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ABSTRACT

A preliminary cost-benefit analysis is made of means for and results
of reducing the deleterious effects of headlight glare from opposing vehicles
on the highway. It is shown that polarization of headlights may be a feasible
solution in terms of reduced accident costs.
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I. INTRODUCTION

Headlight glare is considered to be a serious driving hazard by almost
every nighttime vehicle driver. Since the beginning of the automotive indus-
try, literally thousands of designs of headlamps and headlighting systems
have been evolved, attempting to provide adequate lighting for the driver to
see the road ahead while reducing the glare that he must face from approach-
ing vehicles. The present vehicle headlamp systems represent the latest
industry-government accepted compromises of these two factors. The
resulting lighting is not satisfactory, however. It does not provide sufficient
illumination of the roadway ahead at modern highway speeds and it does not
provide protection to the opposing driver from Disability Veiling Brightness
(glare) which seriously impairs his vision,

There are solutions to this problem and this study will provide infor-
mation which can assist in determining which of the several solutions is the
most feasible for nationwide application.

A number of means exist for eliminating or greatly reducing glare
while permitting increased illumination of the roadway ahead of the driver,
and these must be carefully considered before proposing any major change
in nighttime driving practices for the entire nation.

On undivided, multilanehighways with two or more traffic lanes in
each direction, passing is normally not allowed over the roadway centerline.
In many cases, a median strip is provided between the opposing traffic lanes,
sometimes including barrier fencing. Where such exists, glare screens
erected on this fencing, or planting of trees or shrubs in the wider medians,
will greatly reduce the glare from opposing vehicles at short intercar dis-
tances where it is most objectionable and dangerous. This may not, however,
provide acceptable extinction of oncoming vehicle lights under certain
topographical conditions, particularly where road sections are separated bya
stretch of lower elevation. The beams, under this condition, will be pro-
jected above the glare screen and the drivers will be faced with sudden flashes
of light which may be even more disturbing and dangerous than a steady,
continuous beam. In any case, the glare screen cannot be considered for

two-lape highwayvs where pasmnmmmrle roadway center-

ligg.. Since two-lang Dighwavs constitute the major Eortlon of the rural
iochway system and the locale of the greatest glare hazard in dr1v1ng, as

borne out by their higher night @ BT eRperience rate, e apove solu 1n

zor multilane PIEnwWay e 15 1s"o'f questlonable 1mport!.ance in tﬁe over' aﬂ 1ssue.

Another solution is to establish one-way traffic on all streets and
roads. This might be reasonably accomplished in most urban areas; however,
in rural areas, it would seem impractical without the virtual duplication of



the existing two-lane major highway network. That is, where surfaced or
improved two-lane roads presently exist which could carry traffic in one
direction, a parallel, equally improved, two-lane road sufficiently near for
user convenience generally is not available to carry the opposing traffic.
This would require the improvement of a possibly available unimproved road,
the construction of a completely new roadway, or conversion of the two-lane
roadway into a multilane section of road (where an adjacent parallel road was
not practical). ’

Work in prior phases of this program, as well as that conducted by
many other 1nves1:1ga.tors(1 2) " has shown that a practical, feasiblé and
meletely developed solution ex1sts whlch w111 not merely reduce

‘The proposal to adopt polarized headlighting as the most positive

means of eliminating glate from approach VENiCIes St Light 15 NOL new.
2 Wﬂmdwﬁiu _ e out the po entla 1t1es ot olar1zat10n

) O.e ATmost Immedlately tollowing the
evelc ept of d1chro1c polarizer film D . Leng ah the late Lol
TS Witk venicle Neadlamps was proposed because this invention provided, for
fﬁ}_,l}l‘bs\‘.;,_z__eg,,g practical, relatively low cost, Mass Progucipie polarizing
material\=¥ In 1936, U 5 patent No -2.301,045 was 1ssued to cover the )

polarization for vehlcleheadh hts. Althoug 1t prov1decfthe only
practica . 1 “PFOposal was met with a negative atti-
1‘.ude(Ref 2 p 23) On numerous occasions during the intervening years,
the adoption of polarized headlighting has again been proposed. On each
occasion, a few real but minor deficiencies have been emphasized, together
with many presumed deficiencies which could have been easily overcome
with no great ingenuity. Vehicle evolution has now negated most of the
arguments which were brought out to defeat any concerted move toward the
adoption of polarization by the automotive industry.

As a result, a good, practical solution to the problem of safe night
vision on the highway could have been incorporated in 1941 with the necessary
conversion of only 35, 000, 000 vehicles. It was passed up then and again
in 1949 when only 45, 000, 000 vehicles required conversion. 'Now, in 1969,
with 100, 000, 000 vehicles onthe road, polarization still remains the only
really practical solution. During this period, deaths from traffic accidents
have risen from some 40, 000 per year to over 53, 000 in 1967 3,4) How
many of these might have been avoided by the elimination of headlight glare
will be discussed in a later portion of this study.

*Superscript numbers in parentheses refer to the List of References at the
end of this report.
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The application of polarized headlighting to a vehicle can be a rela-
tively minor modification involving, in its simplest configuration, merely
placing polarizer screens over the headlamps and providing an analyzer
(polarizing viewer) for the driver to look through at oncoming vehicles. 1Its
adoption and acceptance by the driving public, the Automotive Industry, and
the Government, both State and Federal, however, presents much more
complex problems.

eadlig tg re mlght be con51dered suff1c1ent in general (polarized headlights,
one-way traffic, glare screens, etc.), there will undoubtedly be highway
locations and configurations in which overhead fixed highway lighting would
still be necessary to provide the safest environment for road users. How
far this might or should be extended to the solution of the overall glare/
visibility problem is essntially an objective of this study.

A final possible alternative is that of modification of beam patterns.
Headlamp aiming, or special spot lamps or fill-in lamps which would pro-
vide closer control of beam spread and high level beam intensities, may
improve the glare situation somewhat. This has, however, been the prin-
cipal approach to the problem for at least 60 years of headlamp design by
the automobile industry and lamp de51gners and the problem is still
with us.

In its optimum form, which may be represented either by the US/UK
or the European standard configurations, glare is still present and visibility
is only marginal even when no opposing headlamps are present(5 . The
present configurations represent compromises in illumination and glare
characteristics which are the result of many years of conferences and
coordinating efforts., It is unlikely that major modifications which would
greatly improve this situation could be effected in the present agreed upon
standards for such vehicle lighting. The subject is still, unquestionably,
open to further discussion and modification on the basis of vehicle, lighting
and highway evolution and changing requirements.

The study reported here represents an approach to providing an
evaluation of the factors above. It presents the relative costs of the provision
of adequate lighting for driving safety and the elimination of glare from
vehicle headlights balanced against the value of benefits to be obtained by
such improved night vision.



In all candor, it must be stated that this study must be considered as
only a first-stage, preliminary review of the cost and benefit factors of
concern. Much of the data on which its findings and conclusions are based
are fragmentary and, in many respects, unreliable. There is perhaps too
much emphasis on accident reduction benefits, particularly in view of the
erratic'and limited data found available relating headlight glare to accident
fréquency. Also, there are other benefits which are touched on in the fol-
lowing discussions which may have real, economic benefits greater than
reduction of accident costs but, for which, only gross hypotheses could be
formed, owing to lack of factual data. It was considered unwarranted to try
to base cost or benefit comparisons on such fragmentary information.

It is suggested that the following analysis is justifiable and desirable,
however, in that it will disclose areas of information needed to achieve a
proper and detailed evaluation of the problem.
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1I. ECONOMICS OF IMPROVED NIGHTTIME VISION

rogram to improve the visibility of th
idered to be threefold.
A A e v

Th i jectives of a_

Reduce Acc1dents - R Reduce death 1n3ury, and property damage

e e o L T st

\ v Flow - I ase speed safely and accommodate
h1Eher Yarnc volume durmg the hours of darkness. Inc 8
nighttime use of highways by persons now re uctan se them

(3) Reduce Stress - Reduce tension and drlver stress 1rnrove N
vehicle con -.!ﬂm c151on ma 1n ecrease ree

quency of "em SEREN SituatiGnierdiniietedaing lne V1 ib1} 1t of s
Troad ostacles at greater d1stances
R It oo e Tt G e 3

These objectives are completely interrelated. They might even be
considered different expressions for a single basic objective of increased
nighttime traffic flow with reduced accident rate.

Other factors may De present in nighttime driving such as increased

Means ot ac 1ev1ng 1mprovements 1nv151111ty have Deen 1nvest1ga ed m“prlor
studies; this report is concerned solely with establishing the relative costs
of these methods or means.

Balanced against the costs of providing alternative solutions to
improve visibility is the value of the benefits to be derived. Several major
difficulties become apparent immediately in attempting to place monetary
values on these benefits. Many investigators have noted the dearth of availabie
data to support causal factors in accident research (6,7, 8). This is partic -
ularly true when visibility of the highway scene is the principal factor of

concern.,

To date, about half of the States have been queried and in only a few
cases have accident reporting forms and procedures made specific reference
to headlight glare as a causative factor in vehicle accidents, Those records
which do indicate the presence of glare or ''blinded by headlights'' as it is
more frequently reported, must certainly be considered as highly conserva-
tive. Most accident report forms call out much more direct causes, and



particularly causes reflecting traffic law violations in which, even though
glare may be the underlying factor, it is not so recognized nor reported.
Typical of these are accident report statements such as ''ran off the road, "
"crossed road centerline, ' '"lost control of vehicle, " ""collided with fixed
object, " or ''collided with deer'" (or other animals, including pedestrians).
In another group of accidents involving fatalities of the driver alone (and
even many of those where passengers are also involved it would be virtually
impossible to determine that the dead driver had been blinded by oncoming
vehicle headlights. Particularly would this be so when the offending vehicle
did not become involved in the accident.

The accident frequency data in Table I, collated from the only States
among over twenty-five contacted which kept or could readily develop these
statistics, must be considered as a highly incomplete and uncoordinated
estimate of the involvement of headlight glare in accidents.

TABLE I. REPORTED HEADLIGHT GLARE INVOLVEMENT
IN ACCIDENTS

Accidents on Accidents on

All All Night  All Fatal Rural Roads Urhban Roads
State Accidents Accidents Accidents (Unlighted)* (Lighted)*
Arizona -- 3. 8% 1.3% -- --
Florida -- 0.2% -- 0. 4% 0. 7%
Maine 0. 9% -- -- -- --
Montana '65 -- 0.92% - 1. 08% --
Montana '66 - 0.35% -- 0. 66% --
New York -— 1. 8% -- 4, 27% --
Virginia - 0. 24% - 0. 53% --

*Presence or absence of lighting assumed, as indicated.

Table I illustrates the problem faced when attempting to develop
meaningful data to assess the benefits which might be expected from an
improvement in vehicle design, where the influence of the vehicle change
cannot be directly related to accident causation. It is to be noted that these
data are compiled differently in the several States. They are variously
collected, recorded, and reported and are not readily comparable. Although
incomplete and almost inadequate for this analysis, they are the best data
available and can provide at least a guide .

Assessment of the benefits to be obtained in improving traffic flow
and reducing stress in drivers at night is even more tenuous. From the
results of the simulated highway operational studies of Phases I and IV of
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this program, some realistic predictions may be made of improvement in
driver performance under conditions of reduced glare and improved visibility.
The translation of these improvements in detectability of highway objects

into finite increases in traffic flow or hours of additional safe driving capa-
bility by vehicle drivers cannot be much more than a subjective interpreta-
tion, however, and will not be attempted.

Every vehicle operator recognizes the need for increased attention
to the task of driving at night, as compared to driving during the day. Osten-
sibly, such increased vigilance results in a faster build up of tension and
the onset of driver fatigue with greater time required to determine necessary
control actions (decision time), and, perhaps, even more time to initiate
required action (reaction time). No data currently exist that relate these or
comparable effects directly to increased traffic volume or decreased driver
fatigue. The effectiveness of any of these alternative means of increasing
driver vision at night cannot be fully assessed until the specific alternatives
can be evaluated by analysis of performance of a cross section of the driving
public in full-scale trials initiated for this purpose.

In the interim, and for the purposes of this study, the data developed
in the other phases of this work will be utilized to provide what is believed
to be reasonably realistic estimates of levels of achievement.

(3) One—w 7 to replace all present two-way roads. This would )

the existing ‘toA lanerods rstem. W1thout further anal ,s,
it can be conc uded that th»e t;me ~and rnoney requ1red would be
compie 2 - = )
NG s - a

Cost comparisons will be developed for fixed lighting of highways
and the adaptation of polarized lighting systems to existing vehicles in the



hands of the public and those currently being produced. Only costs directly
related to these alternative solutions are considered. Costs for developing
and administering the selected program are not included and would probably
be nearly the same in either case.

A, Polarized Headlighting Costs

The ultimate headlight system to be used with polarization has not
been defined and will unquestionably require considerable discussion between
the Government, the Automotive Industry and its lamp manufacturers, and
the standardization committees of such agencies as the Society of Automotive
Engineers and the Illuminating Engineering Society. The Highway Research
Board and driver representative agencies such as the American Automobile
Association and insurance and police coordinating agencies must also be
involved.

.One system aspect on which agreement has not been reached is that
of the nécéssity for polarization in urban driving, particularly on lighted
and throughways. " is to ‘be noted(9) that little benefit will be
From ‘use of polarlzed low beam hghts in c1t1e§£ where overhead

bl'ar advantage to puttmg polar1zers on low-beam (No. Z) headlamps
of four- lamp systems.’ Furthermore, glare from street lamps, store dis-
\plays, and advertlzmg signs woul& st111 be present, since these lights are

, s on the road have two- -lamp d al-beam hghtmg systerns(S)
in whlch both high- and low-beam filaments are in the same lamp unit.
Plac1ng a polarizer over the lens will thus affect both beams, with the result
that two different configurations of polarization would be in use:

(1) Four-lamp system with polarized high beam and unpolarized
low beam;

(2) Two-lamp system with both high and low beams polarized.

There are three alternative solutions to this dilemma: one, polarize
both h1gh- d 1ow beam lamps of the four-lamp system to make both lighting
11y 'rzed ; two, disconnect the low-beam filaments of_ the dual-
y stem, and add two unpolarized, low-beam 1amps as auxil-

iaries to pr'ov e Hpoiarlzed low-beam lighting; or, three, accept the dif-
ference between the two systems on the basis that the polarized low beam




configuration of the two-lamp system does no harm, is not detectable to the
driver not equipped with or using an analyzer,and, for the driver using an
analyzer, is in fact beneficial.

The ultimate solution, when polarization of all vehicles is completed,
would seem to allowtheuseofa single pair of polarized headlamps of, essen-
tially, high-beam configuration and aiming, providing a maximum of beam
intensity for maximum visibility. Whether they remained on in the city or
whether only ''marker'' lights were used on vehicles where adequate overhead
lighting was present would be of relatively little concern, since no glare
would be experienced by an opposing driver as he viewed the driving scene
through his analyzer. However, the effectiveness of the illumination provided
by fixed source lighting would be reduced for drivers using their analyzers.
Hence, if polarized headlights were allowed, the driver would use his analyzer
to eliminate glare from opposing vehicles , but, if only marker lights were
allowed, he would not use the analyzer.

Until all vehicles have been converted to polarization, however, both
high- and low-beam headlamps in one of the above-mentioned configurations
must be fitted to vehicles(g' 0) and urban driving would be with low-beams,
polarized or unpolarized, as at present.

A further arg gument Wthh has been advanced for the need of low- B‘eam ,
lighting in cities (rather than allowing high-beam, DO arlze ea. ights to
be used under all ¢ ndltlons m 1h-ea [10h s wo d betoo b11nd-
i edestr1ans‘ } ‘ "

e T T T

wh1ch hecan not now doev1th 1ow-= beam 1g

for edestrlansMax1mumv1s1b111t of the.erdestrlan by the drlver ~ =

AT R O il o1

-2 prov1de enever opp051ng trfﬁc is not present

For these reasons, the headlamp configurations which will be used
as a basis for cost comparisons in this study will be fully polarized for both
high and low beams. If it is ultimately determined that unpolarized low-
beams are desired, the costs indicated may be adjusted accordingly.
Although it is recognized that most new automobiles are purchased on bor-
rowed funds, the cost of funding these additional amounts for polarization
will not be included here.



New Vehicles

System 1. Four-headlamp system: Assumes two, 100 watt, high beam, PAR
46 type, (No. 1), single-filament, and two, 100-100 watt, (No. 2)
two-filament headlamps with integral polarizers, with one
polarized visor (analyzer) for the driver.

Additional Cost to Manufacturer

Headlamps at $3. 00 each $12.00

Visor at $3. 00 3.00
Windshield processing (%) 3.00
Generator, wiring, and switches (1) 3.00

$21. 00

Additional Cost to Buyer (estimated) $42. 00

System 2. Two-headlamp system: Assumes two, PAR 56 type, 100-100
watt, dual-filament headlamps with integral polarizers, with one
polarized visor (analyzer) for the driver.

Additional Cost to Manufacturer

Headlamps and visor at $3. 00 each $ 9.00
Windshield processing (%) 3.00
Generator, Wwiring, and switches(T) 3.00

$15. 00

Additional Cost to Buyer (estimated) $30. 00

() Toughened glasswindshields, asused on'many foreign automobiles,
althd}xgh illegal in the U.S. A, for reasons of safety in crashes, would
alsobe unacceptable foruse withpolarized headlights. However, evennewly
ma.nufactured lammated wmdsh1e1ds will requ1re add1t1ona1 heat treatment

é’ have indicated that heavy-duty generators, regulators,
Tight ;'w1tches, foot dimmer switches, and wiring should be used to

‘ adequate system reliability at the higher power demand of
the¥e lamps.

10 Be



Existing Vehicles™

System 3.

System 4.

System 5.

System 6,

Four-headlamp system: Replace existing lamps with two, 100
watt, high-beam, PAR 46 type, No. 1 single-filament and two,
100-100 watt, No. 2 two-filament headlamps with integral
polarizers and an analyzer for the driver.

Headlamps at $7. 00 each $28. 00
Visor at $7. 00 each 7.00
Installation labor ($10. 00/hr) 10. 00

$45. 00

Four-headlamp system: Retain present headlamps and install
polarizing adapters in front of them with an analyzer for the
driver.

Adapters with polarizing filter at

$6. 00 each $24. 00
Visor at $7. 00 7. 00
Installation labor ($10. 00/hr) 5. 00

$36. 00

Two-headlamp system: Replace existing lamps with two, 100-
100 watt, PAR 56 type, two-filament headlamps with integral
polarizers and one polarized visor (analyzer) for the driver.

Headlamps at $8. 00 each $16. 00
Visor at $7. 00 7.00
Installation labor ($10. 00/hr) 7.50

$30. 50

Two-headlamp system: Retain present headlamps and install
polarizing adapters in front of them with an analyzer for the
driver.

Adapters with polarizing filters

at $7. 00 each $14., 00
Visor at $7. 00 7. 00
Installation labor ($10. 00/hr) 5. 00

$26. 00

* Modification of existing vehicles is possible by almost any driver capable
of adjusting his headlamps or changing his spark plugs. It will be assumed,
however, that the modification is performed by a garage having headlamp
aiming facilities and competent mechanics and all prices are retail,

11



There are still some vehicles being operated which have low-output

Present production capacity of headlamps is 80, 000, 000 per year for
new vehicle installation and for replacernent(4)° It is estimated that the
industry could reach a capacity 130, 000, 000 by going to two-shift operation.
A third shift would produce something under 50, 000, 000 additional units.
Some question exists as to whether sufficient additional labor could be found
to man extra shift operations. It is assumed, for this study, that at least
two=-shift operation would be feasible.

The 1967 glass and sealed beam headlamp production was 52. 5 million
units under 6 in. in diameter and 22. 7 million over 6 inches. Of these,
32 million under 6 in. and 5.6 million over 6 in. were used in vehicle pro-
(4), If these figures are considered to be applicable in the conversion
to polarized lighting, on the basis of the assumed two-shift production
capacity, approximately 92 million lamps would be available for conversion
of vehicles already on the road The survey reported in Phase III of this
program(5) showed a nationwic

duction

ese proportionate types in the
replacement 1amp demand for conversmn of headlamps, some 33. 6 million
N R'1967, there were 97. 5 million
vehicleés registered in this country and it is estimated that this will increase
to 105 million by the end of 1970% 'I‘hus, at least 3 years of two- shift
lamp production would be requlred to support current vehicle production
demands and provide for conversion of vehicles already produced.

The costs shown above for the several headlamp configurations are
considered to be quite conservative, particularly with regard to costs of
polarizing filters. This is largely because production tooling to support the
level of production for this use has not been developed and cost estimates
which would adequately project these factors in detail could not be readily
obtained., It is reasonable to assume that mass production techniques,
particularly in view of the competitive structure of the headlamp industry,
would eventually permit major reductions in the costs estimated here.

12



Dichroic polarizer patents are now in the public domain and several sources
are presently available. Other types of polarizers are likewise under study
and development and may result in even greater competition.

Total costs to the public for conversion to polarized headlight systems
on all existing vehicles in the country would be:

(a) For 10, 000, 000 new vehicle production/year during 3-year
conversion period:

(Vehicle production for 3-years)
p Yy
(less than 6-in. 1ampsrused)(System 1 cost)+ (Over 6-in. lamps used)(System 2 cost)

(Total lamps used)

(3 X107y [(32 X 107)($42. 00) + (5. 6 X 107){$30. 00)] = $1.20 X 107
(37. 6 X 107)

(b) For 75, 000, 000* existing vehicles:

66. 7% four-lamp system (assume 75% convert to System 3,
25% to System 4).
33.3% two-lamp system (assume 75% convert to System 5,
25% to System 6).
(0. 667)(7. 5 X 107)(0. 75)($45. 00) = $16.9 X 10°
(0. 667)(7.5 X 107)(0. 25)($36.00) = $ 4.5 X 108
(0.333)(7. 5 X 107)(0. 75)($30.50) = $ 5.7 X 108
(0.333)(7.5 X 107)(0.25)($26.00) = $ 1.6 X 108
$28.7 X108

Total (a + b) $ 4.07 x 107

‘The above $4. 07 billion represents the initial 100% conversion costs.
To this must be added the requirements for the yearly production input of
new vehicles and replacement of lamps on vehicles in the hands of the pubiic
for the base period of comparison. As will be developed later in discussicn
of the fixed lighting concepts, inasmuch as those systems are normally con-
sidered to have a useful economic life of 20 years”“, increased headlight
costs should also be based on this period 1n any cost comparison. In this
period, itis estimated thatthe meanvehicle populationwill be 138 million
(extrapolation of current rates from 1957 tc 1967)(4).

From the figures previously cited of production capacity in the headlamp
industry, approximately 20 million lamps for four ~-lamp systems (under 6 -in.
diameter)and 17 millionlamps for two-lamp systems (over 6-in. diameterlare
presently being produced for the replacement market, or approxunately
50% of totai production. If we assume a continuing wearout and replace-

ment ratio aiter polarization, this would mean that hail ol the

#“Over 3-year conversion period, 30,000, 000 new vehicles incorporating polariza-
tion would be entering the populationleaving 75,000,000 ¢ider vehicies to bemodafied
inatctal projected pcpuiationof 105, 000, 000.

13



total production for 20 years would be required for replacements, or some
800 million units. This assumes no expansion in replacement requirements
which may not be too improbable. Although production of vehicles will
increase to meet the requirements of an expandlng populatlon, if Rglarizatiog

is adopted, the most rba.b e trend dp beadlights will be back to two- lam
systems ol oreater outp crsatshaatficiency, and longer 11fe Slnce no
: 4 - L ora Sy

glare will be present with complete polarlzatlon in effect no provision for
low-beam operation will be necessary and single-filament lamps of broader
high-beam configuration together with simplified lamp control circuitry and
switch components will be feasible. Halogen type lamps, presently coming
into use, have the above mentioned characteristics and could be an acceptable
solution.

Because of the uncertainty of these trends, it is considered adequate
for purposes of this study to charge only the extra cost of 800 million
polarized replacement headlamps over the 20 year period to polarization,
along with the extra cost for polarization for all new vehicles produced during
this period. Some additional charge might also be made for polarization
representing the additional costs for power generation for 100-watt headlamps
over that required for present standard 37. 5-watt types. However, as
discussed in the previous paragraph, if there is a trend toward greater use
of two=lamp rather than four-lamp systems, the increase in power genera-
tion requirements is relatively undeterminable without data as to the propor-
tion of each system involved. A further compllcatmg factor in this record
i he;rproba,blhty of 1ncreased n1ghtt“1me utilization of the hlghways owing
reased comfort and safety in night driving. This would, of course,
bring about an increase in power generation requirements related to increased

operating time for the lamps. Vehicle production will increase during this
period, unquestionably, but will be assumed at a mean of 10 million units

per vear. It will also be assumed that after the initial 100% conversion, all
vehicles will be produced with only two headlamps of single-filament, high-
beam configuration (System 2) with a vehicle cost increase of $30. 00. The
added cost of headlamps for vehicle production for the remaining 17 years of the
20-year period (1970 to 1990) would be

17 X107 X $30.00 = $5.1 X 107

The.added cost of 800 million replacement lamps during this period
would be

8.0X108X$5. 00=29%4.0x107

whlch \added to the cost of initial conversion, results in an overall added
cost, for the perlod to 1990, of:

$13.17 X 10°

14



B. Highway Lighting

As prev1ously stated a feasible a.lternatlve to polarization of head-
sﬂ;a eyes 1s ’to;«r}akelheadll

1 Op 051ng motorlst

P

111um1nat10n or hways will require modification, inasmuch as present
illumination levels have been established on the basis of combined vehicle
and fixed lighting, except perhaps for high-traffic density areas such as
downtown expressway locations. Simulated highway operation of vehicles in
the combined fixed lighting/vehicle lighting environment are a part of this
study program. Results are not yet available and the determination of proper
levels of illumination for highway lighting by fixed luminaires with no con-
tribution by vehicle headlights will be made on the basis of existing standards
and guidelines with extrapolations where indicated.

The studies of Cassel and Medville(ll), Thompson and Fansler(lz),
the ASA-IES Standard Practice for Roadway Lighting( 3) provide the principal

background data which is used in this analysis and others 14,15, 16,17, 18, 19, 20),

A primary point of discussion with regard to the economics of this
course of action as the optimum solution to the glare/visibility problem is
whether fixed lighting should be extended to all two-lane roads or only to
those in which it would represent a major advantage in benefits to be obtained.

For purposes of direct comparison, it would seem that complete
coverage of the road net with fixed lighting should be considered inasmuch
as the competitive system, polarization, does provide a complete solution
for all roads. On the other hand, on much of the two-lane road net,
particularly the unimproved portion. vehicle meetings are normally so
infrequent that glare from present standard headlight systems presents an
almost insignificant hazard.

The present (1967) nationwide highway system has the characteristics
shown in Table 2, derived from Tables SM-11, M2, and M3 of '"Highway
Statistics 1967, "(21);

If vehicle headlights as now constituted can be utilized for traversing
the unpaved roads, the amount of paved rural and urban highway which
would require fixed illumination would be 1, 519, 345 miles. Of this total,
411, 518 miles, indicated as surfaced urban, is considered to be illuminated
already, although probably at an insufficient illumination level for vehicle
operation without headlights. On this basis, 1,107, 827 miles are left to be
illuminated, of which 35, 909 miles are rural, four-lane or one-way State
Primary roads.
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TABLE II. SUMMARY OF U.S. HIGHWAYS

Mileage
Type of Highway Rural Municipal Total
: 382, 014 33, 660 415,674
State Prlmar'y, Three lane,
surfaced” 1,969 1,350 3,319
State Prifnai'y, Four or more lanes,
sul:faced 3,201 7,283 10, 484
surface ; 32, 641 11, 315 43, 956
Sta Prlmary, One- -way, surfaced 67 369 436
Primitive - nonsurfaced, unimproved
(Types A, B, and C)* 847,218 30, 333 877, 611
Improved - soil, gravel,
(Types D and E)* 1,228, 606 79, 352 1,307, 958
Surfaced - bituminous, PCC,
(Types F, G, H, I, and J)* 1,107, 827 411,518 1,519, 345

#See Reference 21.

e e e A

The large amount of lighting involved makes 1t 1rnperat1ve that lamps

e

RO o e

Faucet‘c(Z ZT

has shown in comparat1ve analyses with clear mercury an

multlvapor lamps
that installations utilizing these higher efficiency light sources can be
installed for approximately 50% of the cost of clear mercury units and can
also be operated with this same saving, even though lamp life is considerably
less, in the order of 6000 hr as compared with 24, 000 hr for clear mercury
lamps.

_ ne a . Obs vation 1ndlcatesv
; : ge omzo tal hauld. . i 1mu of 2.0, as speciiied
j 01" ma ajor down own roadway, r urban interchange expressways in Table II
ractlce,DIZ 1- 1963(13) However, as a basis of

costs‘ wlll be carr1ed out, not only for this

., ”_‘ft moj'ntmg heights, neasurable savmg will be realized if
vve%%?es can be operated without ‘headlights on these lighted highways.
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With a reduced electrical power demand of 75 watts (two lamps) and
a generation efficiency of 75% (80% for the generator X 93% for the belt drive),
a reduced power demand on the vehicle engine of

75 watts

0 75 X 0.001341 HP/watt = 0. 1341 HP results

Road load fuel consumption of 0.5 pounds per BHP-hr can be considered
average for most vehicles, or a saving of

0.1341 X 0.5 = 0. 067 1b of fuel per hr

average vehicle speed for all use is estimated at 40 mph or a decreased fuel
consumption of

0.067

0 0. 00167 1b of fuel per mile, or

1.67 X 103 1bs of fuel per million vehicle miles

At 7.0 pounds per gallon, this amounts to 239 gallons or $79. 00 saved per
million vehicle miles, at a mean fuel cost of $0. 33 per gallon. In 1967,
vehicle mileage in the U.S. was 965, 132 X 106 miles(3), Taking the com-
parative day/night accident involvement rates(5) as a criterion of relative
night driving, 32% occur at night.

Operating without lights at night would result in a fuel saving of

0.32 X965, 132 X $79. 00 = $2. 44 X 107 per year, or

$4. 88 X 108 for the 20-year period

While this is a sizeable amount, it will be noted that it does not affect the
comparative costs of providing highway lighting appreciably. Other com-
parative costs, Table 3, have been calculated using the format of Faucett(23),
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C. Benefits

and property’ dama e 1svthe rellm}nabeneflt sou%ht from im; p

= = A S s s

ot the road at mg t. Some data are available that present the currt 1the-

tion with respect to the magnitude of the problem:

Thirty-seven percent of all traffic accidents in 1966 occurred between
the hours of 6:00 P. M. and 6 :00 A. M, (3@).' Deaths in these accidents, how- .
' ,': Were 53% of the total ,g When expogure of the motor1st is con81dered '

occurre in daytlme and
SRR T T A e

GRS  T  T

In the United States in 1967, accident statistics show a total of 53, 100
deaths, 1,900, 000 injuries, and 12, 500, 000 incidents of property damage(3).
Although data are not available to relate injuries and property damage on
the same basis as deaths for daylight and dark, it is not unreasonable to
assume that the figures in the preceding paragraph will provide an adeqdate
guide. Solomon(24) provides some corroboration, showing 54% of the deaths
at mght on T of main rural highways, 43. 5% of the injuries
£l ‘ of the prop ﬁy'damage. "The prev1ously cited reference(3)
) of the deaths on rural roads occurred at night.

1f Solomon’'s figures for injuries and property damage are used,
825, 000 injuries and 5, 450, 000 property damage accidents would have
occurred at night, in addition to 27, 200 deaths.

Because of the sparse and uncoordinated character of the data in
Table I, and the high probability of omission of many applicable accidents

from that compllatlon

t.glare may

it is considered reasonable to assume ¢
. 0% of all nighttime accidents. It would

Ve AW N AN T
appear then, that 1, 088 deaths, 33 000 1nm01den‘cs of

property damage could be charged to headlight glare in 1967, a toll that

might have been eliminated by the measures under consideration. During
the period 1957 to 1967, the average yearly increase in traffic deaths was
3.7% and vehicle mileage increased by 5% per year.

Accident costs have been estimated by a number of
investigators(é’ 7,8,23,25,26,27,28,29) ijy the recent past, but few have used
the saime basis for evaluation and comparisons are difficult to make. Twombly,
ot al(23) showed values of $2, 180 and $3, 500 per urban and rural accident,
respectively, for 1967 in England but includes no so- ~called subjective costs.
Reynolds(é) for 1952 in England, showed values of $5,600 per deaths,
$950 per injury, and $106 per nonjury property damage accident,
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TABLE [II.

Cost Item

COMPARATIVE LIGHTING COSTS

Calculation

Two-Lane

Four-Lane

Two-Lane

Four-Lane

A,

Initial Investment

a.
b.

ot N

=

Unif, Ratio

Mounting Height

Spacing

Luminaires per mile

Luminaire at $148

Lamp at $25. 65

Pole & bracket (12 foot)
$199. 40, $221.45

Foundation & erection $200

Initial investment/mi
Total investment

Annual Operating Costs

I e

Kw/luminaire
System Kw/mile

. Annual operation, hours

Kwh/year

Energy cost at $0. 015/kwh

Lamp life

Quantity of lamps
Lamp cost

Total operating cost

Annual Maintenance Costs

t. Relamping labor (D)
u. Cleaning labor (D)
v. Replacement parts
w. Total maintenance
x. Owning cost {E)
Summary

y. Total annual cost

z. Life time cost

Assumed average of 2. 0 and 1. 0 footcandles with 40-ft MH for two-lane and 45-ft MH for four-lane.

=P

R IR )]

®
X X &
Qo

$ X d
$ X 4
et{+g+h
i X B

o
<
w
XX X O x x0xO
3

$1.00
$2. 50

9

(t+ut+v)
Bl0.017

B

st+tw+tx
20y

Total U.S5. mileage of roadway to be lighted

X

X 9
1% X (i-f)

X

X

(i-1)]

w— 2.0 fc Average w—

— 1.0 fc Average —

3.12 1.38 2. 89 2. 46
40 45 40 45
162 100 324 200
32,6 52. 8 16,3 26. 4
4830 7810 2415 3905
835 1352 418 676
6490 11, 660 3245 5830
6520 10, 550 3260 5275
18,675 31,372 9338 15, 686
2.00 x10'% 1,13 %109 1.oXx10l0 563 x108
0. 465
15.13 24.5 7.57 -12.3
4000 =
60, 500 97, 800 30, 250 48, 900
907 1465 5 733
6000
21.7 35.2 10. 9 17.6
557 903 279 452
1.57 X 107 8.51 X107 7.85 X 108 4,26 X107
21.70 35.20 10. 90 17.60
54,20 88. 00 27.60 44, 00
178. 40 300. 20 89. 20 150. 10
2.73 X 108 1.52 X 107 1.36 X168  7.60x 10
2.28 X107 1.24 X108 1.14 X107 6.20 X 107
4.1 %107 2.24 X 10° 2.05 X 107 1,12 X108
8.25 X101  4.49 X107 4.13 1010 225 x 109

(1) Paved - 1,071,918 miles -- two-lane, rural {(assumed 24-ft roadway with 10-ft shoulders).
(2) 35,909 miles -- four-lane and one-way rural State Primary {assumed 12-ft median and 10-{t

shoulders).

From lamp manufacturer's data and standard practice.

Estimated, based on $5. 00/hr labor rate, cleaning performed only when relamping.

Assumed 10% Capital Recovery Factor (0. 11746) for 20-year system life in line with Bureau of the

Budget recommendations for the current economic situation.
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including loss of potential output in the case of death and injury in

addition to direct costs of funeral, medical treatment, and property restitu-
tion. Dunman (23) provides an analysis of accident experience in Massachusetts
for 1953. These direct costs show values of $3, 300 per fatality, $400 per
injury, and $203 per progerty damage only accident. A recent comprehensive
study of a limited area has considered total costs including loss of future
earnings of killed or injured, legal and court costs of litigations, and medical
treatment costs. This showed average costs for fatally injured individuals

of $59, 178, non-fatally injured of $612 and property damage accidents of
$1384.

Another relatively current and broad analysis of accident costs
appears to be that of Recht(7). He uses accident cost estimates developed
over a number of years by the National Safety Council, compiled on a nation-
wide basis, and includes both direct and indirect cost elements. DBecause
it is a comprehensive analysis with allowances for factors other than direct
costs and because it has been in use by the National Safety Council for a
number of years, the values cited therein will be used in this study.

The estimated motor vehicle accident unit costs shown below,
adjusted for the 1970 to 1990 time frame are:

1967 1970 to 1990
Cost of a death $37, 500 $50, 500
bs -a disa inj 1,950 2,600 j

BB accident 320 353
T R |

ETTY e thcident Ad_]ustments are made for increased e;posure and vehicle
popﬁﬁtion aurlng the period 1970 to 1990, assuming the same continuing
growth as occurred during the 1957 to 1967 period.

Accident costs = (Mean cost 1970 to 1990) X (Incidents per year)
“X (Mean increase per year) X (years)

in which:
1 n
Mean Increase per year =3 J (1 + r) dn

where n = years
r

early increase
yearly 20

1. (1+r2n =l [l__oﬁil__:l .: 1.476
N Jog(l+r) 20 log(l. 037) 1 ’ ’

Mean increase per year
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$4. 06 ><1o8 476

6. 34><1o 8l ye

5.68 X105/ #2726
$1.608 X 1004¢/- 4426 =2 .324x/0"

Death costs (50, 500)(272)(20)
Injury costs = (2600)(8250)(20)
Property Damage = (353)(54500)(20)

1

The other benefits to be obtained are relatively intangible and no
attempt will be made to assign them values. These are real benefits, how-
ever, as far as any motorist is concerned. How much they are worth to
him is essentially a matter of individual and personal objectives, depending
on the need for travel at night, his physical limitations, and the volume
and movement of traffic in which he is placed.

Certain hypothetical traffic situations could be considered in which,
based on the observations of these studies, improvements in traffic flow
or traffic handling capacities of given highways could be shown. Whether
(or how) such increased capacity would be utilized raises other questions
of primarily subjective character.

o) headli hts than younger drivers, but also because thmre Just
]gﬁﬁ inclined to leave the house at night, Long-establlshed hab1ts. of dr1v1ngf
in the daytime and_ restm at ni ht,,wﬂl have to be changed if maximum

adv 1 : K DT e of dri 3 nera '
_ourls‘tg;gg ,el w:.ll no_t Chan&e:ma:ckedly hec,aaxs.e,mm,rnast mstancesl such

elerists want to see the .gountry as they travel and will therefore proBE.bly
refer to drive durmg the dayhght hours anyway On the other Hand,

e

usmess travel and commercmTI truckmg can be partlcularly bernefited by

1mprovéd easeof dr1v1‘ﬁg“at mght

The following somewhat intangible benefits may be expected in

greater or lesser measure as a result of reductlon in headlight glare and

1ncreased v1s1b111ty of the hlghway scene
R

vl

U_Incﬁreased safe traffic capacity of the highway--greater speed
and volurne fea51b1e w1thout increase in accident hazard

F ent1a1
reased safe sgeed limits--no longer overdrwmg headllghts

Im roved _driving ease--reduced tension;
Increased_hme for decision--objects on the highway seen

earlier;

‘ [ ﬁucéﬁisensatlon of "tunnel' driving with 1ts _pressures for
more exact control of lateral p051t1on1ng,

g;) ﬁz;&@sedab111ty to. exten“d"_dmwng perlods safely because of

reduced tens1on

02 - hm..-.—nﬁ

.5,,7) ‘ mprove alafice of traffic between daylight and night perlods
B pa tlcularly, commema‘l"}ﬁghwayuseremay sw1tch to n1ghtt1me i

geratlon to get away from traffi¢c congestion periods during daytlme
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The assignment of specific weights and monetary or other rating or
comparison values to the above listed benefits is not considered practicable
in a preliminary cost-benefit analysis such as this, even though they can be
recognized. A number of studies have been conducted relating the effect of
highway improvement on accidents and traffic flow (6, 8,25,28,29,30)  where
data are available which can predict performance with reasonable accuracy
in terms of well-established prior performance, such extrapolations are
justified. The complexity of such analyses are well and concisely discussed
by the Bureau of Public Roads(zg), but that discussion clearly demonstrates
the need for detailed performance data upon which to base necessary decisions
and the futility of attempting such decisions without them.
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III. SUMMARY

Table IV is a summation of the benefits to be derived from improved,
nonglare lighting and the costs of alternative means of achieving this.

TABLE IV, COST-BENEFIT SUMMARY, 1970 to 1990

Benefit/
Value Cost Ratio
o, Value of 1% accident reduction $2.394X 107
ey 2, Cost of polarization of all
vehicles $ 13.17 X 107 0. M2a32
-7 3. Cost of fixed lighting of all paved
streets and highways to:
«. a. 2-footcandle average level $87.1 X109 0.0273
“»b. l-footcandle average level $43.6 X109 0.05%8

It is apparent from these figures that the cost of glare elimination
bz golarlzatmn can be offset by accident reduction if the incidence of glare ‘
as a causative influence in accidents is in excess of § §8%. This is higher
than any reported rates (Table I) but, in light of the lack of control and (

¥rogab1e omissions from those d ta which would unquestlonablv ralse t_he v

evel of lare mvolvement may"benear the actual case. Further, 1t must
again Ee noted that no benefit valuation has been assigne 3 in this ana1y51s
to other than accnaent reductmn, aIthough other beneflts ex1st and have

<y

value, as d1scussed earher
==

It does not appear that elimination of glare by resorting to complete

illumination of the hlgllw_xs is a feasible solufion, particularly if its _‘
adoptlon 1s predlcated on acc1dent reduction alone.

oo

In summary, i1t must be recognized that this attempt to evaluate the
coste and benefits to be achieved thrcugh the elimination of headlight glare
and improvement in night visibility on the highway can only be considered as
an essentially gross, preliminary study. The pertinent costs and benefits
are not well established and data to support an accurate analysis are almost
nonexistent,

Accurate supporting data will be dependent on revised techniques
and procedures for coliection of data of concern in night visibility and glare
from accident experience 1n the several states coupled with a broader study
of driver response 1n an environment of improved lighting. It is suggested
that the most expedient means of developing and supporting data can come



through the mechanism of a public trial of such improved lighting in an area
where that lighting can be used exclusively. Observation of public response
for a test period of approximately 1 full year could provide a highly accurate
indicator of the real costs and benefits related to accident reduction and
operational improvement (increased traffic flow) and could, in addition, pro-
videanswers tomany other related questions of public acceptance, maintain-

ability, environmental responses, and other factors which have had only
cursory evaluation to date.
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