: ‘"colored'" (in the popular sense); having *hue*; non-

neutral; having *saturation®* greater than zero. Refers to the .
aspects of perceived *color* other than *brightness®* (or ¥*lightness¥*),
namely *hue® and %gaturation®, All colors not seen as white, gray,

or black are chromatic,

CIE: abbreviation for 'Commission Internationale de L'ﬁclairage',
the official name for the International Commission on Illumination,

which sets international standards in the fields of light and color.

color: [This term has two different usages that should be carefully
distinguished, as follows.]

color (perceived): those aspects of a visual perception not

related to space (size, shape, position, texture) or time (motion,

flicker, sparkle, changes in size or shape); *hue¥*, *saturation¥,
and *brightness* (or *lightness*) taken together; the perceptual
4response to a patch of light determined by the *%*spectral power
distribution® of the light.- In the popular application of the term
'color' in perception, the intensitive dimension (*brightness* or
*lightness¥) is mot included; only %*hue® and *saturation® are
considered, The technical use of the term, however, includes all
three dimensions, so that a change in only the brightness of a 1iéh£
is said to Be a chaﬁge in the (perceived) color. ©Note also that
white, gray,.- and black are perceived colors ('neutral' or *"achromatic"
colors); whereas color perceptions involving *saturation* greater
than zero (that is, perceptions having some *hue%) are designated

*"chromatic'%, Where the context is clear, color perceptions may be

referred to simply as "colors".
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color (psychophysical): the aspect of a patch of light, determined

by the *spectral power distribution®, that leads to a color perception,
In technical usage, this is what is meant by the unmodified word ‘color',
Two *spectral .power distributions* that would be seen tc match in
perceived color by the 'standard observer" (as represented by the *CIE*
*color-matching functions®*) are defined as having the same color;

that is, color is measured by the *tristimulus values*, Note that

color is a function only of the %spectral power distribution® associated
with the light patch in question, but the color perception associated
with that light depends also on the colors of all the other light
patches present in the visual field at the time of viewing, and for

some time before. (Example: two pieces of the same yellow paper

have the same color, but if one is viewed against a vivid red background
and the other against a vivid green background, the perceived colors
will be different, the former piece appearing greeniéh yellow and

'color' in the

the latter orangish yellow,) The technical usage of
psychophysical sense, like the usage of 'color' in the perceptual
- sense, differs from ordinary usage in encompassing the third,
intensitive dimension. ‘Hence the *luminous® *intensity¥*, #*luminance¥,
receiving~-surface *illuminance®, *luminous¥* *reflectance¥*, or *luminous¥*

*transmittance* (depending on the type of colored object) are part of

the color,

color-blind: having some defect of color perception, Embraces
*monochromats®*, *dichromats¥®, and *anomalous trichromats¥, . The term

'blind' ‘is not to be taken literally; a more accurate name is 'color-

defective",
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color-matching functions: a set of three weighting functions,

which, when applied to the *spectral power distribution® of a

light, generate a numerical specification (*tristimulus valueé*)

of the %*color* of the light, Since objects of the same *color®
generate the same color perceptions, provided they are viewed under
fully equivalent conditions, these functions can be thought of as
constit-iting a specification of which *spectral power distributions®

are seen as matching by the observer for which the functions hold.

coror-mixture functions: synonym for *'color-matching functions'¥.

complex reaction time: *reaction time* measured in a complex

situation involving different responses to a variety of different
stimuli, the presence of distracting stimuli, and randomization
of the place as well as the time of appearance of the stimuli.

The phrase was used by Gerathewohl (1953, 1957), and is not

a standard term in the literature of reaction time.

cones: omne of two classes of light-sensitive receptor éélls
in the eye. The cone system mediates ''day" vision, including
color, and, in the central *fovea*, where there are only cones,
vision for fine details is extremely good. (The other class

of *photoreceptor* cell is the *rods#*.)

conspicuity: the ability of a signal to attract attention or
be noticed, relative to a specific background and a specific

condition of the observer (¥''set!*),
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cortex: specifically, the cerebral cortex, the outer shell of
the brain in which higher functions of thought, memory, per-

ception, and motor patterning take place.

critical duration: with reference to seeing, the integration

time of the visual system; the time interval within which no
témporal changes in a visual stimulus can be distinguished.
Below the critical duration, the total energy contained in a
light flash determines its perceptibility; above the critical
duration, longer exposure does not improve perceptibility, the
controlling variable being the *intensity* (or *luminance¥)
alone.

critical flicker frequency: the flash rate at which a repetitively

flashing light makes the transition from appearing to flicker
to appearing to be steady. When distinguished from *'critical
fusion frequency'#*, the highest flash rate at which flicker
can just barely be detected according to some criterioq. 1f
fhe criterion is detectability of flicker 50% of the time, and

the same criterion is.used for the ¥critical fusion frequency*,

the concepts become synonymous.



critical fusion frequency: wusually, a synonym for *'critical

flicker frequency'®. When distinguished from *critical flicker
frequency®, the lowest flash rate at which a flickering light

is seen as steady, according to some criterion.

deuteranomalous: with respect to a person, afflicted with

*deuteranomaly¥*; with respect to color perceptions or responses,
characteristic of *deuteranomaly®,

.

deuteranomalyv: a form of defective *trichromatic® color vision

characterized by some tendency to confuse red, green, and
yellow colors; partial *''green-blindness'*. The most .common form
of color defect.

deuteranope: a person afficted with *deuteranopia¥®.

deuteranopia: a form of *dichromatic® color vision ckaracterized

by an absence of red or green %hue¥* perceptions and a *luminous
efficiency* function that is normal or slightly low in-the

green and blue wavelength range; *''green-blindness!*,




deuteranopic: with respect to a person, afflicted with

*deuteranopia®; with respect to color perceptions or responses,

characteristic of *deuteranopia¥.

dichromat: a person afficted with *dichromatism¥*,

dichromatic: with respect to a person, afflicted with *dichromatism¥;
with respect to color perceptions or responses, characteristic

of “dichromatism®*,

dichromatism: a form of defective color vision in which the

normal three dimensions of color variation are reduced to two.
. As a consequence of the collapse of the‘fhird color dimension,
there exist series of colors such that a color normal sees a

continuous range of color variation from one end of the series

to the other, but *dichromats® see all the colors in the series

as being the same, There are at least three distinct types of
dichromatism -- *protanopia*, *deuteranopia*, and *tritanopia%* --
and each type is characterized by different series of colors that are

abnormally perceived as the same,

differential threshold: the amount of change in stimulation, in
any sensory or perceptual dimension, necessary for an observer to

just barely notice a difference from the original stimulus,



discrimination: ability to distinguish between stimuli.

discriminative reaction time: frequently, a synonym for *'disjunctive
reaction time'®, ‘Sometimes used in the more restrictive sense

of a¥disjunctive reaction time* for which one of the responses

is '"mo response’. (Example: 'press the button when the red

light comes on; do not respond when the green light comes on,")

disjunctive reaction time: *reaction time* in a situation in

which there is more than one category of stimulus, and different
responses are required to stimuli in different categories.
(Example: ‘'press the left button when the red light comes on,

and the right button when the green ligﬁt comes on.")

distribution coefficients: obsolete synonym for *'color-matching

functions'*,

duty cycle: a specification of the»pattern of f'on" or “high-
level periods and "off" or "low-level" periods in any repetitive
process in which some device is operated intermittently or is
repetitively changed from a "higher" td a "lower" condition

and back. With respect to ecyeclically flashing lights, the

term is frequently used as a synonym for *'light-dark ratio'* or

*'light-time fraction'®,
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effective color: the apparent *color* of a flashing light, as measured

by a *color* match with a steady light. A generalization (introduced

in this report) of the concept of *"effective intensity',

effective intensity: the apparent *iluminous® *intensity® of a flashing

light, as measured by the *intensity¥* of a steady white light seen

as equally bright when viewed at the same distance, or having the

same ''visual range" (distance of view at which the %brightness®

of the light reaches *threshold*), Sometimes used in the more restricted
sense of effective intensity as calculated by some particular formula,
usually the *Blondel-Rey-Douglas formula* [Eq. (10,6-4) of this report].
Although viewing distance and viewing condifions (background, atmospheric
clarity, knowledge of the direction in whiphlfaint lights are located)
enter into the operational meagurement of effective intensity, it should be
noted that *intensity¥*, whether effective or actual, is a property of the
light source and is not a function of how the source is being viewed

or where it is located.

effective luminous power: the apparent *luminous® power (*flux¥)

delivered by a flashing light within the area of a specified surface
or within the *solid angle* of a specified conical beam, asfmeasured
by the *luminous®* *flux* similarly delivered by a steady white light
at the same location that is seen as equally bright or that has the
same ''visual range' (distance of view at whicﬁ the *brightnegs¥ of
the light reaches *threshold¥*). Sometimes used in the more restricted
sense of effective luminous power as calculated through the use of

some particular formula, usually the *Blondel-Rey-Douglas formula*
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for %effective intensity* [Eq. (10.6-4) of this report] or its analog
stated directly in terms of *flux* rather than #*intensity*, One may be
concerned with the *luminous® power (effective or actual) emitted by a
source, in whichvcase it is a property of the source and independent of
viewing distance; or with the power from the source passing through a
specific external surface or *solid angle¥*, in which caseyit is a
property of a light beam and, in general, depends both on the source
and on the distance from the source to the receiving surface. There
are theoretically (but not actually) some special situatioms, such as

a beam with its rays precisely parallel (Yeollimated"), in which the

distance variable does not affect the delivered F*Elux*,

effective retinal illuminance: the apparent *illuminance* of an

observer's *retina%* produced by a flashing light, as measured by the
*retinal® *illuminance* produced by a steady white light at the same

location seen as equally bright or having the same "visual range"

(distance of view at which the“rightness* of the light reaches *threshold¥*),

Sometimes used in the more restricted sense of effective retinal

illuminance as calculated through the use of some particular formula,
usually the *Blondel-Rey-Douglas formula* for *effective intensity¥*

[Eq. (10.6-4) of this report] or its analog stated directly in terms of
“*illuminance* rather than *intensity®, The *illuminance* (effective or
actual) of a given observer's *retina* produced by a source is not a
property of the source, but of the beamqof light by meaﬁs of which the
observer sees the source. The *illuminance* depends both on the source

and, in general, on the distance from the source to the observer (although

distance may not be a factor for special kinds of beams), For viewing
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against a fixed background, *retinal® %illuminance* (effective or actual)

is the variable largely determining how bright a light appears, Therefore,

when effective retinal illuminance is measured by means of a *brightness*
match to a spgady white'light, the distance of the steady light from

the observer is, to a first approximation, irrelevant, However, the
*retinal® *illuminance® supplied by the steady light would normally

be calculated from its ¥*intensity* (it being very difficult to directly
measure light inside the eye), so the distance cof the light from the
observer, whatever it is, must be known, In order to allow for

secondary effects such as the intluence of %visual angle* on perceived
*brightness® (for fixed *retinal®* ¥illuminance¥), it is simplest to

place the fixed light at the same distance from the observer as the

flashing light.

effective tristimulus values: the ¥*tristimulus values® of the steady

light determiniﬁg the #effective color¥* 6f a flashing light., Can be
used in the more restricted sense of the effective tristimulus values
as calculated by some particular formulas, such as the tristimuluse-

value generalizations of the *Blondel-Rey—Douglés formuié* for

¥effective intensity* [Eq, (10.6-4) of this report]. The concept

and formulas [Eqs. (6.3-1)] were introduced in this report.
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effectiveness: 1in the context of this report, the degree to which a

signal achieves its desired purpose, such as alerting a driver that an .
emergenéy vehicle is approaching. Note that the adjective 'effective'

in the five ?feceding definitions does not connote effectiveness in

this sense, but in the sense ofvequivalence with respect to simple
visibility..

ata

. s 1
efficacy: see *'luminous efficacy *.

extended source: a source of light large enough to appear, at

a specified viewing distance, as an area rather than a point.

Sometimes used in the sense of a source of light large ernough

so that the #illuminance® of a receiving surface, moved toward

and away from the source zgrom a reference position ~1ocated at .
a specified distance from the source, departs significantly

(by some specified percentage) from the *illuminance®* that would

be predicted by treating the source as a *%point source* and

applying the %*inverse square law¥,

feedback: infofmation regarding the effect on any ongoing process
of an action ("input') taken with the intent of affecting the
course of the process, The desired effect is frequently to
maintain the final step (Moutput') of the précess within specified

bounds of acceptability.

w
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feedback loop: the chain of steps involved in using the *feedback®*

from an input action .to affect the nature of future inputs.
The loop is continuous if both the generation of the feedback
information and the process by which the feedback is used to

modify the input are continuous in time (either can be discrete),

filter: with respect to the control of light, a light-transmitting
object (such as a sheet of glass or plastic) used to modify the
*color* of a iight, either the %*intensity* alone (in which case

the filter is called '"nmeutral), or the “*chromatic®* aspect and

the *intensity* together, (The *chromatic* quality of a light
cannot be modified without some reduction in *intensity¥ by

passing the light through a filtcr,'unles5 the filter is

fluorescent)
fixate:  to gaze at as steadily as possible,

flux: synonym for 'power'; energy per unit time. Used in the

context of this report specifically in reference to power in the

form of light, Flux may be either *radiant® or *luminous¥*, The
%CIE* symbol for flux is § o The *SI%* unit of %radiant¥

flux is the watt (abbrevi;;;d W) and of *luminous* flux is the *¥lumen%*

(abbreviated 1lm),

A
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fovea: the central area of the %retina*; the portion of the
%retina* vn which the image of an object is focused when the observer

is looking directly at the object. The fovea is located in a depression

- .

or pit in the surface of the %retina%, and its diameter subtends
approximately the central 5° of the visual field. The most central

1° or 2° of the fovea contains only %cones¥®,

fusion: the disappearance of the sensation of flicker as a flashing
light is flashed at faster and faster rates; the condition of the

appearance of a flashing light as steady.

T

green-blind: an inexact and obsolete synonym for *'deuteranopic'%,

hertz (Hz): a synonym for 'cycle per second'; the internationally

accepted (*SI%) unit of frequency.

hue: the perceptual dimension of *color* that varies most obviously
with changes in the wavelength of spectrally pure (single-wavelength)
lights; that aspect of *color* that is described by terms such as 'red',

'yvellow', 'green', 'blue', etec.
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illuminance: ' a measure of the visually effective amount of light
falling on a surface; more strictly, the *luminous® *flux* (power)
striking the surface per unit area. The *CIE* symbol for illuminance

is E. The *SI* unit of illuminance is the *lux* (abbreviated 1x).

inadequate stimulus: a stimulus or class of stimuli not capable of

.genergting a perception within a particular sensory system of an
observer who is paying attention, under a specified set of conditions,
Frequently used in the psychological literature in the highly
misleading sense of the class of stimuli that are in fact *adequate¥,
but which are not ordinarily thought of as %adequate®, For example,

a blow on the eyeball is referred to as 'an inadequate stimulus' for
vision when it causes ''stars' to be seen. In this usage, the term

'inappropriate stimulus' would be better,

intensity: a measure of the light output from an object that is being
treated as a *point source¥®, Strictly, the amount of light *flux¥
(power) being emitted per unit *solid angle* within an infinitesimal
conical beam with its apex at the source and its axis in a* specified
direction; the solid-angular density of light *flux* in a given
direction, Reference may be made to either *radiant¥* or *luminous¥
intensity,. The *SI% unit éf radiant intensity is watt per
*steradian¥®, and of luminous intensity is the %candela®, The *CIE%

symbol for intensity is I.




inverse square law: the law that the *illuminance* of a surface

produced by a *point source® of light decreases as the square of the .
distance between the source and the surface; that is, the *illuminance¥®

is inversely proportional to the second power (square) of the distance,

lgmg: as used by specialists in illumination, a bulb containing a
source of light, This usage contradicts the nontechnical meaning,
which uses 'bulb' for this purpose and reserves 'lamp' for the

fixture containing the bulb.

light-dark ratio: for a cyclically repeating flashing light, the

ratio of the amount of time during one cycle that the 1light is on,

te the amount of time it is off. Symbolized in this report by a.

The light-dark ratio ranges from O for a light that is always off,
through 1 for a light that is on as much of the tiﬁe as it is off, up

to "infinity'" (arbitrarily large values) for a light that is always on.

2

light-dark symmetry: for a cyclically repeating flashing light, a
measure (defined in this report) indicating the degree of approach to
equality, within one cycle, of the time on and the time off,
Symbolized in this report by ¢, and defined as 4b(l-b), wheré b

is the *light-time fraction%, The value of the light-dark symmetry
ranges from O for a light that is either always on or always off,

up to a maximum of 1 for a light that is on half the time and off

half the time.




lightness: a perceptual vafiable correlating with the apparent
*reflectance® of an pbject reflecting light, or the apparent
*transmittance¥* of an object transmitting light. Lightness involves
a perception of the prevailing illumination and of the degree to
which the surface in question seems to be reflecting or transmitting
that illuminatibn° It is a property of the surface or body.
*Brightness®, on the other hand, is a perception of the amount of
light leaving the surface, without consideration of the original
source of the light, The surface of a brilliantly illuminated piece
of coal can be perceived as being simultaneously of low lightness and

high brightness.,

light-time fraction: for a cyelically repedting flashing light, the

fraction of the time in a single cycle during which the light

is on, Symbolized in this report as b, The light-time fraction
ranges from O for a light that is always off, through 1/2 for a
light that is on as much time as it is off, up to a maximum of 1

for a light that is always on,

lumen: the #SI* unit of *luminous® *flux*, Abbreviated Im. It is
formally defined as the *luminous® %flux¥* emitted by a uniform

- %point sourcekof 1 %candela®* into a *%solid angle®* of 1 %steradian¥%,

luminance: the measure of visually effective light output most commonly
appropriate for an %extended source®, It specifies the output at a given
point of the source surface in a given direction of view, and includes

light reflected from, transmitted throﬁgh, and emitted by, the surface,
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Formally, it is defined as the *luminous¥* *flux* per unit %solid angle% .
per unit projected area of the source, the projection being ontﬁ a
plane perpen&iﬁular to the given direction. The *CIE*‘symbol for

luminance is L, and the *SI* unit is the *candela® per square meter

(abbreviated cd/mz), also known as the nit (abbreviated nt),

The fact that luminance has units equivalent to *luminous¥* *intensity¥
per unit areg suggests an intuitively understandable operational meaning
of the term: the luminance, in a given direction, of a uniform extended
surface is measured by backing off in the given direction umntil. the
surface is far enough away to be effectively a *point source¥®;

measuring the *luminous® *intensity* of this *point source%*;

and dividing the *intensity® by the area of the source as seen from along‘
the given direction line (that is, the area projected onto a plane
perpendicular to the direction line)., The luminance of an *extended source¥
is thus the equivalent *luminous® %*intensity* of the source when it is seen
as a point, divided by the actual extended area of the source, corrected for
the direction of view, TFor a non-uniform extended source, the luminance

at a given point in a given direction is defined as the limiting value

of the luminance (as juét defined) of a small element of area surrounding the

point, as the area of the element approaches zero.

ok 1

luminosity: an obsolete synonym for *'luminous efficiency'*., The
word is also used in Britain to mean the same thing as the American

term *'brightness'%,

"
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luminous: weighted by the *luminous efficiency* function; referring

to the visual, as opposed to physical, effect. Contrasts with *'radiant ',
The word can modify names of quantities related to light emission,

such as *'intensity'#, The symbol used by the *CIE* to distinguish

the luminous quantity from the corresponding radiant or generic

quantity is a subscript v. ' Thus *luminous® #%intensity* is denoted

" Iy, although simply I may be used where the context is clear,

luminous efficacy: with respect to any light-producing device, the

ratic of the amount of Fluminous¥® *flux¥* (power) emitted to the amount
of electrical power fed in., It is a measure of the efficiency with
which the electrical energy is converted into visually effective
(*luminous¥*) light energy, and was formerly known as "luminous
efficiency'", a term that ﬁgw has another meaning, The *SI%* unit of
luminous efficacy is the *lumen* per watt (lm/W). The term 'luminous
efficacy' also has another, related meaning (not used in this report),
applying to a beam of light, In that case, it refers to the ratio of
the *luminous® #*flux* in the beam to the *%radiant® %flux* in the beam,
and is a measure of the efficiency of the radiant energy'in the light
beam in producing a visugl (*luminous¥) effect, The units of this kind
of luminous efficacy are also lumens per watt, In general, the term
'efficiency' is now restricted to dimensionless quantities derived by
taking the ratio of a dimensioned quantity to its maximum possible

value, or the ratio of a dimensioned quantity representing the output

1%-2]



of a conversion process to the similarly dimensioned quantity representing ‘

the input., 'Efficacy', on the other hand, is applied to the ratio of
quantities representing in‘different units the output and input of a
conversion process. Thus it is proper to refer to the efficiency
with which a light source converts elgctrical power into radiant
(light) power (both méasured in watts); but the conversion of electricil
power measured in watts into *luminous® *flux¥* (power) measured in
#lumens¥is a matter of efficacy. The value of efficiency is independent
of the (common) unit of measurement, but the value of efficacy
varies with the particular units used both for the input and the

output,

luminous efficiency: the sensitivity of the eye to light of a

given wavelength, relative to the maximum sensitivity at any
‘wavelength (taken as unity). It is a dimensionless quantity, The
¢ luminous efficiency function is the weighting function used: for
converting #%radiant® quantities specified+spectrally:to the corresponding
*luminous®* quantities, (Multiplication of the final sum byfé constant

is tswally necessary.) Two luminous efficiency functions are standardized

(by the *CIE%*): the *photopic* function, having its peak at 555 %*nm¥*

and representing sensitivity under conditions of 'day’ vision; and

the *scotopic* function, having its peak a£ 507 #nm* and representing

sensitivity under conditions of '"night" vision,

———

lux: the *SI* unit of *illuminance*, It is equal to one *lumen* per

square meter (lm/mz). Abbreviated 1x. : 0
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mesopic: intermediate between *photopic® and *scotopic¥*, The

mesopic *luminance* range is approximately 0,001 cd/m2 to 10 cd/mz.

micrometer:“é millionth of a meter. Formerly kncwn as a '"micron',
Not to be confused with the name of the tool used for precise length
measurements, The names are spelled the same, but the word for the
leméth unit is accented'oﬂ the first syllable and pronounced with the
o and first e long, whereas the word for the tool is accented on the
second syllable and pronounced with the o and first e short,
Abbreviated yum, the Greek letter u (mu) denoting "micro' and having
the meaning 'one millionth'. One um is approximately equal to 39,37
millionths of an inch (the exact number being 100/2,54),

micron: obsolete synonym for *'micrometer'®#, The old abbreviation
was H, a symbol now used only as a prefix attached to the name o£

other units.
millisecond: one thousandth of a second. The %SI* abbreviation is
rd

ms (m denoting "milli" and having the meaning '"one thousandth'), but

. msec is still frequently seen.
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monochromat: a person having color vision with only one dimension

of variation, as opposed to the normal three., Monochromats

can perceive only light-dark differences (''shades of gray'") and are
insensitive to both %*hue* and *saturation%, They can mﬁtch any two
lights, regardless of*spectral® composition, by an intensity adjustment
only, The vision of a monochromat can be thought of as bearing the

same relationship to normal vision as a black and white television

image bears to a color television image,

monochromatic: characteristic of the perceptions or responses of a
*monochromat®, With respect to a person, possessing such vision.

A person with monochromatic vision is sometimes inexactly referred

to as being '"totally color-blind',

nanometer: a billionth of a meter (10_9 m). Abbreviated nm,
Formerly known as a '"millimicron' (mu ). One nm is approximately

equal to 39,37 billionths of an inch (the exact number being

100/2,54)

negative flashes: brief darkenings of a light that is otherwise

steadily on, The dark phases of an *occulting® light.

3=



P

rnoticeability: a synonym for *'conspicuity'*. The ease with

which a signal can be noticed.

occulting: characterized by momentary darkenings of an otherwise

steadily burning light; *negatively flashing®

on-off ratio: synonym for %*'light-dark ratio'%.

perceptual insistence: a less widely used synonym for *'conspicuity's,

period: with respect to a repetitive (cyclical) process, the
interval of time between corresponding moments of two successive
cycles of the process. Whun the process consists of repeated
occurrences of a discrete, almost instantaneous event (such as
a brief light flash), the period is the time elapsing between
successive occurrences of the event, The period-is frequently
ascribed to the physical object generating the cyclical process
(as for example, a flashing light or a rotating motor), instead
>,
of (or in addition to) the process itself, Thus it is
acceptable to speak of the period of a rotating beacon, as well
as the period of tﬁe rotation, . The period is the reciprocal of the
frequency, so that the product of a period in seconds and the

corresponding frequency in®*hertz*is unity.



periphery: outer regions; areas outside the central region.

Applies to the *retina® or to the perceived visual field,

phase: point within a repetitive cycle, In phase: at corresponding

points of the respective cycles, Qut of phase (completely): at

opposite points of the respective cycles. Qut of phase (partially):

not in phase,

photic driving: enhancement of the *alpha rhythm* of an observer's
brain by stimulating him with a light flashing at the characteristic
alpha frequency, The result of photic driving is frequently
unpleasant, tﬁé‘effects ranging from mild dizziness, nausea, or

nervousness, to grand mal. seizures in epileptics,

Qhotogic: pertaining to levels of illumination high enough to
activate the %cone% receptors of the %retina®*, Photopic vision is
soﬁetimes known as ''day vision". It is distinguished by the
perception of color and of fine detail, Contrasts with #*'scotopic'¥,

The *luminance® above which vision is fully photopic is approximately

10 cd/m2.
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photoreceptors: the light-sensitive cells in the eye that permit

vision, The photoieceptors are part of a complex metwork of cells,
the #*retina¥, that lines the back of the inside of the eye, There

are two basic types of photoreceptors, %*rods®* and %*cones¥*,

point source: a source of light having a maximum diameter that is
small compared with tﬁe distance of the source from the receiving
surface, The minimum ratio of distance to diameter necessary to
characterize the source as a point source is not sharply defined,
but depends on the specific application, A common criterion is for
the ratio to be large enough so that the *inverse square law¥
holds, within some specified percentage tolerance, Visually,

the criterion is often that the source should have no visible

disc, but should appear as a point, Constrasts with *'extended

source ¥,

protanopia: a form of *dichromatic* color vision characterized by
an absence of red or green *hue® perceptions and a %luminous
effieiency® function that is abnormally low in the long (red)

wavelength range; *'"red-blindness'"*;
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protanopic: with respect to a person, afflicted with *protanopia¥;

with respect to color perceptions or responses, characteristic I

of "*protanopia¥*,

protanomaly: 'a form of defective *trichromatic® color vision

characterized by some tendency to confuse red, greem, and yellow
colors; partial #''red-blindness'®, 1In this condition, red colors
appear abnormally dark, This loss of *luminous efficiency*

(sensitivity) in the long-waveleugth range is the characteristic

that most sharply differentiates this defect from *%deuteranomaly®,

protanope: a person afflicted with *%protanopia¥*,

pulse-to-cycle fraction: synonym for #%'light-time fraction'¥, l

Usually abbreviated as PCF,
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Purkinie shift: the shift in the *luminous efficiency® function

of the human eye toward shorter wavelengths when the illumination
drops from *photopic* to *scotopic* levels. The effect is to make
the sensitivify of the eye to red light worse, in comparison to its
sensitivity to blue and green light, as the illumination

grows dim, The eye's peak sensitivity at *photopic¥® levels is

at 555 *nm*, a yellowish green wavelength. At *scotopic® levels,
the peak sensitivity is at 507 *nm%*, a wavelength that is seén at
*photopic* 1e§els as green, with perhaps a slight touch of blue, At
*scotopic® levels, of course, all wavelengths look approximately
gray, since the %rods* mediate ¥*monochromatics ("totally color blind')
perception, The shift effect was first described in 1823 by the

Czech physiologist ?urkinje.

radiant: vreferring to the physical energy of a light, unweighted by any
function related to visual response, Contrasts with *'luminous'¥,

The word can modify names of quantities related to light emission,

such as *'intensity'*o The symbol used by the *%CIE%* to distinguish

the radiant quantity from the corresponding luminous or geheric

at.  al.

quantity is a subscript e, Thus *%radiant¥ %intensity%* is denoted E

although simply I may be used when the context is clear,
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reaction time: the time elapsing between the occurrence of a signal
and the completion of the appropriate response by an observer of the

signal,

red-blind: an inexact synonym for %*'protanopic'¥,

reflectance: the ratio of light *flux* reflected from a surface
to the *flux® incident oa the surface; the fraction of the light
returned by the surface, May be *radiant¥* or *luminous¥®, and also
*gpectral® or total, The range of reflectance is from zero

(ébsolute black) to unity (total reflection),

relative luminous efficiency: an obsolete synonym for *'luminous

efficiency'%, .

retina: an extremely complex network of chiefly nerve cells that

lines the inside of the back of the eye, The retina contains the
*photoreceptor® cells, and is thus the actual sense organ for

vision, The adjectival form is 'retimal'. .

13-30



rods: one of two classes of light-sensitive receptor cells in the

eye. (The other class.of *photoreceptor* cell is the *cones¥%,)
The rod system mediates "night" vision and can respond to lower
levels of light than the *cone® system, The rods do not'generate
*chromatic* perceptions, and the ability of the rod system to pick

up fine details in the visual scene is poor,

saturation: perceived purity or strength of a color; the perceived

degree of difference between the color and the neutral color (white,

gray, or black) of the same *brightness® or *lightness¥*. Saturated

colors are referred to as '"strong", 'deep', "vivid", or "brilliant",

Colors of low saturation (“unsaturated" colors) are called "pale', '"pastel",
"weak", or 'whitish", '"grayish", or '"blackish', Colors with zero
saturation are called ‘meutral’, ”achromati;”, or "white", “'gray',

or "black". They are also sometimes referred to as "hueless', since

a color is perceived as having a definite *hue* if, and only if, it

is perceived as having saturation greater than zero.

-
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scotopic: pertaining to levels of illumination mot high enough

to activate the *cone¥ receptors of the *‘retina*,k but high enough to .
activate the *rods*, Scotopic vision is often known as '"night vision'",

It is distingugéfed by mo perception of color and poor pérception of

fine detail., Contrasts with “photopic®, The *luminance® below which

vision is strictly scotopic is approximately 0.001 cd/m2.

set: (psychology) -- the state of an observer at a given moment with
respect to attitudes, expectations, readiness, attention, and other

such internal factors that partly determine the nature and speed of the
response to a stimulus. TFor example, inba *reaction time® experiment

in which a button must be pushed when a light comes on, the experimental
subject can take the "motor set", in which he concentrates on readiness

to push the button, or the "sensory set", in which he concentrates on ‘
readiness to see the appearance of the light. The motor set usually

leads to shorter reaction times,

St: abbreviation for "Systéme International, the official name for the
International System of Units. This system of units is the intermationally

approved system for use in-science and technology. It is based on the old

MKS (meter—kilogram—second) system,
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simple reaction time: *reaction time% in which there is a single,

specified stimulus, and a single, specified response, both known to the

experimental subject in advance. 1In this case, reaction time is a

minimum since the need for higher mental processes is minimal,

'small-field tritanopia: the degradation of normal color vision toward

the *dichromatic* form known as *tritanopia® when the field of view is
small and 1oéated in the central %fovea%*, The questioﬁ of whether small-
field tritanopia also exists in the *periphery¥* is still open. Low
intensity or brief flashing of the stimulus also seems to cause normal
vision to tend toward *tritanopia¥®, so émall-field tritanopia may be only
one aspect of a phenomenon associated with delivery of low total energy

-

to the *retina%,

solid angle: the analog in three dimensions of the concept of angle

in two dimensions. The solid angle %subtended® by an object at a point
is measured by the fraction of the total area of a sphere, centered at
the point, that is included within the projection, from th; point onto
the sphere, of the outline of the object,  The solid angle is. independent
of the radius of the sphere, The *SI%* unit of solid angle ié’the
*steradian®, In plane geometry, the word 'angle' refers both to a
geometrical figure (formed by two intersecting lines) and also to a
measure of the degree of separation between the lines in such a figure.
In solid geometry, it is rare to refer to "a solid angle' -~ the
geometrical figure -- and the concept defined above is the measure.

The geometrical figure constituting 'a solid angle' would be a conical

surface with a cross-section of arbitrary shape. In the
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context of an object *subtending* a solid angle at a point, the
conical surface is that traced out by the projection line with one
end anchored at the reference point, and the other end sweeping
around the space-curve forming the outline (border) of the given
object as viewed from the reference point, The intersection of
this conical surface with any sphere centered at the reference
point constitutes the pr;jection of the outline of the object onto

the sphere.

spectral: defined fof each wavelength within a specified wavelength
range, The word is used to modify the name of either %radiant¥ or
*luminous¥® quantities, 1In the latter case, the wavelength range referred
to would be the visible spectrum, which extgnds from approximately

360 *nm* to 830 *nm¥*, (The range can be broader or narrower, depending

on the purpose and the accuracy desired,) .

spectral power distribution: a wavelength-by-wavelength specification

of the output of a source in terms of any appropriate %radiant® measure,
not necessarily simply the *radiant® *flux*, Also called "spectral
energy distribution". The word '"power™" or "energy'" in these phrases
serves only to indicate that a #%radiant®, as opposed to *luminous¥%,
specification is meant (as for example, *radiant® *intensity¥)., Note
that no power at all can be emitted in an infinitesimally narrow
(zero-width) wavelength band, so that the quantity actually specified

must be some radiant measure per unit wavelength (usually per #*nm¥)

e



of the emission band, Such specification is known as '"spectral
céncentration" and actually constitutes a measure of the derivative

of the "power" with resﬁect to wavelength, The "spectral power
distribution" of a®point-sourcetsignal light may thereforg be actually a
specification of the spectral concentration of radiant intensity,

1, -1 '

measured in Wesr ‘tenm -,

spectral transmittance: fraction of the incident light *flux* transmitted

by a body, specified on a wavelength-by-wavelength basis, Although total
*transmittance® (integrated over a specified wavelength fange) may be
either *radiant® or *luminous®, there is no distinction between %*radiant®
and *luminous¥® spectral t?aHSmittance (since any weighting constant

for a given wavelength would be applied both to the incident and

transmitted flux, and would divide out when  the ratio was taken).

steradian: the standard (¥%SI%) unit for specifying #*solid angle¥®,

One steradian is defined as the *solid angle* #subtended* at the center

of a sphere of unit radius by a portion of the sphere having unit

area (that is, an area of one square unit), Since the total area of

a sphere of radius R is 4ﬂR2, the total area of a sphere of unit radius
is Hﬂ"square units., Hence a complete sphere contains 41T steradians

and a hemisphere contains ZW steradians, Abbreviated sr,

subtend: ' (geometry) -- to cut off or intercept, said of one geometric
figure with respect to another, A surface is said to subtend a

*solid angle* at a point when there is consideration of the *golid angle*

P
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formed by sweeping the other end of a straight line, starting at the
point, around the boundary of the surface. A line segment is said to
subtend an ordinary planar angle at a point when there is consideration of
the angle formedusy joining the point to the ends of the segment by

straight lines,

threshold: (psychology) =~ the least perceptible amount of any physical,
psychophysical, or psychological quantity, or of the change in any such
quantity. These twi concepts are referred to as *absolute® and
#differential¥® thresholds, respectively. An example of an absolute
threshold is the lowest “luminance® that can just barely be seen in an
otherwise totally dark field. An example of a differential threshold is
the amount of difference in wavelength that cén just barely be seen in the
comparison of two spectrally pure lights viewed side by side. There is
some vagueness in.the notion of '"just barely perceptible™, and the
threshold point is usually defined statistically. A common definition

is the amount of the quantity or change in quantity that will be
perceived on 50% of the presentations in a long sequence of repeated

presentations.

transmittance; the ratio of light #flux# transmitted through a body
to the *flux* incident on the body; the fraction of the light that
gets through the body, May be *radiant®* or *luminous®, and also
*spectral® or total., The range of transmittance is from zero

- (complete opacity) to unity (total transmission),




trichromat: a person whose vision is *trichromatic®*, All color=
normal people are trichromats, but not all trichromats are coloxr-

‘normal (since *anomalous trichromats* exist),

.

trichromatic: three-dimensional with respect to #colewx®, Normal

color vision is trichromaticj; that is, tﬁere are three independent
aspects in which *color® perceptions can vary. One of the infinitely
many possible specifications of these three dimensions is; +%hue®,
*saturation®, and *brightness¥ (or *lightness¥*); another is: amount
of redness, amount of greenness, and amount of blueness, Some people
*anomalous trichromats®) have wision that is . trichromatic but not

normal,

trichromatism: “*trichromatic® vision or the condition of possessing

such vision,
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trigtimulus values: a sei of three numbers that constitute a full

specification of the *color* of an object or patch of light,., The .
tristimulus values for a light are calculated by weighting the’

*spectral power distribution® of the light by each one of a set of

three *color-matching functions®*, and, for each function, totaling the
products across the entire visible spectrum. The sums are (except

for a possible constant factor) the trigtimulus values, TFor most

of the standard sets of %color-matching functions¥*, the tristimulus

values can be interpreted approximately as amount of redness, amount

of zreenness, and amount of blueness., The tristimulus values

associated with the 1931 %CIE* *color-matching functions® -~ the most

widely used standard -- are denoted X, Y, and Z. The Y tristimulus

value, although an approximate indication of greenness in relation

to the magnitudes of X (rédness) and 2 (blueness), is precisely ‘
equal to. the %*luminance® or %luminous® F*intensity* of a light, or the

*luminous® %reflectance® or *luminous® *transmittance®* of an object,

The tristimulus values are a good guide to the color 'a light or object
will appear to have when seen alone against a dark background by a normal
observer adapted to darkness, but in general the color pérceived to
belong to a patch of light or to an object is a function not only of its
own color (tristimulus values), but also of the colors (tristimulus
values) of other light patches or objects simultaneously present in thé

background or viewed in the very recent past by the observer,
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tristimulus values of the spectrum: synonym for *'color-matching

functions'¥, When two or more lights are mixed together, the
*tristimulus values® of the combination must be equay to the sum of
the *tristi;ﬁlus values¥ of the component lights, because of the way
#tristimulus values® are calculated, Since any light can be thought
of as composed of a mixture of single-wavelength lights, it follows
tha£ the values of the three *color-mixture functions¥* at any one
wavelength can be interpreted as the tristimulus values of a pure
light of that wavelength. The %radiant® intensities of the single-
wavelength lights, which determine the absolute sizes of the
*tristimulus values® at each wavelength, are taken equal all across
the spectrum, in the standard #%CIE* fuﬁctionso* (This is called an

"equal-energy' spectrum,)

tritanomaly: a rare form of defective *trichromatic* color vision
characterized by some tendency to confuse white and yellow, and also by
some tendency to confuse certain shades of blue and green, Sometimes

referred to as "partial blue-blindness',

tritanopia: a form of *dichromatic* color vision characterized by
an absence of blue or yellow *hue* perceptions and a *luminous
efficiency* function that may be slightly below normal in the

shortwave (blue) region of ‘the spectrum,

visibility: an obsolete synonym for *'luminous efficiency's,



visual angle: the angle *subtended* by any object at the eye of an ‘

observer. Visual angle may be specified in terms of the *solid
angle* *subtended* by the entire surface of the object, or, more
commonly, by the planar (ordinary) angle *subtended¥* by the largest

linear dimension of the object,

AN
i
s
o



14, References

NOTE: Following each reference, in brackets, are the page numbers in this
report on which the reference is cited, Pages on which the reference
are cited twice are denoted by a prime¢ (apostrophe) following the
page number,

Ball, R. J., and Bartley, S, H, (1971). Effects of intermittent photic
stimulation on several aspects of visual perception, J. Am. optom.
Assoc. 42 (7), 649, [6-10]

Barbrow, L, E. (1940). A photometric procedure using barrier layer
photocells, NBS J. Res. 25, 703. [12-17]

Bartley, S. H. (1961), A clarification of some of the procedures and
concepts involved in dealing with the optic pathway.  In R. Jung
and H, Kornhuber (Eds,), The visual svstem: neurophysiology and
psychophysics. Springer-Verlag, Berlin, L7=3]

Bedford, R, E., and Wyszecki, G, W. (1958). TLuminosity functions for
various field sizes and levels of retinal illuminance. J. opt.
Soc. Am. 48 (6), 406, [6-6, 7-11]

Breckenridge, F, C. (1967). Colors of signal lights: their selectionm,
definition, measurement, production, and use, National Bureau of
Standards Monograph 75 | 6-15]

Brown, J. L. (1965a), The structure of the visual system. In C. H.
Graham (Ed.), Vision and visual perception. Wiley, New York.
[6-2. 6-2a]

Brown, J. L, (1965b), Flicker and intermittent stimulation, In C. H.
Graham (Ed,), Vision and visual perception, Wiley, New York,
L6-17])

-
CIE (1970), International lighting vocabulary, 3rd ed. CIE Publication
No., 17. Bureau Central de la CIE, Paris. [6-6]

Cohen, J., and Gordon, D. (1949)., The Prevost-Fechner-Benham subjective
colors. Psychol, Bull, 46 (2), 97, [6-11]

Crawford, A; (1962), The,perception of light signals: the effect of the
number of irrelevant lights, Ergomomics 5 (3), 417, [8-4, 9-14]

Crawford, A, (1963). The perception of light signals: the effect of
mixing flashing and steady irrelevant lights, Ergonomics 6 (3), 287.
[8-4, 9-14]

Douglas, C, A. (1957). Computation of the effective intensity of flashing
lights. Illuminating Engineering LII (12), 641, [10-35', 10-36', 10-41]

Douglas, C. A. (1958), - Photometer for measurement of effective intensity
of condenser-discharge lights,  Illuminating Engineering LIII (4), 205,
[10-40", 12-17, 12-24]

)41



Déouglas, C., A., and Freund, M. R, (1959), Potentiometer for measurement
of small photoelectric currents., - National Bureau of Standards
Report 6422, [12-17]

Edwards, R, A, (1971). The relative conspicuities of flashing lights by a
comparison method., In Symposium at Imperial College (London); The
perception and application of flashing lights. University of Toronto
Press, Toronto, L9-9]

Gerathewohl, S. J. (1953). Conspicuity of steady and flashing light
signals: wvariation of contrast, J, opt. Soc. Am. 43 (7), 567.
[8-4,,9-14, 13-6]

Gerathewohl, S, J. (1957)., Conspicuity of flashing light signals:
effects of variation among frequency, duration, and contrast of the
signals. J. opt, Soc. Am. 47 (1), 27. [8-4, 9-14, 13-6]

Graham, C. H. (1965a). Some fundamental data, In C. H, Graham (Ed.),
Vision and visual perception., Wiley, New York, L6~ 5, 6-5a]

Graham, C, H. (1965b). Perception of movement, 1In C. H. Graham (Ed.),
Vision and visual perception, Wiley, New York, [6-18]

Guilerd,JJ. P, (1954), Psychometric methods. McGraw-Hill, New York,
9-6

Illuminating Engineering Society (1959)., IES Lighting handbook, 3rd ed..
P. 4-35, Illuminating Engineering Society, New York, L12-8]

Illuminating Engineering Society (1964),  IES guide for calculating the
effective intensity of flashing signal lights., Illuminating
Engineering LIV (11), 747. [10-35, 10-42"']

Kinney, J.A.S. (1958). Comparison of scotopic, mesopic, and photopic
spectral sensitivity curves, J. opt. Soc. Am. 48 (3), 185.
[6-4, 6-5]

Projector, T. H. (1953), Versatile goniometer for projection photometry,
Illuminating Engineering XLVIII, 192, [12-6, 12-7]

Projector, T. H. (1957). Effective intensity of flashing lights,
Illuminating Engineering LII (12), 630, [10-36', 10-39, 10-50]

Projector, T. H., Laufer, M. K., and Douglas, C. A. (1944). An improved
"zero-resistance' circuit for photo-cell photometry. Rev, sci,
Instr, 15, 107, [12-17]

Sharma, S, C., and Yorke; H., C. (1971). A study of the apparent flicker
rate at sub-fusional frequencies, 1In Symposium at Imperial College
(London), The perception and application of flashing 11ghts University
of Toronto Press, Toronto, L7-13]

Symposium (1971), at Imperial College (London)., The perception and
application of flashing llghts. University of Toronto Press,
Toronto. L7-6]

/42



Walsh, J.W.T. (1953). Photometry, Chapt, XIV. Constable and Co., London,

[12-10] .

Weitzman, D, 0., and Kinney, J.A.S. (1967). Appearance of color for small,
brief, spectral stimuli, in the central fovea. J. opt, Soc. Am,
57 (5), 665, [6-14] -

Wohlerg, M. R., and Leupp, H. A, (1959). Effective intensity of certain
‘types of rotating beacons, Illuminating Engineering LIV (7), 412,
[10-41, 10-42', 10-42al

Woodworth, R. S., and Schlosberg, H, (1954). Experimental psychology,
rev, ed, Holt, New York. [4-2]

Wyszecki, G., and Stiles, W. S. (1967). (Color science: concepts and
methods, quantitative data and formulas. Wiley, New York,
[6-4, 6-4b, 6-8, 6-8a, 10-65)

e



7 Sl f ot






