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Determination of Windshie ld Levels • ••

• 
• Requisite for Drivin g Visibility

• WA RREN M. HEATH , Automotive EngIneer , CaWornIz Highway Patrol,
and DAN M. Th~CH , Associate Engineer , Institute ci Transportation and

• 
•~~~~~~~~~~~~~~~~~• Traffic Engineering, University of CaWornia •

,~~~~~~~t~(? Ac-v 

~~~ 

SY*)PSIS ••

~~ThE 1950 revised American Standard Code for Safety GlA~ing
• Uateria].s for Motor Vehi~1ee establ4she. requirementa fQr
• glazing materials installed within ‘Ilevels requisite for

driving visibil.ity.P

A stucb’ to deternine the extent of glazed areas neo—
easary for driving visibility j~~ reported upon. Data on
current passenger cars are given showing the areas avail- ~• ab].e for seeing. b , . a3.1. but the tsl1*~t 2~ percent and all

• but the shortest ~j  percent of Califori~ a licensed driv.
era. Visibility angles required for observance of t raf—
fic signals are also given~

Frcsn the above data and information on human dimen-
• ~~~~~ 

sions , a method i. suggested for det.rxcining the levels
• •~~~~ •~j .  requisite for driving visibi lity applicable to any auto-

mebile for various percentages of drivers.

The dimension. and techeique for chechd ng windshields
to establish a level that will include 85 percent of the
drivers is given. This percenta ge was tentatively agreed
upon as a practical value by the ~~4n.ering C~~~ ttee of
the Americ*n Aesociatjon of Motor V.hicl.e Admi nistrators
in June 1951. • 

• 

•

• “~ T~ 
• 

~~~~ a s nlA ~ •

The American Standards Association on May 3.6 , 1950 gpproved the re-
vised American Standard Code for Safety Gluing Materials for Glaging. Hotor

~. ~~~ Vehicles Operating on Land highways, Sp.citication Z26.1_1950.1(1) S1ctjon j4, Items 3, 5, 7, and 9 of th. cods permit the use of material having lees
;.~ ; ,,~~v than 70 percent lucincus transsitt.ance in startain locations in a yshi ld

• ~~~~~~ “except at levels requisit. for driving visibility.” 
•

Ho definition of these levels i. given in the new code. A~ present.
each state mast d.tercine the levels that are applicabl, for the conditions
of operation within it. boundari es. It is desirable that a definition be
adopted which would apply to all state s and b. made a pert of the ASA Code .

Assu mi ng there is for each particular height of driver’s eyes some

I __  __________________ _________________________________ f 4 t  ~ ~~~ z~. _______

4 •- •
~~~~~
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T QUALITY ?RACTZCLt~1• 
• • 

~ iIS PA(~Z IS
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2. ~~~~ CO’~ ~~~~~~~~~
• 

~~~~~~~~ .
‘ ~ 

• 
• : level or angle above or below which it is not necessary to see with maxiaw~iefficiency under the drivi ng condi tions noi~naUy encountered , some nmth9d• • raist be devised to deter mine these levels in each instance. A spscifjcat3..nsatisfactory for all but a smell percentage of the drivers can then be °drw~up which will, set a reaao ~~~le level applicab le to each type of vehicl•.

Before definite conclu sio ns were reached it was found advisable tomake a study of the visibility angles of ta ll and short driv ers in recent
~~de].~ of severa3. majcee of automebj ies. The results were then compere4 wit• angles subtended by objects which suet be seen for safe operat ion of a 10-• 

~~~~
• hid e.

• PROCEIXJRE
Measurements were taken at the driver’s eye position of the anglessubte nded by solid parts of the vehicle body at points every 1Q deg. from• • 90 dog. left of the driver to 90 deg. right . An arbitrary decision wasmade to measure the angle , above and below which appro~cimate]y 5 percent of• the drivers cannot see due to obstructio n by the various p rt. Of the ve-hid e.

Stati stics on adult hunan dimensions obtained by Pearson and others• and reprinted in Moon (2) were asewsed to apply to drivers within reasonablc• 
• limi ts and were used in determi ning the eye heights from a sitt ing position .The standard devia tion of the dimensions was used in computing 14a, eyeheight, that are exceeded by appromiastely 2~ percent of the driving popula-• tion and not reached by another 2~ percent . About 270,000 drivers in Call-• 

• • forn ja would fall outs ide thes e limits as calculated ~ro~ the informationavailable .

• Using the dimensions thee obtained , an instrument was constru cted• 
: • • for measuring visi bi lity angles from the eye positions of the short end thetall driver . ~tth the fa~41.ttj .. availabl, it was not feasib l, to cons truct

• 
• a cylindrio ~~ test board upon which the shadows of th. vehicle could be pro..

• • 
j ected from a lig ht at th~ eye position , so the *o3.].owing aothod was usedi

• A platform (shoim in Pig. 1) was designed to hold the ptvot of a
~~~1l trans it at either the ta ll or th . short eye position . Th. ded c. wasplaoed directly behind the center of th. steeri ng wheel and the ’ .eat was

• • isoved fu lly back for the ta ll readings and fully forward for the shor t read ..• ings. Seat depeession in each v1Idcl.e was measured using a ~50, or 180-lb .• • subject sitting in a re’~mad positi00, and a11o~anc, was asd, for the wri-ation, in cushion firmasse in setti ng the q’s level for sack vd4C15.
• • • A shadow diagram was then plott.d for ech  set of data. Trafficsignal , for various st reet width , were edded to show their position with• respect to the drive r’s eyes.

CALCULATIOMS
The following date were u.e4 in e.l.ulating the di~enajo0a of the

•~ 
test stand shown in yigur.l.

1

H
a 
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Figure 1(a). &~uipment for asasur ing visibility angl es.
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4.

• The California Department of Motor Vehicles had 5.106,048 oper atcs-ai~d chauffer ’s licenses in effect as of January 1, 1951. A breakdown of• drivers taken from 175,000 driver ’, license applications submitted in M&rrJ~• 1950 indicate the following distributions:
• 

- 

33.48% of application, by women• • • 

66 52% of application, by men
~~ô0C~~Total.a~~ 

•
~

• , Ass~ming the same percentage, hold true for the whole driving popu~ 
., Lation and neglecting a small duplicatio n of driv er’ s and chauff.r ’s li..censee , there are in California: - - -

-~~~~ 

- I 
• 1,71X) ,000 licensed women drjvez e

____  34~00 ,0O0 licensed men drivers . 
• 

-5,110,000 licensed total drivers
Figure. given in Moon (1) of seat—to-eye height are a~ follows:.

Mean Seat to Standard
~~~S ~id~ht D~ylation

in. in.Ma).. 31 2.Female 29.9 1:17

~~ Combining the above information th, result, shown in Table I areobtaj nsd,
• 

TABLE 1. •~~ 
•

SUMM ARY OF EYE HEI GHTS , CALIFORNIA DRIY~RS

Sea t. to-~y5 Numbers of Driv ers

____________ Outsid e Limits 
- 

/
— —• 

—
~
- -

•Greate r than Men 3.8~$ l31,OQO •. 

• 
-

33.7 inches ~~~~~ 0.06% l,09~
132 ,000 (2~58%) - 

•

• Less than Men 0.I~0% 13,700
• . 28.2 inches women 7.21% ~~~~~~~

• •Y~~ I,~7,0O0 (2.68%)
80th Total ~~~~~~~ (5.26%)

_ _ _ _  

- •
~~

• ~~~~~~~~~~~~~~~ -

- ~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~~~~~~~
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- •
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5.

‘, To determine the viewing angle. required to observe critical objects ,
• : - the data contained in the exce].].ent work of W. E. Schwanhausser, Jr. , “Via—

jbiltty of Traffic Signal,” (3) was used. A number of drivi ng situatio ns
wers anal yzed in the above reference , but only two of the most i~~ortant

• • cases are considered in this report. These are typical of California prac-
~~~~~~~~~~ 

~~~~~~ tice and are (a) for right curb mounted signals ~nd (b) for right overhead

~~~ 
• 

- signals. The plane and elevation sketche. for signals at intersections for
these two cases are given in Figure 2. The tabulated data on angles are

~~~ : ;. Y given in Tabls 2.
• 

. TABLE 2

TRA~”FIC SIGNA L V1J~WI NG A1~GLES

~~~ From W. E. Schwanhausser, Jr. (3)) ,~_

(Refer to Fig. 2 for legend)

FAR RI GHT CURD MOU NTED SIGNAL8

Y d (boris) 8 ft (vert ) 10 ft (ver t)
-

. 

• 30 ft  56 rt 13.1° 6.50 8.50

• ~i.0 66 15. 3 5.5 7.2

50 7 .  16.? 
• ~

..7 64
60 86 18.1 ~4 .2
70 96 19.0 3,7 ‘..8
80 .06 19.7 3.3 • • 

- - 
. 

-

-

.

• . ,

- PAR 111011? OYERk ~ZAD SIG NALS .
~ • 

-
.

• 

~~ J 

Y 
- 

d (hor ta) 3 15 ft (vert )

3O ft 5 6 t  3.1~ 8ft 13 .0~
~0 66 2.6 1.3 10.9
50 76 6.3 13 9.5
60 86 5.3 18 8.~

.

70 96 7.7 18 7.5
80 106 7.0 23 6.7

_______ _ _ _  _ _ _ _ _-
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The angles are based on a road—to—eye height of 4 ft. 6 in.. For tvery ta ll driver this height was found to vary from 4 ft .  6~ in. to 5 ft .,
10 in. , depending on the make of car chocked . This variation would amount

~~~~~~~~~~ 

-

~ 
- to approxi~entel,y 1/3 ft. in eye height position . For the 10- ft . mounti ngheight. of the signals used in Califoruis this difference would not seriouly affect the angles tabulated .

RFI~JLT3
-
I 

• 

- 

• The dimen sion, shown in Tables 3 and 4 and Figure. 1 to 7 were ob-
- • 

• 
- 

- 
• 

tam ed for eight cars and visibility angles are plotted.
• 

.
- TABLE 3

U - b

I _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _

Passenge r Weight of Seat aoad~ to—Eye Height

Car Subject , Depressio n,
• 

- 

~~~~~~~~~ ____________ 
r ounds Inches Tall. Short

b 19k]. 180 24 ~4’ 10” ~#‘ 54”.p’,.
~ •~ 1951 180 3 - - - 1f~ 30

‘•  ‘r• ’ C 19’+9 180 24 k’ 9” 
•

• 
.. ~~~ 

- 
C 1.951 . 150 Ii. ‘+ ‘ 6*” ~

+‘ 3/~”
F 1950 150 3-3/k k’64” k’l*”
0 1950 150 34 ~“84” k’2*”

- P 1951 180 3 ‘s ’94” ~.‘k”
- S 1950 ~.50 

- 

-
~ 34 Ii ’ 64” k’ 4” • 4

- 

• - 
D1$~ 83lCII

• - • 
- • 

The visibi lity of drivers in a motor vehicle in greatly influenced
- 

- by their height ; very sho rt drivers look between the steering wheel and
• hood with a very restricted vi of the )d.gl iy for a oonaid.rable distance

• ahead; very tall drivers have their ‘view of signs, signals, and portions
-

~ 

of nearby vehicles cut off by the top of the oar .

Uaua.1.b’ the highest object . needed to be seen for driving are traf—• t ic lights. In deterstntng the angles required for proper visibi lity of
• thes e light., the angles enbt.nded at the driver’s eye should be considered- 

•~~~7’.’ 
- 

the controlling flotor. The standa rd mounting height of signals in Call —
~~~

- ‘  :~ for ts is 10 ft. Sd anl*u.sw’a data (3) on cut mo~~t.d signals at this
height were used in plotting the signal light positions ~4th respect to the

-1

’ 

_______  

____ 

_____________________________________________

_ _ _  - -•---- —  

.

.-•
-
•••-

-

--

-
~

-

• • 
, • -S
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7.
~~~

driver ’s eyes as shown in Figure s 3 to 6.

ty. Posit/on The diagram s show that the shorter
- • I ~~~~ Ta/I P.rso,, drivers wou ld have litt i. difficu lty• • 4 seeing the signals even though a larg e

~~~ 
•
~~ 

portioz~ of the top of the windshieldV~ 051 were blocked off. They would have as• Short P.rson good upper-angle visibility with the
3 4~ windshield shaded 10 dog, to 18 dog.

I down from the top as a tall man has with
no shading. In the case of the small

b ~ person , a large part of the u~~er wind—
~~~ shield might be considered as not im~.

* ~~~ portant for normal drivi ng visibility
~ and could be of low-tran sntsajon mate r-

• Since automobiles are not custom$~ made to fit each drjyer , the upper vis..
• 5 ~~~~ ibility limits most be determined by theI tall person and lower limits by the short

person operating the same au tomobile. IIFigure 1(b) . Dimensions of care were equipped with seats having ver-measuring equipment. tica]. adjustments as well as the present
horizontal adjustments, the restrict ionon low-transirission or nontransparent areas could be lees res tr ictive. ~~ch• :. I driver could then adjust the seat height to fit his parti cular statur e and

• 
could impr ov. his visibi lity. 

-

• 
=

~~~~~~~~~ 
_ _  

_ _

_
r - ~-..~~~r 4i’ 

_ _ _  

. 
-

-
~ Figure 2(a). Viewi ng angles for Figur e 2(b) . Vi~~~ng angles for far

• 
• far right curb.mouj~ted signal. right overhea d sig nal.
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•
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• At present the only recourse that short drivers have for better vie—
- jbility of the nearby roadway is the employment of an additional, cushion to

• • 
• raise their eye height. The inconvenience of a loose cushion usually pr.-

• r.ludes its use , as evidenced by the not unco~~~n sight of a short person
•4 

• 

• peering between the dash and the rim of the steering wheel. Since levels
• requisite for driving visibility also appi.y to short drivers , it is nec-

• I essary to determin s levels below which nontransparent material may be 10-
- 

cated. Figure 7 and the shadow diagrams indicate that all glass below eye
level in the vehicles checked is necessary for seeing by short drivers.

• •

~.-:•
-
-

•
-

~ 
I •~ i

~~
i ‘ - I I

• 

~~~

/24’ ~ ‘~‘ ~~j ’
ICj U - ~fgr

Figure 7. BUM area — — ShOrt driver , Car P , 1951.

It would thus appear that from the viewpoints of both the ta ller
a~~ the shorter driver all transparent areas currently provided in wst

• • passenger care is requisite for good drivi ng visibili t~y. This is especially
true for the ta]]. driver , since approXimately 49 percent of U.S. total traf-
fic (4) (approximately 55 percent in Califor nia) is in cities where up.ard
visibility of signals is of great importance.

Nothing should be done which would decreas e the driver ’a view and
understandability of traffic signals • for as Sohisnbausser points out :

- 
. . .ientorists can ill afford to spend more than , or as mach as , a

fraction of a second to recognize a signal. Tests have indicated that it
takes one or more seconds to react to an iapuls.. Hence , high speeds and
dens e traffi c make it essential that motorists be alert and ready to maneu-
ver their vehicle i .that .ly upon sighting an obstacle or change in signal
indication if accidents are to be avoided .

“When we come to contrast , we have a variabl, over which there is
• some control. When an object lacks contrast with tt . background , it is net

easily detected. Hence obj.cts such as traffic signals, if placed with

-. 

~~~~~~~
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• - 
• some thought towards rapid discernment , should be carefully located against• a cont ra sting, rather than a sinilar background • Uniforiid ty of the back!-,~~~ •;~~~~ ground al so helps improve contrast .”

Likewise, dark—colore~j  transparent materials on the windshield ob-1; •- scuring view of the signals should be avoided , because of the resulting de-crease in brigh tness difference between the signal light and its background
- and the change in the color contrast of the signal light .

Viewing angles of curb-mounted traffi c-control signals should di-ternine the upper level in terms of angular measur e from the driver’s eyes.-

~~~~~~~~~~~~~~~ ~, 
• Overhead ei~~als , although at higher angle., are not the Uniting condition• ‘

~~g~~~~~~~~~~~~ ;i since these signal. are usually used in conjunction with curb..mounted sig~• . nals and are intended for the motorist who is 100 ft. or more from the int.zsection.
I -

• 1 The ver tical angles for the curb-mounted signals range from 8.5 deg.-‘ for the 30-f t . intersection to 4.4 deg. for the 80-ft. inter.ectian., Hon .-sontal angles range from 13.]. deg. to th. right for the 30-ft. street to• 19.7 deg. to the right for the 80.-ft. striet. These angles pertain to the• vehicle on the inside lane stopped at the crosswalk. lbs angles would be- 
- less for all other vehicle, approaching the intersection. Sose other foz meof signal arrangement would require greater horizontal and vertical viewingangles , but th, types shown are representativ , of those in general use.

•~~: ~~~~~~

• • !  • The seat—to—eye height of the driver to be used as a standard from- which to measure signal angles depinds on the seat depre ssion and the per-centage of the driving population that should be included within the upper• ~~ • limit. The seat depression was found to vary between 21 to 4 in. for the150- aM 180—lb. subj ects • depending on the make of car. Since the seatdepression varie s considerably according to the weight and build of the in-~ ~• • j ~ dividual , it is difficult to set a val ue that would correspond with each• • height of driver.

• ,• 4 Roferen o. to the seat depress ion measure ments in Table 3 would in—• dicat. that variation between the care checked is quite s~~U for a given
• ,•. • , driver. The variation between drivers • however, is fair ly large • in aver-age value of 3~ in. for p.ss, g.r oar s was decided upon, plus or nina. s

~ 1l amount to make the undepres.ed seat—to—eye height a whole nueher or
~ easily essured fraction.

• 

,
~ 

•t Table 4 gives different sut..to ey. height. and corresponding pea’--
, cwtag.s of excluded drivers. The data of this Table assome that humandimensions as given in Uoon (2) apply to the drivi ng population. If the• ~1 height distribution of drivers is not th. same as the distribution of thesample, need in the statistical swvsy, then the table may be subject torevision.

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
•
! 

~ by men and women, the calculations were based on the number of driver ’s ti- ,
• 

I censes. However, the most representative figures of included driver per-centages would be those given for men alone , since the larg e majority of‘ 4 vehicl.-.flu can be nttributed to ma]., driver ..

- 

•

•
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1.5.
CONCLUSIONS

In deternining what height ii necessar y for driving visibility, it
niaa t be considered that above this level the iSA Code will allow glazing
material having a transisittanc. ranging from 70 percent down to zero . Under
certain conditions object s may be visib le through a glasing material even
though the tr anacission is less thin 70 percent , but this fact will not per—
cit the approval of the glazing material unde r the present provisio ns of the
code unless such teria ]. is above “th e level requisite for driving visibil— 

•tty.”

The data on drivers, vehicles • and required visibility angles re-• ported here would lead to the devslopaent of the following definitio n ad.-quate for approximately 97 percent of all drivers:

Levels requisit. for driving visibility in passenger 
• ~~‘

cars include all glazed areas lower than a level of 29 in.
• above the radeprsssed driver ’s seat , measured from an eye

position directly above a point 5 in. forward of the ~~~- •• tion of seat and back rest and directly in line with the
center of the steering wheel. Windshields in addition
should have at least 70 percent transnd.ssion at all angles
included within 81 deg. sbove horizontal and between 10
deg. left aM 20 dig. right.

A definition using the above figures would be impractical on meet
cars , for many of the wiritehielde do not extend as high as would be epeci—• tied. In order to pen t l,ow—tr an.cission areas in the upper zone of a
windshield, the words “driving visibility” sight be interpreted as “roadway
visibility”, thus assund,ng that nearby traffic signals ar~ not required for
“driving.” Under such a modified meaning any glazing materi al above eye • .level would not be o~ prime i.~~ortanc. for seeing the roadway -or other vs.- • - 

-hiclee but would etil.1 be necessary for recognition of traff ic signals and
in developing a comfortable visual field. ~ ~ ‘,

If a more practical attitud e toward a definition is taken such that
the level would include approximately 85 percent of all dri vers (79 percent
of male driver.) instead of 97 percent , and if certain manufacturing problems
associate d with curved windshields are taken into considerat ion , a def1nitio~could be developed as follows:

The levels requisite for dri ving visibility are estab- I

• lished a.s all levels below a horisontal plan. 28 in, above
the undepressed driver ’s seat for passenger cars end 311 in.
above the undepre esed driver’s seat for other motor vehicle.. ‘ 

-

Measurements shall be made from a poiht 5 in. ahead of the I
bottom of the backrest , and dire ctly behind the center of
the steering wheel, with the driver ’s seat in the rearmo st
and lowest position and the vehicle on a level sur face. i

— Areas req uisite for driving visibility shall include 
_____all glazed areas below this plan. • except sid. windows to

the rear of the driver and other rear windows not used for :~~~~~~ .

1aOMQ ’1J~~~LS~~~ TODDQ _ - 
~

- 

~~
• ~~~~~~~~~~~~~~~~~ - •
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vision directly to the rear. All windows capable of being• • •
‘ n~ved within the locations specified shall meet the 70-- percent..muIIjsI .traflenj ttance requiremsn~ over th, entireg 

• 
- window area.

‘;. Corresponding eye heights may be used for speciallyi
~ designed vehicles or vehicles designed for stand ing driv—- . ers • The eye heights are based upon an average seat de..• pressio n of 3.3 in. for passenger cars and 2.0 in. for.

~~~ other vehicles.
- 

• 

In order to accomso,jate curved glazing materials and• 
S 

manufacturing procedures for shaded windshields, it may be- 

permissible to reduce the luminous transmittance of theglazing material at each side of the wind shield to below70 percent for a distance from each corn er post not to sx-.ceed 10 percent of the width of the windshield. This area- S - of reduced transmittance shall not extend more than 11 in,below the level requ isite for driving Visibility.
It is recomsended that a lowei limit of luminous transmittance• : and color distortion be added to the ASA Code to app ly to glazing materialin ar eas not required for ro adway visibility but necessary for ~~gna1 vie-

S 

ibility. The exact value could be found from studies made to determine thnd.niaja acceptable limits of tran smission and color for recognit ion of sig-nal, and higimay warning signs both day and night. This requirement wouldhelp to control the use of opaque areas at the top of the windshield which~~~ Pt . ent irely eliminat e upward seeing.
• .

1,: 

It is also rsco~~ nde~j that motor vehicles be maa~factur ed with var- tical. as well as forward—an~...back seat adjustments to enable the shoPtei,- 

- and the taller drivers to obtain better roadway visibility.• • •- ~~~~~ ~~~• S .
- 

- -
- 
~~~
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Effect of Exposure to Sunli ght
On Night-Drivin g Visibility

• R. H PECKHAM ,
• • Associate Professor of Research Ophthalmology

- Temple University School of Medicine , Philadelphia
SUNGlASSES have beón used for about 300 years ; yet aliwost no research has
ever been undertaken concerni ng their usefulnes s • In fact , these devices

• have developed al~ost spontaneously. They are used , because they are corn-
fort&b].e when the wearer is mcposed to excessive sunlight. Since persons

• habitually living on the beach , at sea , or out—of-doors do not use sun—
glasses , and apparently do not need them , they seem to b* devices for city

- 
- • slickers and sissies to wear . They are a luxury itms

During World War II the attitude of the armed services towards sun-.
glasses was shi fted from one of considiring sungla sses to be a luxury item

• to the recognition that sunglasses were a necessary part of the uni form
allotment . A group consisting of scientists meeting wit h repre sentatives
of the armed services (1) based its conclusions about sunglasses upon the
researches of Hecht (2) aM of Clark (3) . In individual studies , Hecht ,
and later, Clark demonstrated that the effect of exposure to sunlight during
the day resulted in a loss of seeing at night. Hecht demonstrated that
about twice the amount of light is necessary for night vision after expo.-
sur e to sunlight without sunglasses. Clark showed that the use of sunglass-
es effecti vely prevented this loss.

Foliwing the war , Peokharn and Harley (4,5) studied the effect of
similar exposures upon civilians, performing their experiments upon life
guards of the Atlantic Cit7 BOach Patrol. These investigators wished to
determine if a comparable effect to that found by Heoht and Clark , could be
observed under conditions of moderate photopic illiaination (the moderate
artificial light used for reading , working , and night driving).

Figure 1 shows the curve of visual response to bright ness. It can
• be shown that at high level, of illumination there is very litt l. or no im-

provement in vision with increasing illumination, but that at lomer levels
Visual perfor mance decreases rapidly with decreas e in trigh thess (6).

• 
S This is a schematic figure designed to compare two subjects shose

response to brightness is slightly different, as represented by the con-.
stant brightness shift , A B. At very low levels, a large difference in
respo nse , A R1, is found for the brightness ehift. In the middle of the

• 
- curve , near the cusp of the rod-cone tran sition , a constant shift of brig ht-

ness causes a smaller shift in response, AR2. At very high levels of
brightness , then, is only a negligible shsm~e in response , A R3. Psckham• and Harl ey worked near th. region shown by L~ N2. Measurements in this

- region, of visual acuit7 or cortr...t perception, tend to be erratic and un-
• depend able. Nevertheless , Pec3chaa and Harley showed that exposure to em-

• cessive ithad ~inition at the beach resulted in the loss of photojt c, or low-

• • S
•J
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_ _

level daylight, visual perfo rnij uice , and that. thic b a a  c~in be expressedquite adequa tej,y as a factor of reduc ed effecti~i-e illulLjna tj oa. The valut• of th is facto r was fou~j to cboaely agree with those previously deterzi~ n~~• by Hech t and Clark .• 1/4 night beach-
• 5 . star moon full driving day• -: light moon driving

1’ 1 1

~ R3
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B’ Log BrIq~tn.u —*
- 

0 Figuri 1. 8ehea~tj~ dia~rsm of visual response: The curves rs~w e..~- •
• • • sent the visual response after a constant shift in affective bright-• • ness , A ~ . Th. change in response at A R1, th, threshold , wil.1 be- 

• 
0 

greatest. The change , A R~2, at low br ightn ess is mach less • The• • chang. at high brightnes5, A R~, nay be too snaIl to be reliably0 • 
measured. Responses below the ~usp are sootopic, or sdght- vision,responses, thos, abov, the cusp s.rs photopic, or day—vision, respon..a’s .
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•0 Since the vagaries of visual acuity at low contrast and low bright—
• ness render such measurements extremely difficult , another method of esti—

n~ting effective visual brig htness is needed • Such a function is found in
0 the critical flicker frequency ( CFF) at photopic levels . Such flickering

O objects ar e frequent ly found in everyday experience. For inatan’~e , in the
• old motion pictures , and in some home movies , the effects of flicker caused

the pi ctur e to shimmer and to be very disagreeab le. In those parts of the
• count ry served by 25—cycle alternating current instead of 60-cycle alternat-

ing current , lamps seemed to flicker . In an experimental situation , the
flicker can be produced by having a rotating shutter pass rapidly in front
of the lamp , thu s alternati ng the light. Or it can be produced by using a

- 
0 gaseous—discharge light source activated in a series of flashes. ‘.d.th such

apparatus , if we start it at a low flicker rate • the object will appear to
jump , shake , and shimner. But if the ra te of flicker is increased suffi—• t - ciently , the flickering will disappear. The point at which the flickeri ng
disappears is called the critical flicker frequency. It has been shown by
several investigators , for instance Hecht (7, 8) aM Crozier (9) ,  that a
change of bri ghtness results in a change of critical flicker frequency, and
that the relation of flicker frequency is linear to the logarithm of the

• brightness. This means that it would be possible to measure retinal sensi—
tivity direct ly by deteruining the critical flicker frequency for a stand—
and brightness.

In Figure 2 the relation ship between the critical flicker frequency
and the brig htness of the flickering object is shown by the line AB. Vihen
we change the brightness of the light we will find that the flickering dis-
appears at a low speed with a dim light but will, not disappear until a high
speed is reached with a bright light. Now suppo se that we take a different
subject , giving us a series of measurements along the line CD , indicating
that this subject responds differently in critical flicker to the variation
of brightness. If we compare these two curves at a certain standard bright-.
ness , indicated as B1 in the figure , we notice that subject CD loses the pen-

• ception of flicker a~ the rate R2, which is slower than subj ect. AB, at
If we draw a line parallel to the base front N2 on CD , it intersects curve
LB at the br ightness level B2. Thus , if we wish to ooepare the first and
second subject s , we could say that the brightness B1 for the second subject0 was only as effective as the lower brightness 82 for the first subject.
This means that the constant ilitszd.xmtion within our apparatus was not as

• effective for the second o.s for the first subject. Since this illumination
has not chang ed , we are in effect con ,ar ing directly and very accurately the
retinal sensitivities of these two subjec ts. By this means we have coiv~izer—
ed an epistemolo~~cal problem . Although , ~then using a oomptnison photoisster,
both subje cts would have reported the same absolute brightness , by means of
this visual response to flicker, we can determine individual differences be-

• tween them. This means of measuring the sensitivity of subjects o n  be di-
neat ly applied to the prob lem of sunglsasee. ~ie have here a means of de—

0 terwini ng the relative sensitivities of a single subject in the marzdng and
again in the evening by comparing his critical flicker frequency for a
standard brightness. ‘Ic could equally well make the same measurement by

• measuring the brightness required for a standard critical flicker frequency.
In either case, our results would be expressed in ter~~ of the logaritlu of
effecti ve retinal response. This was done upon a group of life guar ds in

• 
0 Atlantic Cit7 (5). It was done again upon a group of auto enbile driver, in

• - Phoenix , Arizona (12).

I.
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In thi s latter study, a group or 24 young men were required to drive
automobiles along country highways for about 6 hours per day for five days

-
. 

• 
- without sunglasses. The study was undertaken in the spring of 1951 , and

• 
• illumination measurements show that the bri ghtne saes of the road were no

.‘ •, 
• higher than that of country roads in the northern hal! of the United States

- 
• , 

• 
during the sumner.

- ‘ 
,
.• 

• .‘ 

/

8 The results of the measurements in
Phoenix can be expressed as shown in

• 
•
(

• Figure 3 in term s of the accumulated

I ing scores of these drivers. These data0 * 0

-
~ ‘d~ 

/ 
R

,
,

~
,_,

O differences between the morning naxL even-

• . 
includ e 10 measurements each at two 1ev-.

______ 
els of brightness , both morning and even-* ;,• r ,  - •.

~ ________

t • 2 ing, for 24 subjects for 5 successive
0

0,. •0 . days. That is, they represent the re-
suits ‘~f 4,800 observations. In each

~~~.• •. 
•

~~~ case , the average of 10 flicker rates

• 

/ 

R 

each evening has been subtracted from
the average of 10 flicker rates that
morning for each subject. These differ -.1,’

ences are accumulated in units of flick—
______________ _____ _____ are per second , it will be noticed from

82 81 the graph , that there was , in a few case~• Loq ~~~~~~~~~~~~ 
an actual increase in the evening , so
that some subjects seemed to see better

• , • Figure 2. Relationship between
- - - critical flickur ‘~~ quency (c~ F) in the evening than in the morni ng . The

~~*.ti nation of the figure indicates thatand brightness: 2F varies un -- 
- ‘ early with the logarithm of 22 percent of the records studied , show-

- ‘ - brightness. At the fixed bright- ed either no change or such an improve-
ment. But 78 percent of the recordsness , ~~~ a normal retina (AD ) studied show either no change or a de—• wiU yield the~~~F a t R .  An ex-

- posed retina (CD) will, held the crease in retina], sensitivit y, betwee n
• 0 Cl? at the depressed value N2. eveni ng and morning. Thus , we find that

0~~ This would have b~~~ ~~~~~ 1,7 the a large majority of the drivers lost some
0 - norma]. retina at the lower bright,- retinal sensiti vity ‘during the day. Thes

drivers did not wear sun&.asses and dr oveness B.,. Hence 81 is only as
- : effective as B2 for the exposed ~~~1’0xt~~t~ I7 6 hours each day , covering

retina, about 250 to 300 ad . The average effect
of this exposure is indicated by the po-

• 
•

0 

sition of the medi an point in the figure , that is , the difference of flicker- 
- • 0 • which i~ halfway between the extr emes. We find that ha]! of the group lost

- a flicker frequ ency of 2.2 per second to the standard light. This can , in
• 

• - turn , be interpreted as a loss of brightness. It means than the logarithmic
- 

- decrement of bri ghtness amounts to 0.22. The antilog of this amount is l.66~0 
0

• the ratio of required brightness for the same visual efficiency is there fore
- - 10 in the morning to about 17 in the evening. The effectiveness of the light

- . 
- 

- . 
0 in the evening us reduced to about 60 percent of its effectiveness in the

morning for half of the drivers . i~e see further from the figure , that small-
- - er fra ctions of the population Lost even more than this amount . For instance

at the 75-percent level we find the remaining 25 percent lost as isach as 4
- flickers per second , which gives us a ratio of effectiveness of 10 to 25.

Th. light was only 40 percent as effective in the evening as it had been in

1 

z~is PA~~ is B~~T QUALI!! Y CflC~~~
JBOM Q~~~ ~~~ 

0
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the ~~rning for this frac tio n of the drivers. In other words , in one fourth

of the group , over half of the light is useless due to the decrease of reti-

nal sensitivitY. We find that io percent of the population lost about 6

flickers per second or more . This meanS they requi re 4 times as much light

in the evening as they would have required in the mornin g for the same vie-

us]. perception. This group includes the persona most danger Ously affected •

by the loss of reti nal 5~~5j tiVit~ due to exposure to sunlight during the •

day’s dri ving. In 1,000 drivers, there are 100 persons so affected. •
‘• ~• •

S 4800 m.a,ur ImI flIS on 24 w bJ s ct $ sd  a”. • 0.2 ?Hk./I eC
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• 

~
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25 ~~~~
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Figure 3. DIurnal loss of retinal eensitivit l from exposure during

driving The difference between the averages of each set of ten

~~rning and evening flicker read iflP s at two br ighthe sses for 5 days

on 26 subject s is pre sented as an accumula ted distri butioTl curve on 
0

a probability scale. ~ach change of 10 flicker S per sec . represen ts 
_____

a change of one log10 unit of effective br ightne ss , henc e the ratio s I 
______

of effective iflumkflatiofl between morning and evening can be ex- •

• pressed for any chan ge in critical flicker frequency, as shown . •

On the other hand , among those who gained , very little gain is

found. At the 22...perceflt point we find a ra tio of no gain or lose. At the 
•

10 percent point the gain was 1.5 fli ckers per aecond , amountin g to a ratio

of 14 to LO, or a gain of 40 percen t . Thus , the most gainful 10 percent

gained very little compared to the most damaged 10 perc ent. ~~ can somna- “ . •

rize these results as i~~icating a very significant loss of retinal sensi— ‘ ‘  ~

tivity as the resul t of a moderate day ’s driving in relatively moder ate SUfl- •

~I.

-
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shine. This loss might be attributed to fatigue , or to some function of
fatigue , if we had not previously shown that similar loss could be directly
correlated with sunlight and could be prevented by the use of sunglasses .

The effect of thi s change in retinal sensiti vity between morning and
evening, after driving during th, day without sunglasses , can be used to pre— 

—dict safe driving conditions (Fig. 4). Retinal sensitivity can be expressed
as retinal efficiency in percent. Th. division of the group, for various
degrees of loss , can be shown at variou s levels of prob ability. As a mess-
ure of safe driving, we can use the estimates of stopping distances , includ—
ing reaction time and braldng tim., for various speeds. In drivi ng at night ,
obstacles become visible when the illumination from the headlampe reaches a
sufficient intensity to make then so. With two upper sealed beam. , of 25,000 / ~~

0 beam candle power each , the illumination reaches this criti cal level at a
predetermirmble distance, depending upon the sic., reflectance , and contrast
of the obstacle. We can suppose , ther efore , that the level is reached at the
stopping distance , for a ~~~~~~~~ or unmcposed retina , as shown in the die.—
gram. lith decreased retinal effi ciency , more illumination will be required ,
depending upon the degree of loss. For each stopping distance this has been
computed . For ~~~ ‘ple, at 60 mph. the stopping di.tanc. on a dry , level ,
concrete road is about 260 ft., at which distance the illumination will be
0.7 foot—candles. An obstacle just visible at this distance and brightness /can be avoided , under thee. conditions , with normal retin al sensitivity . But
the average reduction of retinal efficiency will r.q~ir. more light for the
“normal” response to 0.7 f.c. ~~ch a retina is onLy 59 percent efficient .
Hence , the car most have proceeded to within 200 ft. to provid, this illu-
mination. To similarly avoid this obstaci. , the driver could not exceed cismuch over 50 mph. The poorest 10 percent , whi ch would inc lude 100 in any
group of 1,000 exposed drivers, could not see such a~t object until the car
was wi thin about 140 ft. , and could not stop unless Ui. car were travelling
bela.: 40 mph. Thus , under identical road conditiuno, the same degree of
safety for one driver at 60 mph. is unsaf. for another at 40 mph.

_____ 
Thc

It is not the habit of drivers to acc odate their speed to thei r 
, ~ t

retinal efficiency. Rather , a group of cars all travel at about the same 
- darkspeed. This inevitab ly forces the exposed driver to overdrive his headlamps I reducingto keep up with accompanying care . 

~~- f~rn*nce
At any speed , we can Usia predict the effect of reti nal efficiency ryt be C

upon safe drivi ng, or upon the probability of an accident . Thi s prediction of the g
cannot be considered complete; it is only suggestive. But enough informs— least ex
tion has been accumulat ed to show that within the frame work of visual sensi-

• tivity, a significant cause of accidents can be predicted. It is of great 
-importance that this averni e of approach to accident prevention be fully ax- - 

j~ j. to a
plated. In the meantime , it is fairly saf, to pr edict that the use of sun- t~~ reti-
glasses during the day is really worthehile. - 

au~omobi.
enc$igh ti

As a result of these various researches , the following facts have Hi
been determined: (1) the effect of exposure to sunlight is to reduce visu— btjiimg U
al perfor mance during the evening; (2) this reduction can be expre ssed as a gasses ’fractio n of the measured illuminations prov ided by arti ficial light , that
is , hsadlanips ; and (3) the effect can be prevented by the use of adequate 1

sunglasses . 0

*0
.1. ,, . 
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~~~~~~Figure 4. Effect of retinal efficiency on road illumination and “}‘J~ :*‘ .

stopping distance s: Depressed re ti nal efficiency r.’juire s a .

closer approach of the car to provide equivalent visual response,
thus demanding a reduction of safe driving speed. Computed for ‘
two upper sealed-beam lamps at 25,000 beam candle p~~er. (Data . 

~‘4, ~from General Electric Company and Ford Motor company) .

Fran our research , we can clearly specify what sunglasses are need—
ed. They should transmit approximately 10 percent , or should, transmit from,
say, 8 to 18 percent . It may appear that such sunglasses would be abnormal— 

-ly dark and might reduce daytime vision. An examination of the effect of • 

~,(,
.

reducing illumination 10 times from 1,000 to 100 foot-cand les , or from 100
to 10 f. c.,  upon visual acuity, shows that the resulting lose of visual per-
formance is so minute as to be practicall y negligible. Such sunglasses can— . 

-not be considered too dark. Certain other research indicates that the color
of the glass used is iianaterial (10). Finally, the quality of even the .1
least expensive types of sunglasses is not deleterious to -vision ( 1.1).

Sunglasses of any type, at any price , of any color , will be help- 
-fu]. to automobile drivers if they are worn during the day and thus protect

th, retina and prepare it for the difficulties of seei ng at night with the
automobile headlights. Many of the sunglasses on the market , while dark
enough to provid, comfort , are not dark enough to prov ide reti nal protec-. .

tion. However , if automobile drivers will take the simple precaution of • 
-

buying the darkest sunglasses they can find , and substituting even darker ,. . f..
glasses for those they have already purchased , they can expect a very con- ~~~~. -.iderabl. degree of assistance to th eir retinal efficiency.

Visual perception is itself an errati c phenomena and the prevention - - 
-~
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- ,  - of an accident will require not only visual perception of the situation , but

also the psychological and exper ienti al recognition of the danger involved .
0 Visual reduction way be a significant contributory cause to acciden ts , the

primary cau se of which may moat logically lie in violation of safet y rules
or bad traffic engineeri ng. Nevertheless , we can logically rationalize that
in any accident there is included a visual requirement which might have pro—

O vented the accident , and which could have been assisted to a considerableI .  degree by the use of sunglasses. Since driving an automobile is essentia lly
best described as a contiuna]. series of avoided accide nts , any program of
highway safety should re cognize this visual factor . It is hoped that thi s
report will assist in disseminating the knowledge of the great usefulness of

- - sunglasses in accident pr evention.
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Effect of Pattern Distribut ion on Perception of
Relative Motion in Low Levels of Illumination
HAROLD I. STALDER and A. R. LAUER ,
Driving Research Laboratory,
Iowa State College T~
ONE of the most frequent causes of accidents , as reported by the National ,

Safety Council , is following too closely behind another vehicle. Many in.. -

terpretations may be placed upon such a general classification but corn-
plaints indicate the incidence of one motor vehicle running into the rear ;

~ : ~~~of another at night1 either moving or stationary , is such too frequent to
be assigned to chance. - 

-~~.

The exact rea son for following too closely is usually rot stated. .~~

Various reasons of general nature have been given. In some cases poor via— ; ,j . 
-

‘

ion is blamed . Blinding lights , fog • rai n or stow , care lesaness , or similar - - - 
~. ~~~~conditions are also mentioned. Whatever may be the alleged reason given for ~~ ~~~~~.

front and rear —end contact of two vehicles headed in the same direction , it .

is e~d~osatic that a driver in any reasonable condit ion or state of minI - -

would not deliberately drive into an object or vehicle plainly visible with- ~ . ~~~~~~~~~ -

in stopping distance. It should be stated that the driver did rot see the ‘
~~~~,obstacle in time and was unable to adjust his stopping distance accordingly. ~~~“ ~~.

It is also conceivable that the dri ver was too slow in mald.ng a proper
judgment . 

• 

-

Hoppe and Lauer (2) found that increased tai lgate percep tibility
would decrease jud gment time , and errors of discrimi nation of relative no—
tion and change in distance, likewise relative brightness was found to de—
crease the difficulty of maldng judg ments according to verbal reports . _____Thei r study was made with several t~mes of target s but with speed differ- ‘0
entials not to exceed 10 mph. 

______

T~~~PRC~ L~3L ___

The present study was designed to test the primary hypothesis that . -

driving speed is a factor in discrimination of relative notio n in low ii-0 lumination. A corollary hypothesis may be stated as follows: The d.tstri-
bution of pattern-detail, well above the thres hold of resolution by the -

retina , has no affect on the perception of relative notion under mesopic - 
-

O vision and other conditions imposed. It was assumed that : (1) variations 
_____O in the abilities of subjects used affected all experimental conditions in :- 

_____ 

-

a similar fashion ; (2) the absence of manipu lation as experienced in dr’iv— - 
_______ing would tend to place observations and results on the conservative side 

_____so far as the margin of safety in distance jud~ nent is concerned; (3) the - _______
time required to make an incorr ect judgment of direction of movement is the -

oiiThis study was wade possible th rough a grant by the Miroesota Mining & Man-. .•ufacturing Company to The Driving Research Labora tory , I ndustrial Science . •f -

Research Ins titut e , Iowa State College.
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best available estimate of the true time requi red for a cor rect perception;
(4) trials made when distance is decreasing are of more practi cal value thar
the reverse; ( 5 )  systematic errors are miniini.zed by rota tion of stimulus
presentations ; and (6) subjects were motivated to do a careful job of mald. ne
jud gments.

- 

- Due to limitations of time , the dOsign of the experiment wa~ re—
- . 

- stricted to the use of one control condition and two treatment s of tailgate
• or targets. One color of reflectorized material , a red having a reflectio n

characteristic of 35 as compared with a flat—white surface designated as
unity, was used for the overlay pattern.

APPARATUS

The scotometer , as described by Sta].der, Hoppe , and Lauer (3) was
• used to make the measurements. It was adapted to give various equivalent

scale-speeds ranging from 10 to 50 mph . by increments of ID mi., plus or
miruie l mi . per hr.

• This apparatus used consists essentially of a dark tunnel appromi—
• mately 43 ft. long having two moving belts painted neutral gray to resemble

a concrete paved roadway . The shoulders and surroundings are painted flat
• black. The belt s may be moved in either direction by a manual control at

- any desired speed through two Vickers hydraulic tr ansmissions. By attachin,
miniature cars and panels to the belts the conditions of actual highway op.

• eration are aimo].ated sore or less realistically. That this is the case wa
shown empirically (2) by comparison of runs made on the road and in the 1ab~

- - oratory with correspondingly scaled distances. The results showed similar
parallel and comparable trends with full—sited and miniature apparatus.

By an optical system of perisoopic mirrors , the obser ver viewed an
area of the same angular proportions as he would through an average wind-
shield when driving on the highway. Impinging and opposing lights were Cal
ibrated to give lighting conditions equivalent to those found from standard
headlight illumination on the highway. Three 4— by 5- in, targets were used
as shown in Figure 3. A , is a control target painte& flat black , having a

O reflection charact eristi c of O.O~ , and with one taillight a. shown. The
- latter is 3/16 in. in diameter , having a scale value of 4~ in. across the

lens. Targets B and C each have 6.25 sq. in. of reflectorit ed pattern ap-
plied as shown. This would be the equivalent of about 25 eq. ft. of surfac
on a tailgate of actual site. It will be not.d that the border was delin—

-
‘ 

sated somewhat more in Target B than in the checker-board treatment used
• for Target C. This target gave a more n.ar:Ly even distribution of rsflsc-

torized pattern. The material used for reflaetorization of both targets
was 35 times flat—whit. as stated.

I
The designs were chosen purely as experimental expedisnts for oem-

paring concentrated versus distributed arias of refleotoris.d aat.ri al.
d

• 
They were not intended as suggestions for actual use on vehicles.
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Figure 3. Targets used as stimuli . -

~

- 

L~ ThOD A!fl) PROCEDURE - I

The observer or subject was first measured for visual acuity since
the selection of subjects with near normal vision would tend to reduce van — - 

-

ance and thus effect greater eoono~~ in time needed for the observations . - ‘
.0Next the observer was seated at the sootometer under a black hood with illu-

inination approximately that of the average condi tion experienced in a car or
other vehicle during night driving. The experimental conditions were pre-
sented in random and rotation order to reduce the possible effects of syste— .mati c error . Each of the three target treatm ents were presented at 10, 20 , • 

-30, 40 , and 50 mph. in scale-speed , both with and withou t opposing lights. -•In order to keep the length of the experimental period short enough to avoid
various fatig ue effects and boredom, only two lighting conditions were used: 

,~
‘- -

(1) high—beam intensity of impinging lights without opposing light and (2)
low—beam intensity of impinging lights with opposing light. 

I

These are usual conditions expected on the roadway , ~saum ing every-
one drives with high beame but depresses his beam whenever meeting anot her
vehicle.

The panel of the truck theoretically being overtaken is carried by • 
-
• 

-

‘the right — hand belt as seen from the eye of the obs~rv~r . At a predeter — •• mined point the experimenter opens the shutt er which starts a standard
lJlOO—sec, timer clock. The observer reports verbally the instant he de- 

-

• 

-• tect a whether the target is moving closer to him by saying “slower” and • -further from him by saying “faster .” These responses correspond to the
condition of a vehicle ahead moving slower or faster in relation to the 

- 
0

driver as experi enced in actual driving. An electronic voice-key closes the -
•shutter the instant the sound is emitted , stopping the time clock and meas-

uring the time for each judgment. There is a slight constant error due to - ‘
~ ~~-:lag in the relay. This is of the order of 70.4 milliseconds or about 2 per— -

• ~~~ ~cent of th, mean judgment time for all targets. 
-
•

‘-
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The subject is then asked to estimate: (1) the difference in speed
of the moving vehicle ahead and his own ij aa4ned speed , (2) the diffi culty
of inald ng a judgment, and (3) distance of the vehicle ahead . The request is
structured to the extent that he is asked to consider the distances as being 

-between 400 aM 800 ft. and to make estimates by increments of 25 ft. Thus
the vehicle ahead would be judg ed as bei ng 400, 425, 450, and so on up to - -

COO ft. ahead . -

Thirty subjects were used ranging in age from 19 to 54 years. Bach 
- 

• - -

made 84 separate observations for a total of 2 ,520 judgments for all sub— - jects. Reliability of observations ranged from 0.67 to 0.96. These are es- 
-timates made from the correlat ion of the sum of two tri als using convention- ‘
~~ -~V~~~~’al formulas used for this ~xirpose.

RESUL TS

The data were ana lyzed on the basis of the following variable s as ~~~~~~~ 
- -

aspects of the measurements made: (1) perception time, (2) estimation of .speed differential, (3) estimation of distance , (4) jud gment of diffi culty , -? - ~~~~~~~ ~ -
•

and (5) errors made in direction of movement . .4

In order to suninarize briefly without going to the trouble of dis— -
cussing each dif ference separate ly , it suff ices to say that the mean dif— } ~~~~~

-- •~~~
-

ferences obtained weze subjecte d to the “t” test for significance. Approxi— ,~ - - 

~~~ ,-mately four out of five of the points on the graphs are significant between ~“~~A~~ . i--
comparison of Conditions A and B and Conditio ns A and C. This is roughly
equal to about one—line marld ng distance on the graph for the 1 percent 1ev— ~~~~ .i~~.el of confidence and a half line for 5 percent level of confidence as a rule—
of-thumb comparison to be applied in studying the graphs. -

~e~~- -  -~~~~~

Although close to the border of signi ficance at times the experi-
mental Condi tion B was slight ly superior to C in the overall comparison . 

- -~~~
A

It is also noteworthy that the errors in direction of movement were 4much more frequent at scale spee ds of 20 mph. and below. Few erro rs were - 

-made at scale speeds above 20 mph. Liore errors were made when distances Iwere increasing rather than decreasing , for Pattern A as compared with those
for Pattern . B and C. Differen ces compared for the latter types of error s
were significant at the 1 percent level of confidence. However , it is assum-.
ed that decreasi ng distance is mere important than increasi ng distanc e so -•far as discrimination is concerned when driving on the highway . It is mere - - ..~~ , -important for a driver to be able to detect the rate at which he is over— -tald ng another vehicle than it is to determine how fast the other vehicle is -

moving away from him. 
- 

-

.

A correlation of 0.45 was obtai ned between visual acui ty and per- - 
-

ception t~ime , although ne one had less than about 67 percent vision. Clason 
•Acuityj / This would indicate a marked disadvantage in perceivi ng relative - 

-motion by persons with poor vision. 8tandards for licensing as low as 27 - . ‘percent Clason, or about 20/70, have been reporte d for some states. Vision ;~~- :of 50 percent Clason , or 20/40, is the average lower limit throughout most 
~~,

-.‘ -

of the states.
— h:easurement units used by Bausch and Lomb in calibrating the Clason - 

• ‘‘ —Acui ty Ileter . -.
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• ~~

- - 4 ., -
‘ Pattern B required significantly 1e88 time for perception of di rec-

tion of movement at scale-speeds above 20 mph . than Pattern C , indicating
-- 

- an advantage of sharper target border delineation wh en possible to obtai n
I; 

I it. It is hoped that Pattern s B and C may be combined in a future study to
evaluate additive effects.

- Above 30 mph. , scale—speed , the advantage of Pattern s B and C were
1 significantly superior to Pattern A by the criteria of evaluation used.

Targets B and C were significantly jud ged to be closer than A for all but
- - 

I - two conditions of lighting and speed and these two were borderline. Signif—
I icant].y used here in the sense of being at beast at the 5 percent level of

confidence.
- 

The diffi culty of perc eption and judgment was greatest for all low-
or speeds. Target A showed much higher average ratings for difficulty of
estimation . The results confirmed the general findings of Hoppe and Lauer .

- OONCUJ~ IONS

Considering the conditions of the experiment , the targets used ,
number of subj ects mald ng the observations and other limitations • the fol-
lowing conclusions may be made with a substantial degree of confidence:

1. Increasing visibility of a moving target or vehicle at meso~tic
* 
‘ levels of vision will significant ly decrease the time for accurate deter —

mination of direction and rate of movement , increase the accuracy of esti —-

. mating or judg ing actual difference in speeds , increase the safety factor
• •~~~

‘ for stopping distance by reducing the apparent distance of the brighter
1 targets , and decreas e the er rors in judgment of directi on of movement.

2. Higher visibility is particularly effective at high differen-
- 

- - tia l speeds when the hazard. of collision are greatest.

3. F~ual areas of reflectorisation are slight ly sore effective,
with respect to the conditions used in this experiment , when the target is
sharply delineated.

t 4. Perc.ption time converted to distance travelled befo re reaching
a judgment shows an advantage of 30 ft. or more at lower speeds to 75 ft.
at higher speeds for the brighter targets • This conclusion involves the

- f assumption that scale distances correlate highly with actual dista nce. This
was shown to hold for certai n targets by actual road tests in earlier cx-

• perimente.
- 

5. The pri ry hypothesis set up for investigation , that differ-
ential speed is a factor in jud~~~nt of relative distance , is confirmed.

6. The corollary hypothesis, that distribution of pattern detail
• has no effect on perception of movement , is only wildly rejected; further

I - experimentation n.eds b. mad. with different patterns , colors , and oeehi_
- - 

- nations of patterns with delineating borders for definite conclusion. on
- 
• - 

-
~~ this point.

-~~~~~~~~~~~~~~~~ 
- -
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-
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7. Reflectorizat iOfl of tailgates greatly increases perceptibility ,

‘
~ ~

. - , -
-

of rela tive motion over conventional nonre flectoriz d trea tment of tail- - - -

gates. This is particularly important when vehicles are travelli ng at high—
er rates bf speed. -

R~~~R~24CP~
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Vision at Levels of
Night Road Illumin atio n

- OSCAR W. RICHARDS, American Optical Company,
• - 

~, • Research Laborato ry, Stamford , Connect icut
I,’ -

- . 
- 

SYNOPSIS

AUTOMOBILE driving at night is dons with ilbimi nation of
about 3,025 dog. Kelvin and inten sities to give a bright—

- - 

- 
ness ran ge of about 4 to 0.003 footlambert s, Within thi s
range human visual power decreases in acuity • contrast
form perception , stereoscopic depth perception , the abil-
ity to judge size , motion and position and compensation- ~“ • to visual stimuli • Form and silhouette vision become

- - sore important than acuity, and mental and perceptual fac-
- tors change at the lower part of this range, Changes of

visual ability with age , specifi c factors of the eye , an—- 
‘ iseikonj a , adaptation , and general systemati c factors at—

1,4 - fect ing vision are auniaarized.

Jithin this illumination range eye changes from pho-
~~~~~~~~ - topic (cone ) to scotopic (rod) vision , which is important- • for estimating visual abilit y and the effect of colored

• lenses on vision. Positional and specific retinal effects
I and dark adapta tion are considered .

- - New measurements are given for the effect of yellow
glass , for acuity and contrast , and for night ~ ropia oh-
tam ed under conditions simulating night irisibility.

- Glare , or dazzle , reduces vision and the eyes should
be protected from it , in so far as possible , by selective

I , means which do not reduce the visual field , nor absorb any
- 

- 
- of the light needed for seeing .

— Proper spectacles can improve vision for night driv—
- , ing for some people. ~;h.n the light is focused exactly

.~ on the reti na , the image is brighter , glar, is reduced awl
- -- vision is marke dly improved . Th. best correction for after-

- 
I dark - seeing will usually be different from that for day-

light use.

:‘l ‘ Some of the qua ntitative information on vision can be
- 

-
•--, used in designing road markers for better visibility. After

- dark , vision on the highway is probably less good than it
- is in the laboratory and th. data and criteria will have to

- 
- 

- be increased b~r a pr oper safety factor when applied to the
- highway, used for night driving.

- .1

I

I 
— _- _ _  
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Visual training has improved night driving perform-
ance in the armed services and should be made a part of
driving instruction and public education.

To see light , only enou~)a intensity is requirod for a long enough
t ime to stimulate the reti na. To be visible as an object , it must hav e
also suffi cient contrast with its surroundi ngs, and what is seen involves
the distribution of light as an image on the retina , the sensitivity of the
retina , the transformation of light energy to nerve energy , and the inte—
gration of the nerve impulses into consciousness in the brain. The spec-
tral quality of the light and of the reflectivity of the object are impor—
tan t . Liuch is known about these processes at medi um to high levels of il—
luinination (25 , 26 , 38 , 46 , 96) and there has been consider able investiga-
tion of visual processes at very low levels of illumination (23 , 42 , 65,
75, 83). De Boor and Meulen (27) and Otero and Plaz a (70 ) have summarized
information at levels of night driving. Driving by civilians after dark is
done with li;~hting between these levels and thi s paper will discuss and
sura arize some of the information pertinent to night driving.

IL JUI?JA TIOH RAIiGE OF NI’~HT DRI VI t~G

First must be known the amount of li~ht available for vision while
1’ drivi ng at night. It is obvious that it will diminish from dayligh t values

to the very low levels found on a dar k , rainy night. Considering, the us-
portance of the problem there are relative ly few reports with quantitative
data. A Cood exa-sple of usable information is Finch ’ s (29 ) paper giving
r’~easurernents made with fixed lighting on the East Shore Hi ghway at Berkeley
and on a 40-.ft.—wide , gray concrete roa d as illuminated with high—beam and
lov;—beam headlights. The luminance of the road with fixed illumination - 

-•

varied from 0.66 to 0.005 foot].anibert (ft .—L) . dith the upper beam the
brj~htn ess of the road varied from 0.082 to 0.011 ft.—L. and with the lower -

beam from 0,07 to 0.02 ft.—L. A pedestrian in the outside lane 350 ft.
away , dressed in a gray suit (reflectance factor , p — 0.11) had a bright ness
of 0.012 ft .—L. Lue kiesh and Loss (59) found that highway s and roads under ‘

,
‘ - 

~~

moonlight have a br i~htnesn of 0.01 ft. —L, Bouma reports that mos t. driving - - -

in the Netherlands is done at about 1 ft. —L .
- 

_ . I
~~~~

4 _
~~~

To obtain local values , the autho r found that a ceátont section of - :- 
- 

-

parkway measured 0.12 ft .—L. with high and 0.2 with low boax m and an asphalt ~~ ~~~~
_

~~~
-

section 0.16 and 0.12 ft.—L. , respectivel y. Snow on a Stamford street gave ~ - .

0.75 to 1.05 ft. —L. when illuminated by street lights of 1,300 ft .—L.
bri ghtness. Preliminary measurements are in general agreement with those •

of Finch and others and indicate the range of luminosity that should be ex— ‘
~

asd ned. -

Two cars were placed 200 ft. apart on the parld ng lot of the re- 
:‘

~
- 

•
~~

search laboratory on lines abou t 5 ft. from each other , simulatiag condi— ~ -
tions on a narro w road . The luminosity of the gravelled—oiled surfaces •

within the beame of light varied from 3.4 to about 0.9 ft.—L. It was a
cloudy dark night and the surrounding sur face outsid e the beam was less
than 0.01 ft. —L. On the black—top section , 1.2 ft. —L. were measured and
the bri ghtes t region in both beaium on the gravel was 6.3 ft. —L.

-
-1W 

- 

-

_ _ _ _ _  

- , 

_ _
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I -
- Holding the receiver of a ~1eath n No. 603 foot—candle meter (with
- correcting filter) at the level of the driver ’s eyes the following amounts

of light from the opposing hig)~i beam were meas ’~red .

- Distance (f t . )  200 150 125 1(X) 75 50 25
- 

- Foot-candles 0.2 0.2 0.3 0,38 0.4 0.55 0.7

- Comparable measur ements by Lauer (55) gave somewhat greater values to 2 ft. —
- 

-. L. In the beam from one car tho road bri ghtnes s and the bri ghtness of a
per son dressed in brown ( P - 0.03) wer e:

• Distance Road Person
-
- 

ft. ft. —L. ft ,—L.
- 25 0.34 0.48

50 0.52 0.15
- - 

75 0.08 0.03
100 0.025 0.016

This value found for p is less than the previously cited values of 0.1 1
- for a gray suit , and Bouma’s of 0.09 for clothing. Such low reflections

- 

- 
m ast be considered in evaluating visibility on the higtwvay.

- 
- .‘ Some of our measurements are higher than those of other investiga-.

- tore • The bri ghtest values , of course , occur only in limited areas , but do
- contribute to the adaptation level of the eyes. The available data mdi—

- 
cate that from 4 to about 0.003 footlamberts includes the aver age brightne ss

- 
- 

- 
- ranL e of night illumination available to automobile drivers. Higher levels

- - give no concern , becau se seeing will then improve, but lover values will
greatly increase the difficulties of seeing.

• -- 
- Knowing the range, we ,aist next define the quality of the light .

The 45-watt high beam of the General ~Lec.tric No. 4030 sealed-beam head-
7 ‘ light has a color temperature of 3,050 dig. K.lvui ad the 35-vt . low beam

-
~~ ~

. ‘ - is about 3.000 K. at 6.4 volts (i). For our purpose a color temperature
-
~~~~~ 

- 

~
. 

- of 3,025 K. may be taken ~~ an average val ue to repres ent lighting from the
- 

aut omobile itself . In practice this will chang. with ~o1tags variation.
- Because of the differential sensitivity of the eye, the color quality of

- - the light must be knomu for proper experimentation and con~~&tation. More
-
~ information is needed on the qua lity of road iU*~~~netion.

H
- Viewing motion �ctures is a closely relat.d problem and useful
data gathered by their ooemd tt ses should be utilia.d. The problems of

- 
-‘ 

. measuring metion—.pioture-screen brightnes s and htgheq t*1ghtn.se have much
I 

- .  - in co~~~n ad mest at the outdoor drive —in theater (2).

- : Comparisona with other conditions of h f .  ar e cot easy. A room witi-
the sun streaning in is bright and pleasant and part of it mey be at civ—

- eral hundred footl.~ ,srts. At night with good ill.~~ eation it also appe ars
- pleasantly bright; even wh.n the br ightness of walls mey have only ? to 3D

-- • 
ft.-L. The reason that both seem bright is due to the adaptability of our
~~~~~~~~ 1’~~~~~ the end of th. day workers tend to turn on lights when the

- -, - natural ih1~~~uation reach .. about 4 ft.—c. (92). For comfortable vision
with small d.tail. . or with poor contrast , 20 to 100 ft. —c. ar. r.oomssndsd

~~~
, ,

~~~ ~~ ~~~~ ~~~~~~~ ~~~~~~~
~~,y j

~~~~~~~~i~~~~~~~~~~ ~~~a

• 1  —~~~~~~~~~~~ — -
- - :‘
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-

by IES (46) . White paper reflects about 80 percent , and newsprint 65 per- 
-cent. Dark cloth may have a reflection of 4 percent , hence the above light.-

1mg would yield 4 ft .—L. when the 100 ft.—c. illuminates it. Yet we must
see small objects of poor contrast when driving at night that may have a
brigh tness of 0.01 ft.—L. This would be impossible were it not for the
unique ability of vision to adapt over a large rant-. of intensities. Seeing
at night involves a good many abilities and limitations , some of which will
be considered.

DAR K ADAPTATI~~ -

The outstanding property of the eye is its great ability to adjust - -

its sensitivity in accordance with the light reaching it. This adaptation -

may be measured as the least brightness perceptible. In the dark , adapta— -

tion occurs rapidly for a few minute s and then slowly for well over a half -

hour , indicating that two processes are involved. 
-

The retina includes two )d ds of light sensitive elements , the rods 
-

and the cones . Cones alone are concentrated at the optical center of the - •retina , the thinner fovea , and become Is ss numerous toward the periphery of -

the retina. Rods are absent at the fovea and become more rwamerous toward -

the periphery. Color ad best detai l vision is mediated by the cones, and
is absent at the outside of the visual field on the reti na . - Rod vision is
more sensitive to low illumination. Fovea l cones have single direct nerve - 

- 
- 

- -connections; peripheral cones and rods have grouped connections. Vision is -
determined both by the composition of the area of the retina involved and - 

- -

the special properties of the light—sensitive elements • 
-

Above a brightne ss of about 0.01 ft.—L. , vision is mediated by 
- - 

-cones ad involves color. At high intensities the rods probably do not -

f~anction , or may be inhibited by the cones. The lower level of cone vision - 
— -

is about 0.001 to 0.0001 f t, —L. Below this only rod vision occurs. The -‘
mesoptic region , involving both rods and cones, includes from about. 1 to ~

‘

0.001 ft.—L. For night drivirg we use aseoptic and photopic vision and are -

concerned with both systems at the critic al change—over region. - ‘ ~~~~~~~ 
-

Since human eyes vary in thei r sensitivity , it has been necessary t~- -

to establi sh an average curve , called a standard observer , for use in prob- - 
-

leum of vision. At high intensities (more than 5 ft .—L ) the curve repr.- 4~I, - -
~~~~ 

- .sente the cones and ma~dmom sensitivity is found with yellom green light of ~~~
555 m~iwave~1ength , (Figure 1). At low tzt.na~,ties (0.001 ft.—L . or lass) ~~~~the curve for rod vision has a msximus near 5O~~ mj~ in the blue—green. - 

• - 
•

Vision at the higher levels is called photopic and at lower levels sootopic. - - . - : -

Over the interval that both rods and cones are involved • vision is called — - 
-• mesoptic. Between these br ighthesses the curve s for the ssnsitivi ty of the

eye are intermediate. The gradua l shift in the color sensitivity of the • .
eye toward the blue i. called the Purki nj. effect. As the light intensity -~~~ ~~

decreases reds appear darker and blues become brighter. At very low illu— - 

,~~ -
~ 

-

ed netion color is not seen , merely lighter or darker gray. . The curves of I
Figure 1 may be considered as the apparent brighthess of equal amounts of ~~light for the various colors . ‘

~~~~~I’J ‘
~~~~

ILlumination usually does not prov ide equal amounts of energy for - 

-

t 
_ _ _ _ _ _ _ _ _ _  _ _
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• It - Figure 1. Relative photopic (P) ad sootopic (8) visibility curves and
- their modification (p, a) by 3,025—K. light.

- 

- th. different colors , e.g., tungsten light is yellower ad redder than day-
- 

- light. Tb. energy distribution cove. for tungsten at 3,025- K. • j~~..nting
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automobile lighting, was obtained by interpolation fro. the data of Forsyth
ad Ada (31). The anilable energie. were moltipli.d by the cor re sponding
values of the standard observer to obtain the sensitivit y curve of the eye 

-

with 3,025—K. automobile headlighti ng . By use of Weaver ’a tables (90) the
sensitivity curves wore obtained for th. other l*Mrmtion liv. ].. shown in - 

- -

Figure 2. - .
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- ~ The greater amount of longer—wave-length li,~ht from tungsten flattens
the photopic curve and shifts the sen8i tivity slightly toward the red . The

- - - Purkinj e effect is shown by the shift of the ma~th.un sensitivities toward
the blue as well as the decrease in visual .tfect ivenss of the light (do—

- creasing area of the curves) • Such curves are basic for the m amination of
many problems of vision. Taldng the area under the eye sensitivity curve
for 1 ft.—L. as 100, at 0.1 ft .—L. the area is 9~ percent , at 0.01 it is 77

I percent and at 0.003 ft.—L. it has decreased to 73 percent. The last curve
- 

- 
on the model shows only 64 percent for the .cotopic standard observer. The
lessened sensitivity of the eye reduces the visual. effectiveness of the
available energy as well as shifting the color sensitivity of the eye.

00LOR~D GLASSE~S AND VISION

- - The model (Figure 2) i. helpful for apprai sing the effects of color-.
ml glasses on vision . By iai].tiplying the standard curves by the transmit—
tance for a given filter , and plotting the resulting curve, the relative

- decrease may be demonstrated. This shows the futility of making compari—
sons unless the results are based on the radiation distribution being used.

- The avera ge ~~ norgy values for noon sunlight (5 ,4~)0-K.) would have given dir—
- ferent curves.

- • For i,xa1r~p].e, the effect of a yellow glass will be considered. Mu].—
- 

- - 

- tiplying the curves of Figure 2 by the transmittance curve of yellow Ploviol
- 

- C reduces each by the amount indicated by shadi ng on the curves of the
•
~~ 

— model. (In anticip ation of this appli cation the standa rd curves had been
- 
-
~~~~ - reduced for the losses from the two surfaces of the glass to provide corn-

• - parable data.) 
- ~~a~’i ning the areas under the curves as indicative of over—

- all, vision predicts a 6 percent loss at 1 ft.—L. 10 percent at 0.1, 15 per —
,

‘- -‘  -
( . cent at 0.001, aM about 20 percent at 0.003 ft .—L. Similar computation.

- - could be made for any other color. AU colored g1asset~ selectively absorb
- - :  mar. or less light and the amount vision is affected depends on the radiant

— I • energy available, the o-veraU tra nsmission, the color transmitted, and the
- Purid nj. shift. How imach loss of vision may be tolerated in might driving

remains to be decided.
- 

- - The sensitivity curve for the eye. of an individual may be differ-
1. ent than the average taken for the reference curves and may depart coneid—

~

- - erably when color deficiency or color blindness is ~*‘wiwt ad such curves
:! illustr ate the nature of visual aberrations (94, 96). The standard curves -

are useful for general ap~*~aieal , but for an individual only the individual
- curve should be used.

Two questions are of interest with rsspect to the use of a yellow
- glass for night drivings (1) what is the effect of ths yellowness itself ,

- and (2) what difference occurs between wearing yellow glassea and no glass-
ea. These can be investigated -using either light from automobile headlight.
or light adjusted to th. same energy distri bution with proper color temper’-

- atu r. adjusting filters. Such a projector ens used in sy laborator y to
- 

- 
illuminat, an acui ty t..t chart (Amer ican Optical Company’s No. 1930) and

— a laicidesh—Moes, calibrated oontrast chart (Gener al Elsotric 0e~spsny) .)ç~ After a preliminary check with room illumination at 10 ft.—L. for any uz~
- 

- - usual. visual inability , observations wore mad, &t 20 ft. distance with 1,

-_L. ~__ r— - 
- - — — — —

— - -
- - . - ---~~~~~~-~~~~~~~~~~~~~
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0.1— and 0.0l-ft.—L. char t ba ckground brightness. Viewing conditions were
comparable to driving in that the charts and thei r surroundings were light .-
ed and the illumination fell off from this region in al1 directio n.. Ob-
servers wearing spectacles for might driving used them in the tests , other-
wise no glasses were worn.

Acui ty and cont rast were measured at each level of illumination with
the Noviol C yellow glasses , without them , ad without them at an inten sity
reduced by 15 percent with a neutral filter , to match the 15 percent over-
all absorption for the yellow. Comparing the results with the yellow glass-
es and without them at the same visual intensity of lighting gave the answer
to the question &~ to the effect of yellowness. The other ccmparis on showed
the gain or loss between wearing yellow glasses ad not wearing them .

The data for the first 30 individuals tested (ages 16 to 56) are
shown in Figure 3. For yellowness (yellow versus direct light less 15 per -.
cent ) we find few gain. , more lose and mast observer. showing no significant
difference s (greater than 3 units) for both acui ty ad cont rast tests. At
the lower intensities the loss of visual power was greater . The actual t.,t
results support the predictions from the knowledge of vision as expressed in
the model of Figure 2.

A larg. number of the observers could see no better or worse under
these conditions with yellow than witho ut yellow glasses. There were mare
showi ng less good vision than bettor vision with yellow. The individuals
whi th gain with yellow may have personal deficiencies in color vision , or a
strong liking for yellow, ad will be tested further • The comparison of - - 

-

wearing yellow glasoes against not weari ng glasses demonstrated a mach great - -
.

er loss of acuity ad contr ast vision from the yellow glasses and the do- -

tails of this investigation will be report ed on it. completion. (See also 
- - 

- .

Sections 4 and 7). • 
-

-

Colors affect people different ly ad the*e psychologic al factors - 
-

most also be considered in night driving evaluation (8). For some, yellow -~~

glasses brig hten the worl4, give a sense of euphoria , ad they may believe - .

that they are seeing better , even when the teat scores show the opposite.
Other people canno t tolerate yellow. Roper (3) state. that yellow becomes ~~~~~~~ ~

increasing ly uncomfortable for some people once the car is in motion. Does ~~~~~ . •;
~
.- -

the favorable effect of yellow on some extroverts make for mare alert , bet— ~~~
tsr drivi ng, or does this effect lead to overconfidence and a tendency to ‘-

~~ 

-

take chances? i~~aminati on of accident re cords might provide sri answer . ~

• Hans and Cole (44) -in a preliminary paper suggest a gain from yellow
night glasses in reduced glare, incr eased comfort and confidence , and ye— -~

duc.d fatigue. They used a yellow that transmit ted ‘ .1 percent mare yellow ‘ f ~. -
than ophthalmic crown.” Since the transmittance of ophthalmi c crown for -. -

~

• yellow i. limited only by the surface losses , it is difficul t to understand 
- 

-
~~ 

-

their statement unless they used a coating to increase the tran smission. - -- i
Thei r values of 580 m~t for optin n2m photopic and 530 m~a for ecotopic vision •

‘ •

are mach higher than generally accepted , ad it is believed unlike ly that - 
- -

their yellow evades the Pur-kinje shift as they suggest. It is to be hop.d - 
- - 

-

that these discrepancies will be clarified when they present thei r detailed
report. - - ~-

•~~ - 
-

~IIt.. 

-- - ..
. - . .. - - - . -~ - - . 

~
- - -
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Other arguments have been presented.,

• r Acuity iOft . -L in favor of yellow night— driving glasses .

0 ~~
Yellow , by absorbing the blue light , is

- 

— 

~~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~ ~~~~

- - ~~ said to reduce the chromatic aberration

~~2, -23  of the eye , compensate for some of the
-night n~ropia , and lessen the affect of
haze. Hale scatters light , especial ly

+ Contrast I Of t -L the shorter —wave-length light , but in
daylight out4oor tests yellow and other
colored glasses have not been found help-- 

- 

ful (6~~ , 87A). Haze and opacities wit~~•.15, -32 in the eye decrease vision and are .3— —

peciafly bad in scattering light as with
glare from opposing headlights . Tests‘~ 4 Acuity l ft.
with such pathological conditions should 

-

!~~~~~

-

~~~~~~~~~~

c

~~~~~~~~

- -
~

-
~~k~-

be made. Since the eye, in contrast to
•. 1 3, -I 7 the photographic plate, is less sensitive

to blue , -violet , and the long—wave-length

~ Goat ft L ilar gain from a base filter .rest ultraviolet , ona should not expect a sim-

~~.th low illumination , color becomes
-~ less important and a corresponding reduc-

tion of chromatic aberration may occur.
Correcting the chromatic aberration at

~. 12 , -37 high intensities has not given greatly

• E Acuity 0.1 ft. - L 
improved vision. The eye apparently corn-
peneates for thes, dif ferences , and with
considera ble ]J.mi ts , to others that may
be added , according to Hartridge (38).
Cha nges - in apparent brightness with do-
creased inten sity of lighting reported

- by Bouma (13) for sodium-yellow-lighted
Contrast O.I fL”- L roads , fails also to support such a

theory as it is a monochromatic light
for whi ch there would be no color aber-

• ~~~~~ 

!~ 

~~~~
ration. Although elsewhere (12k ) he
states that blue light contributes more
to glare and that yellow light i. less
glaring .

S~ SNELLEN UNITS C.CONTRAST UNITS
(SEE TEXT ) Should yellow compensate for part

~~gure 3. ~~fect of yellow should be required ad visihility would
of the night .~‘t,pia , less correction

- on the ability to see con- be correspondingly better at lower 1ev—
trut and detail at differ- eli . The first 30 individuals of th.
sot brightness, teat series reported here gave no cvi-.

dence to support this pre mise. Until
ad.quat. evidence ii forthcoming to support thes e theories , there seems to

r 
- ‘  ~~th the eec.ption of such general statements , the author has been

be scant use for citing thee as possibly favoring yellow vision.
- -

una b letofid any proof of gain in night viaion for any 1arge ni~~~er of

-t

~~~~~~
---

~~~~~
— -  - -

~~~~~~~~ - - - - — . - —--- -- -
~~~~~~~~

- _ _ _ _
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people from yellow glasses. Since such a gain would be contrary to such
known visual experience, any proof meat be supported by careful , critical
experiments. On the other hand , experiments by Lauer (52 , 53) ad other
investigators reveal a lose in vision when colored glasses are worn at the - 

--illumination levels of night auto mobile driving. -

A(~JITY AND COR1~RAST

Other aspects of vision at levels found during night driving are -

susmarized in Figure 4. The amount of incre ase in brightness to be notice— - 
-

ably brighter (
~~~ B/B ) is a constant over considerable range until the in- - 

-

tensity is lowered to about 1 ft. —L. , Figure 4A. For lower brightnesses,
the Weber fraction (

~~~~ I/I ) ad the Weber- Fechner law no longer apply and - 
-

discussions involving them are apt to lead to confusion. The progressive ly
• increasing brightness is different for white and colored lights . At the : 

- 
- -

lower levels the illumi nation has to be considerably increased to appear - - - 
-

brighter , ad this is another measure of the difficulty of seeing at these 
~

- - -~~

levels. - - 

~~~ ,•~~‘• 
-

While acuity is sometimes used to suiiinarize the many aspects of vie— 
- 

. - •ion (51) , the physiologist restrict s it to the abi lity to see the least vi a— - 
- 

-,

ibis , the least separ able (resolution) , or the least legible . Different -

tests are necessa ry and the results obtained depend on the test , the pro— - -

cedure , and the criterion used. Figure 4(c) gives the curve obtained by - 
- . - -

I~ythgoe (61) for acuity as measured by the ability to see the gap in a - 
-

Larxlolt C using an end point of 4.5 correct answers in each 8 answers for
each test . The reciprocal of angle subtended at the eye by the gap is - -

plotted . Barlier acuit y measurements of K~ntg are include d also. To be - 
-,

seen equally well at 0.01 ft.—L. a test object of high contrast su et be -

about four times large r than it needs to be at 3 ft.—L. - - -i.

Luckiesh ad Moss (59) tested a group of people at 10 and at 0.01 
-

ft.—L. Of 150, they found 117 to have 20/20 vision at 10 ft.— L., but at - 

- - 
-

0.01 ft.—L. the highest was 20/38 for only 11 individuals , and the median - - 
-
~~~

value was about 20/55 for the low contrast test chart used. Lauer , et a]. -- -~ ,. -(54) demonstrated that some high— contrast test charts are more legible than ~ ~-i~other charts . -

~tc
Contrast i. the difference in bright ness between a specimen and it . - -

surroundings. It is expressed numerically as the difference in brightness 
~~~~~~~~~~~~~~~of background and specimen divided by the brightness of the background , and ,,~is often converted into percent , (See Figure 4(c)) .  The lower the bright— ~1- -~i~~ 

-

ness , the greater most be the contras t of the test object for it to be via—
ibis, Over the night driving range shown , contrast moat be increased from 

•~~~6 to 20 times to remain visible , depending on the background being lighter
or darker than the object, When the contrast is too low , a pedestrian or
other obstacle cannot be seen. Unless the contrast of a marker is adequate -

- -for its size , it may not be legible long enough to be read by the motorist . - -

Reccimeedations made for the contrast concerning motion pictures (35 , 56) - - 
-

are suggestive for road lighting. Blackwefl (11) has published contrast - - -

lumens for a test object subtending 24 mimites of arc at four levels of
illumination. Information units gathered by the eye also decrease in a
comparable manner at corresponding lighting levels (47). - - . 

-
-
- -
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~
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Using the equipment that was described briefly above , measurements -

were made of 30 individuals for acui ty on the letter test chart ad for con-
trast with the contrast chart . Taking the average. , gave an acuity (Snellen
nomenclature) of 20/15 at 10 ft.—L. , 20/18 at 1 ft.—L . , 20/29 at 0.1, and -

20/84 at 0.01 ft.—L,, which correspond to acuity values of 0.8 , 0.9 , 1.5 , 
-and 4.2 nd ziates arc subtends • This series has an excess of slight ly far — - 

-

sighted observer s and as those needing glasse. were well corrected , the av— -

erage is somewhat better than the usual normal. The minimum contrast seen . -~~ 
_ 4 _ ’.

on the Luckiesh-Moss calibrated contrast chart for the same illumination - -

levels wer e , respectively , 6.8 , 11.3, 25, and 60 percent . The data were ob-
tained in n~ laboratory under illumination conditions comparable to autcen— - ‘

bile headlighting , Figure 4, and are consistent with the othe r curves in -

emphasising how vision decreases as the illumination and brightness decrease
even over the illumination range of night driving. An increase 5 times in 

~~~~ 
-4~~I 

4

the size and a 12 times increase in contrast is indicated to obtai n the same
visibility for markers at 0.01 ft.—L . as at 10 ft .—L. ~Then glare is also -

involved these values may be still greater. ~
At low intensities the area of the test obj ect affects its visibi l— ;-. 

~~~~~~~~~~~~ ~~
-

ity as shown by Hanes (37), and Caspereon (22). Hoppe and Lauer (45) are ~~.‘

measuring this factor with resp ect to the visibility of autos on a highwa- ’-. ~~~~ ~~~~~~~~~~ ~~There is evidence that there may be a critical level around 0.02 to 005
ft.—L. for visual performances involving more than a yes—or- no response ac— ~ 5,
cording to Rock (77) , ad Sprag g (87). Seeing at night on a highway do-
pends mainly on silhouette seeing (27 , 78), therefore contrast and area - -

- ~

become more important than acuity. The visibility with sodium— and mercury- 
~~
“
$• ~~

arc lighting of highways has been discussed in terms of contrast ad color ‘
~~ i 

‘ .~~ ~.

contrast by Bouma (23 , 14).

Both contrast ad acuity have been shown to chang e with the illwni— .

nation ad the measurements can be plotted on three-dimensional figures to
give a more complete picture t32 , 60) . Weston ’s (91) equation for illumi—
nation and contrast mi ght be another point of departure . Older people re—
quire more light and even with maximum illumination do not see as well as
younger ones (92A). Such information on average visibility can form a
basis for design of signs and protective markers , but cannot be used di—
rect ly as vision is jn obab ly less good at night on the road than it is in
the laboratory. Some of the differences have been discussed by Bouma , -

• -

Lauer , and itoper. Appropriate safety factors should be obtained and used.
In the meantime Finch ’s (29) multiplying factors seem reasonable. -

SPEED OF VISION 
- 

•

In addition to sufficient light ad contrast , the image most last 
*

on the retina long enough to initiate nerve action , otherwise vision will
not occur. Th. lower the illumination the longer the light stimulus suet ,‘

act to be effective. The highway marker may not be seen long enough to be ____

understood. Roper and Howard (78) report a loss of 20 ft. in distance vis-
ion for an increas e of 10 mph . ?ime factors are important and become more -

so as the intensity of illumination decreases . The ability to judge motion
decr eases 66 percent to 75 percent ( Hode 1— Boon , (40) .

A short flash ma,y raise slight ly the sensitivi ty of the entire 
-

4-

1 1  4
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t etina . A second image failing onto the retinal elements during the refrac —
- 

- 
tory period after a previous stinzulu8 will not be registered. After —images
have a regular time series and a pedestrian cannot be seen when his image
occurs on the same region of the reti na that has an afte r-image from a
bright sign or has been strong ly stimulate d by a glaring headlight. A brief
suranary of these relations can be found in Davson (26). Older drivers see
and react less rapidly than younger ones • The threshold for movement die—
~~imination increases logarithmically as illumination decreases linear ly.

Less is known about the effect of time at the levels under consider—
ation ad this should be a good field for investigation. Either markers
should be simple , large , with high contrast and good bri ghtness for parkwaye
permitting fast night drivi ng, or driving rates should be scaled down to
within the abi lities of the driver.

SPECIFIC FACTORS — THE EYE

External eye. Muscle coordination should be good ad the best pos—
sible correction for phorias should be given to the person requiring spec-
tacles for night driving. Astigmatism becomes such more important when ii—
lund.nation is less as the distorted retinal image is more difficult to in-
terprst. A cylinder of 0.25 D in the correct axis may improve vision from
6/8 to 6/6 or 25 percent according to Hamburger (36). Convergence is not
as well stimulated by dim illumination and stereoscopic vision might well
be studied at night—driving levels of illumination, since relative motion ,
position , and distance judguents are of importance when passing.

When the eyes are blinked, vision is not pcm sible for the 0.3 sec.
;~~ ~ the eyes are closed ad is impaired for part of the closing ad opening

- 
~~~~~

- periods for an average blackout period of about 0.55 eec. (38). The time
between blinks averages 2.8 eec. for men and 3.8 for women. Other blink
typss with longer int.rblink periods are known ad such individual van s-
tion is found. The loss of vision in such a blackout period could cover
some 60 ft. of travel at 40 mph. to 90 ft. at 60 mph. Should the blink
come at a critica l time, and blinking cannot be delayed indefinitely , it
might canas an. accident .

With fatig ue, blinking increases and mere vision time is lost.
Luckiesh earlier suggested that th. blink rate might be measure of fatigue ,
but a quotation by Hausner (39) impliss that it may be more of an indica-

• tion of tensenes, or strain.

Internal e~.. Changes in the int.rocular pressure interfere with
yision and certain diseases may disqualify a person from night driving.
~ iang.s in the sb.orption and transparency of the components of th, eye may
reduce night vision proportionally more than day vision.

Ag. changes in aoco odation are important both in focusing ad in
a diminish d reserve, (Figure 5) • Duran (28) has demonstrat.d a decrease
in acocssoda tion rang. with d.creas.d illumina tion with the mi~~oints be-
ooming more ad mere mi nus unti l at very low inten sities the focusing mao-
amiss fail, , leaving tb. lens focused at about 32 tn. according to Ot.o

and ha. colleague. . There is sass question to the zaotness of this
f _

~~4~
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conclusion (49), althou i~h it is incorporated into the 1950 recommendation
of the International Cosinission of Optics (J .O.3.A. 40:881). This de crease
of accommodation may be the source of a considerable part of night n~ropia.

The pupil diameter increases , as the light intensi ty decreases ,
( Figure 5) ,  but the increased diameter becomes progressively less wit-h ad-
vancing age. Measurements by Birren (9) show that the pupils of older eyes
contract relatively as such as pupils of younger eyes . Some recent study
suggests that the pupil does not increase continuously but shows a fast
maximum of 5.5 moat  3.0 to 0.3 ft. —L . , a second of about 4.5 m o a t  0.5 to
0.03 ft.—L. and then a gradual increase to 8 mm (69). The time relations
of these changes as seen on Cabello’s (20) curves are of importance in noc-
turnal vision. The combined effect accounts for the increase in the thresh—
old of vision with age , according to Robertson and Yudlcin (76). ILore ilium-
inatio n is necessary with older eyes to give a just noticeable difference
for brightness at a given age to brightness at age 20. Retinal and other
changes must be involved as the retinal illumination control by the d.-
creasing pupil expansion does not explain the decre ased resistance to glare
found in older ages • The increase of the pupil diameter allows more of the
edge of the lens to be used and increases spherical aberration; but Otero
and other-s do not believe the ~~~li increas e ( 0.3 D) in spherical absrra-
tion to be very important in night vision. However , the writer believes
that it might be mere important in riak.d—eye than in instrumental vision ,
as it is a caus e of uns harp retinal image , squivalent to an appr eciable
loss of image intensity. Chromatic aberrati on of the lens is also involved.

Local retinal effects. Vision is partially controlled by the form ,
the chemical and physical orga nization , and function of th . retina . Thee.
factors must be kept in mid in evaluating specific seeing tasks ad will
now be considered briefly.

Recovery of rods ad cones involves bodily metabolism and the great —
er the bleach ing from intense sti~~i1~.tion , the slower will be the recovery.
The rods recover more slowly than th. cones , which may be one reason for the
suppression of rod vision at higher intensities.

Adjacent regions of the reti na do affect each other. Juxtaposed
surfaces may increase or dscreas . th. apparent contrast of each other , both
in color ad in brightness from eimaltaneous contr ast. Likewise, areas of

f equal size, whit.-and-blach-checker pattern , will not appear equal , .especi—
ally as ill~~~netion 1. decreased thi. to induction ad radiation sff.cta

• (97). Int.nse glare may de..nsitis. sass of th . nearby retina.

Spatial rn stion depends on how the retinal eleesata are grouped
and int.rcoonsot.d. Ths rods are connected to the nerve cells in varyin g-.
sized pattern, ad umb.rs. Time large fi.ld. are pr.Judicial to acuity,
but favor tPwsshold se~~itivity ad this may ~~plain 5055 of the area of—
fecta obeervmd at low brightnea.es. 

-

?hs e.z~ itivity of the retina is highest in th. fovea ad least at
the periphery. Vignetting lessens .fficiency for areas be~od about 20 deg.
fro. the fovea. At the might-driving rang. these factors becass important

mast be considered. With a one-eyed person a ~~~ll object may be imaged
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on the blind spot and not perceived. Objects seen with one eye appear about
60 percent as bright as when seen with tmo eyes (74). Tests for night vis-
ion ar-s discussed by Holmes (42A).

Dark-Adaptation Moctif~.era. E~cpoeure to sunlight decreases the abil-
ity for dark adaptation and Clar k et al (24) reportsd that eyes exposed to
stro ng sunlight , as at a beach , required 90 mm. longer to reach the same
level of dark adaptation as eyes not so exposed. Protec tion from sunlight
daring the day with proper sunglasses improves night vision (98).

Smo)dng also decreases th . ab ility to dark adapt , presumab ly from
• the carbon monoxide ra ther than from the nicotine content of the smoke • al-

though the evidence is conflicting (63 , 86). Lowered oxygen pressure as
at altitudes of 8,000 feet or more decrease night vision.

Caffeine, metrazole , strychnine , ephedri n , octin , excessive Vitamin - 
- 

-
-

A, muscular exercise, Ultrasonic vibrations and stimulation of taste failed
to impair or improve night visibility (80). Benzedrine , breathing increased - 

-

oxygen , or breathing more rapidly and deeply , aid dir-k adaptation. The lack .•

of drug effects led Mindelbaum (64) to conclude that no central nervous func— -- ~ 
- ,

tion was involved. Moderate consumption of alcohol can raise the threshold
0.3 log unit, but the gain is offset by the adverse eff ect of alcohol on
judgment and motor response.

Dark adaptation is redaced by a deficiency of Vitamin A, a chemical
used in the retina as part. of the visual process (30). A deficiency of
Vitamin A may be due to: lack of the vitamin or the provitamin in the diet ,
diseases preventing absorption in the intestine (diarrhea) , resulting in a
decrease of biliary or liver secretion , of the liver preventin g storage or
conversion , the capillaries of the chorloid , pigmented epithe lium, bacillary
layer of the reti na , causing high usage of Vitamin A such as fevers and
hypert.hyroidism, increased basal metabolic rate , chronic alcoholism, or from
rap id growth or pregnancy. Stern (87) estimates that tmo thirds of the
Americans in low—income group. are deficient in Vitamin A. Miners have a
condition of raised threshold or impaired dark adaptation that Campbell ad
Jenke (21) could not relate to their nutrition. Deficient rod adaptation - - -

is a probable explanation for hereditary night blindnes s. Fletcher (30)
mention s a series where it was traced for ten generatio ns . • 1 - 

~

~~poaure to the ultraviolet from a fluorescent lamp delays the shift
to rod vision several minutes and prevents the dark adaptation to reach as
low a level or sensitivi ty by about 0.3 log units as shown in Boeder ’ a mis— — - -

nary of Wolf ’s work ( lOB, 93). The delay suggests a longer wait outdoors
• in the dark before driving when one has been exposed to long—wave ultra— -

. ‘
violet. To what extent the change in adaptation level affects vision at
night-driving levels must be investigated. Tungsten does give off a small
amount of ultraviolet radiation at 3,000 K. Windshielde ste transparent

* to this radiation ( about 75 percent at 365 n p )  as measured by R. D. Hudson.
The amount of radiation may be too little to affect night driving , except
when the glare is nearly continuous an on roade with nearly - constant oppos—
ing traffic.

-:



4;

52.

- 
- - NIGh T MYOPI A

• That the eye becomes nea r—sig hted in dim l.il’ht has been known for
- . 

— 
about 70 years. Little investigation occurre d before World War II ,  which

• - 1 • • 
was followed by considerable liter atur e that has been summarized by Koosien
(49 ) ad other s (6 , 70). The n~ropia found has ranged from 0.4 to 4 dioptere .

• : - 
- 

depending on the illumination levels and methods used .
‘ 

~~~ 
;~

- Two main theories have evolved: Otero and his colleague s attrib-
uting part of the effect to spherical aberrati on (0.25 D) ,  part to chromatic

• • 
aberration ad the rest to decreasing involuntary accoinwidation ; whi le

,4g ~~ Koomen’ s group account for night ji~ropia by the uncorrected spherical and
chromati c aberra tions of the eye. There is considerable disagreement and

- 
more work will be required for a final answer as to its cause.

According to Cabello (20) night u~vopia incre ases rapid ly for the

• 
• , ~~~~~~ ~~ first 5 minutes to about l~ D , ,  remains fairly stationa ry for 5 minu tes

ad then incre ases slowly to reach final equilibrium in about 20 minites .

~ 
When night anj~opia is cor rected , both Otero and Salaverri (71) ad

• 
~ ,- 

‘
~~~
,
t iJald and Griffin (89) point out that the same degree of vision could be

obtained with half the light because of the greater sharpness and efficiency
- 

• 
of an inlocus image.

- : •• Byrnes (19) stated that : “This ‘night icy~pia’ does not apply above

- - rod levels of illumination. For this reason the suggestion sometimes made

• - 1  that spectacles for night drivin g be made 0.5 diopter more minus than the
regular distance oorrection is not justified. The ‘night myopia’ only oc-
curs in avera ge persons while rod vision is being used when the light is
below the level of moonlight.”

Schoen (82) demonstrated night u~ppia by sld.aacopy ad found that
- 

- 
~~. at lower illumiMtiona the image was in the vitreous in front of the retina ,

ti-si, adding objecti ve support for night iq’opia. He found —0.5 D at 0.01

~~~ 
ft.—L . ad —1.62 at 0.0003 tt .-.L.

~ 
~~*, S Pratt ad Di~~~ck (73) have ana lysed ad published Bru g.r ’I work on

• j~j  ~~ r. 558 young naval students. The data are goupsd by the amount of refract ion

a ~~~ : necessary to give normal vision. They found the eye more a~rupic at lower

4~ ¶~ ~ levels of lighting ad that acui ty d.oreaasd from 1.0 at 2 ft. -c. to 0.12

• ~~ at 0.002? ft.—c., for th. group farsighted to the extent of +0.75 at the
high.r intensity. Daylight acuity tests are adequate for screeni ng the

- - 
:: poor night vision group according to him.

~~~ ‘• Hai~~urgsr (36) report ed no cor relation betireen night ~ ‘opta and
• ~

. high qopia at daylight levels of ilhi~~ n*tiOm. The increase of night

• niajopia with some very near-sighted people may be related to poore r tuna-

- 
tion of the cones , less active acco dation and poeeibl,]r a Less active

- •
-

- pupil function.
•
0~

- •~~
- - Sasla.n (81) found that a simple h3’paropi* of .1.8 to +2.0 will

- 
- neutralise a night q’opia of -Z D • but that other types of hyperopia will

f not do so. -

.

-
. TBIS P~G1I8~~~ ? 1a1T1F

~~~~~
1
~~~
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A study is under way in ~~ laboratory to determine the extent ad
( effect of night mpopia. Parts of the usociated preliminary work on acuity .

contrast ad yellow have been considered in this paper previous ly. Using
a modi fied phoropter , the lens additions needed to give beat vision were de-
termined subjecti vely. The dif ferences between the acuity ad contrast
scores with and without the additional power correction measure the night
iqopia. The avera ge acuity and contrast were 20/18 at 1 ft.—L. ad 11 .3
percent . Correcting to best vision with additional minus lenses gave a
respectively Z)/15 and 8.8 percent. At 0.1 ft.—L. the corr esponding values
were 20/29 ad 25.4 percent , correctable to 20/26 ad 20 percent. At 0.01
ft.-L. correction improved acuity from 20/84 to 20/70 ant contrast from 60
to 40 percent. -

The results indicate that significant improvement in vision may be
obtai ned with additional power corrections of from -.0.25 to —1.75 D. Some
far sighted people (40.5 D) without astigmatism see better at night without
their spectacles • Loss of any asti~~~tism correction , however , may be
greater than the gain from night qopia and such correction spectacles
should not be removed.

Some near-sighted people hav, greater night n~opia, becau se they
lack this plus reserve and may be uderoorrected as well , even at daylight
levels. Properly deter-mined night glasses (no color) have improved the
after -dark driving ability of individuals. The results given are only av—
erages and uncorrected for age effects. As soon as sufficient data are
available , a detailed ana3ysis and recoimaendations will be published. The
preliminary results suggest that -vision after dark f or cert ain dri vers may
be markedly improved ad that should make for better dri ving on the higlirays.

AJ (I S~~K0NIA

Binocular vision is impaired for some people because the images have S

different size and do not fus e to give normal space impressions . The gen- - - 
S

eral complex of symptoms: headache s , car sickness , photophobia , blurring
of vision and incorrect spatial localization , increases fatig ue and lowers - - -: , -

efficiency. The specific visual difficulties make driving throug h narrow - - .~ -

spaces , such as narrow roads • garage doors , and traffic j ame very difficult — -, • s

and hazardous. Continued scraping of fender s may be due to this kid of ~~
- • ‘

,-

faulty vision. Measurement and the proper glasses are known to improve ~
drivi ng ability in close quarters. Aniseikonia may be a greater handi cap ~~— ~~~~~~~~~~~~ 

S

after dark and it should be investigated as part of the stud s- of people -

having repeated accidents. Boeder ( b A )  has described the space problem . -
~~ - - -“

~
/
~,

- -

and their measurenmnt for this abnormality of vision. - 

- 
-
, 

•; :~~
‘

GB2~I~ AL FAC’lVRS — SYSTEMATI C .-~~~‘ -~-~~ •

• ~~~~~~. No improtant differences have been discovered in night vision S 
‘

-

between man aM women• -

Individual variation. Avera ge day—to-day variation in adaptation - S

levels amounts to 0.2 log units for cone and 0.3 for rod vision. In a - S
healthy individual the variation may be somewhat less ; between idividu-
&1. somewhat sore. Lythgoe (61) has discussed variation in visual acuit y
and precautions necessar y for its control.

-

- _ _ _ _ _ _ _
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Diseases have pronounced effects on vision. Some diseases of theeye such as glaucoma, changes in the retin a , or d.tactuent of it ma_y do-.
crease vision until blindness occu rs. Deficiencies of Vitamin A, riboflavin ,thiamine and possibly others diminish vision. Diseases known to affect vis-ion are: urina ry calculus, cirrho sis of the liver • and diabetes . Pregnancy
causes temporary changes in the retina .

Seasonal. Vision is better in October ad poorer in Jan uary.

~~~~ Senescence is a gradua l deterior ation that starts shortlyafter fei~ [lisation ad involves the eyes as well as other parts of our
bodies. Same of the sore pertinent changes are shown in Figure 5. Acccm—modation , pupil size , resistance to glare , all decreas e the thresho ld at
minimem level incr eases , and it takes a proportionately greater increase inillumination to give a jus t noticeab le increa se in sensation . A pedestrian
barely visible to a young eye caiuiot be seen by an old person. This is animportant considerat ion in evaluating any spectacles of colored glass whichmould decrease the amount of light to the eye. The transparent media in the
eye , especially the lens and vitreous , ted to increase in absorption and
may become part ially or wholly opaque . Thus any screening program moat becapable of discovering such changes. The average curves of Figure 5 mostnot be used for an individual as acme persons have younger eyes in older
bodies or vice versa. Proper tolerance ranges will have to be estab lished.

fatigue. Fatigue occur s with decreased , flickeri ng, unsteady, orvarying light . The pulse rate amy slow so that less oxygen ad nutrients
reach the visual mechanism, The blink rate increases giving sore blackoutperiods. Using sore than half the accomeodation reserve increase s fatigu e
which amy be a factor for the older driver whose accomnodatj on is below theneeds of the road with night iU~~ination. General bOdily fatigue also do- - - -creases vision. At night there is little to see other than the small partin the headlight beam. A ama-U region of the retina is used continuously — 

-as there is little stimulus to lock away ad rest the ~‘es. Also ther e isless tendency to change bodily position. These may lead to so—called self—hypnosis and lose of consciousness thought to be a factor in single caraccidents . Checki ng the instrument. on the dashboard is more difficul t than -
~~ 

- ,with day illumina tion and gives added fa tigue to the uncorrected presbyope -
Human engineering is concerned with “skill fatigue ” with refer ence At ,,to airplanes and MacPar land ’ a (62 ) at~~~ ry could cover auto driving as well. - ; -

- -The onset of skill fatigue shows : (1) inaccurate timing of contro l move- 
~~~~

5’ 
- -

ments , (2) a tenden cy to require larger changes in stimuli to initiate so-tion and (3) a lessening of the normal span of anticipation. There is anincreasing awareness of bodily sensat ion ,hyper .—r eactivity to machine and
people , and small item. begin to dominate and prevent reaction to a pattern.
The tired night driver thus. needs increased stimuli or more light in orderto see squally well ad a longer warning period befor e he is required toact ( stop , turn , etc.). Since it is not possible to do all thi s for thetired driver —it should not be surprising that accidents increase. Nightwarning eigus should be placed further from the reference and , if possible .brighter as increasi ng size beyond an optimum has not been fount to in.. 

~~~~~~
4’.crease visibility.

H.! 
-- -

H _ _

~~~~~~~~~~ 
‘
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~~~~~
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Possibly the only night.-driving situation that is not more fatiguing
is driving on long stretches of nearly straight road with a Mni a of traf-
fic , as may be experienced oflly in sparsely populated regions.

Psychological factor .. Alert ness attit ude , and enthusiasm are im-
portant in night driving. Anmiety states depres, thi s ability. h oper and
Howa rd (78 ) have called att ention to the sor. ..rapid perception of an ob-
stacle when it was expected than when it was not anticipated. Unusual in-

- ter est may overcome partial fatigue or delay it. onset. Self—hypnosi s may
be a factor in night driving accidents .

Night blindness. Night blindsess with inadequate dark ad*ptation
occurs in a few people who are unable to see well at low levels of illumi-
nation. This may be hereditary and permanent , or temporary due to a nutri-
tional deficiency, or to the results of infection or disease. Little can
be done for permanent cases , other t han restricti ng their driving to day-
light or their speed after dark. The temporary cases are clinical problem.,
but thei r wdstence should be considered in any screening or evaluation pro—
gram.

AU of these sy.teed.c factors are vague in the sense of not being -

quantitative or fitting into a night driving personal equation. However , - - ,

they are included here to serve as a warning , and a check list for the ef—
fectivenass of any program and as problem. for investigation. S

GlAR E S 

-

The IFS Handbook states: “Disability glare sources , by- increasing 
- 

-

an observer ’s adap tation level , reduces his contrast sensitivity as the
contrast between a visual task and its background or both.... Disability
glare is present whenever a source of higher brightness than that , of the - . F
task is superimposed on the surround.” Various theories are given to so- 

-count for discomfort glare. Glare has the effect of a veiling brightness , ,~~~ 
-
~ ~ - ‘

Bg, — 23Z/& ’8 where E is the illuminatipn at the eye from the glare source ,
D is the angle it nmkes with the line of vision, it is equivalent to a 

~~~~~ ~j ~-change of ada~,tation to higher level and the eye then cannot distinguish as 
~~~ :r -” -~~;~

- ,smell. differences in intensity.

Marked differences in contrast as 50:1 are unpleasant. Holladay ‘
-

~~ -(41) Luctd esh and Holladay (58),  Lucld esh and Guth (57 ) and others , have
devised methods for the ana lysis of glare and the conditions where glare ~~. ~~~~~becomes intolerable . - t

- S 
-The effect of glare on the r etina depends on whe ther it is diffuse ~~~~~ - - - ‘ 
~~ ,

‘

• or concentrated within a small area. !~ven in the latter case there y be - -

some diffuse or scattered lighting of more or less of the retina. When the ,. 
-

- 
5

intensity is considerable , the reserve of materials for regeneration of the -‘.
sensiti ve chemicals in the receptors may be depleted and vision greatly r.- ~~~~~

duced for a period of time. A large response in a glare area may inhibit - -
- 

-
. -

smaller responses of nearby retinal areas due to interactions in the else-
tricai. phenomena of the nerve fibers. A concentrated glare ar ea may pro— ~~~~~~~~~~~.

duce a halo from scatteri ng that will reduce visibility in nearby region. - but that will not reduce absolute brightness. Glare causes a change in .- 
- 

- 
-

r

- 
- -  

__—
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adaptation , thus tending to reduce its own apparent brightness. Any opaci-
ties in the ocular media wiU scatter light and caus e vei ling glare (94).

Glar e in night drivi ng varie s from a quick passing through an op—
- - posing light beam to rap id , and successive exposures to the lights of op-

posing cars on a heavily traveled road , e.g. 1 driving on a narrow parkway
in the direction opposite to the main traffi c flow. In the latter case
the glare causes more fatigue , but is less dangerous as the eyes are kept
on a higher adaptation level , than does sudden blinding of nondimeod high
beams of a lone car when the eye is adapted to a lower level of illumina-
tion. After—images from glare sources may prev ent vision in that part. of

• 5 - the retina. Glare is not often reported as a cause for accidents (4) .
-
~~:k

’ . -

Little study has been made on recovery from glare. Presumably the
pupil contracts and then enlarges and such pupi l changes are usually fairly
rapid. (Contraction to minimam in 5 sec. Increase of 1 log unit above
threshold brightne ss required ,88). The rat e of recovery depends on the

- - ! . - amount of glare ( time and intensity) . On a trip from Sout~~ridge to ~~~~~
• ~~

‘
, - 

- ford the exposure to passing glare averaged about 2 sec. per car and the- - S. brightness of the headlights appeared to average about 500 ft.—L. with cx—
tremes of 200 and 3,750 ft.—L . The higher levels were very uncomfortable.
As the mea~iurements were nude within a moving car , their precision may not
be high. Glare is reported to affect the accommodation mechanism (72).
Younger subjects ar e unaffected , but in the older ones , there was a length-
ening of the accom~~dat ion near point . No effect was found with aphald ca.
The result was believed by then to be due to the stiiazlus from heating of
the lens by the extra light.

Lauer and Silver (55) investigated vision against opposing lights
with a Ferree and Rand acuity meter used as a proj ector , of 0.25 to 2 ft.—c.
and the affect of angle of view- as 1 ft. -c. 4th an opposing beam at 3 deg .
of 1 to 2 ft .—c. the required light to see was y - O.0556x — 0.1412, where
x is the standard of visibility requi red. For 100 percent acuity and the
opposing light in ft. —c. the light required for seeing is y • 4.U2~c —

1.112, or the light to offset 0-1 ft. — c. of opposing light. The greatest
relative effect of opposing light was found at 5 deg. and the greatest ab-
solut e effect at 3 deg. . from the line of sight , twice as mach light is re.
qui red for observers of 70 percent acuity (20/60) and 1 ft .—c. opposing

• li; :ht requires 10 times as mach light to see as well as without the oppo$—
ing light . Dark objects requir ed 4 times as mach light to be seen as do
light objects . They reported that the visibility threshold for an 8 percent.
object is increased 28L ~.imes for opposing light of 1 ft .—c. at 3 deg. Do-

- - pressing to the low beam decreased th. opposing light to 0.2 ft.-c. aril
the glare about one fourth. Lauer and Silver found further that the color
threshold was 75 times greater than the visibility threshold . fortun~t~1y
avoiding obstacles in ni?~ht driving does not req*d r* seeing what color th ey
are .

Finch (29) made the only att.t~~t the author has found t~ •VS~ ~~‘t C

quantitatively night driving lighting. For a low beam the averse •

nation on the road was 1 ft .—c. and with the reflection for oil-S
concrete taken as 0.10 the adaption field luminosity ~~~ Cogg~u t ’  t~s -

O.OC..L. per ~~~. ft. Referri ng to- Konig’. acuity ~~ta. ui. d ni ma z.-tt .rs s t

.1’•’ 
‘

-

5

- - 

- —
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is 0.035, indicating that the average observer imuld detect a di fference in
brightness of 3.5 percent and could correctly identify a brighthes e differ ..
ence of 3.5 percent about half of the time . For the upper beam the illuisi—
nation on the road was 1 ft.— c. at 50 ft., , 0.05 at 100 and 0.07 ft.—c. at
200 ft. The adaptation luminosity was 0.(X12 ft.—L. and minimum contrast
0.05. nearly twice that of the lower beam. For coe~,aris on , the adaptation
value of an aver age room lighted with 20 ft. —c. was found to be 7.5 ft. —L.
and the minimum contras t was 0.01. Visual acuities then are for the room
1.6 (0.6 ft.) high 0.55( 1.8 ft.) and low beam 0.75 (1.3 ft . ) .  A pedestrian
350 ft. ahead in the outside lan e in a gray suit imuld have a contrast of

• 0.07 which is only slight ly above the th re8hold contr ast of 0.05 and the
seeing task is very difficult. An empirical equation is developed for
evaluating glare and for an example cited a single glare car would reduce

• visibility by 60 percent. The decreas e in visibility is proportioned to the
candle power of the opposing glare light • Speed for drivi ng aunt be greatly -;
decreased to bring the visibility range against the glare within safe limits.

Thus the ran ge between the luminosity of pedestrians and roads and
the excess glare is insufficient for good control of vision . Another useful
reference (British) is Stiles and Dunbar (86).

An automobk].e headlight is an extended rather than a point source
and the inverse squar e law does not app ly except at considerable distances .
Lens and reflector design scatter considerable light in directions- other
than str aight ahead. Rarely are lights aligned to the best posi tion. These
relations rrny account for our finding of more light at the driver ’ s eyes as
the approaching car comes closer . Unless the distribution of light is known ,
one cannot compute effects of glare on the eye. Scattered light from a dirty
windshield covers more of the retina and decrease s seeing proportionally
more than does limited dire ct light. An impro ved lens design has been an-
nounced in the Netherlands to lessen glare (2?).

Protec tion from ,~lare becomes a problem of keeping the unwanted
light from the driver ’s eyes and reducing its spread within the eye. Proper
correction for after —dark driving with spectacles lessens glare by focusing
the glare source sharply on the retina . Screening most. be limited to the
dazzling light , as it has been shown that the illumi nation on the road is 

- 
- - -

scarcely adequate for vision and the eye suet obtain an unimpeded view of - -

the highway. This requirement eliminates colored spectacles and windshields. ~
- -

Lauer (5) has suggested placing a strip of purple plastic on the wind shield
for glare protecti on to- one side of the normal line of sight . Covering the
upper—left quadrants of night—driving glasses with a pure—red filter takes
advantage of the fa ct that red light does not change the effective level of ~ ,~
dark adaptation to any noticeable extent . Rotati ng the head counterclock— - 

-

wise very slight ly puts the filter between the headlights and eyes without - - -
.

otherwise restricting vision. Such mechanical devices are unacceptable to
• many drivers . 

- - 

-

SPECIAL CONDI TIONS OF NIGHT t~IIV1NG VISION

‘frsffi c lights are usually bright enough to be identified. Red can
usually be recognized as far away as it can be seen. Blue-green n*y be seen
first , at long distance , by it. brightness and later by its color. The vis-
ibility of warning signs depends on their size , reflectivi ty, and illuanina—

4~’.

-
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tion. Reflector signs depend on the amount and on the angles of the illumi—
- .1 - nating and reflected beam. Signs need to be placed farther from the ob—

etacles for night vision, in terms of time to see them and likely speed of
-

, driving , but no further than necessary , otherwise the lessened illumination
would negate the gain .

- Atmaspheric condi ti ons , extraneous light , and glare may great ly im-
pair night vision and make difficult any visibility studies on actual driv—

- ‘ - 
- - 

ing conditions. Rapid ly moving object s are less imil seen at night than
slower moving ones. Stereoscopic vision is poor and there are fewer clues
for vision, such as perspective , parallax , and shadows. Chapanis (23) be—

, 
-
~ U eves that mental and percep tual factors are mare important than dark

-~~~ adaptation , because the seeing situatio n is complex. Distracting factors
i~ 

—-
~~ are more seriou, in night driving. Some people with good dark-adapting

~~ 
- 

ability have difficulty seeing at night from lack of training. motivation ,
~~p -

, 
or psychoneurosis. Form dicrimiriation is judged mare important for night

- 
.~~- vision than dark adaptation.

According to Kruithof (50) blur ring is of little importance in read—
-
- - • -

~ ing X—ray pictures, and sharp lane separation is not necessary in photometry .
• 

- - 

- : Perhaps this is why some object. are seen better at night than thei r con—
trast would warrant.

Roper and Scott (79 ) have emphasized the - role that silhouette plays
- 

in seeing at night . A large mass may be seen before a red taillight is seen
-
. and Hoppe (i,5) ha~ determined size effects on the visibility of vehicles

- -  
both on the road and in the laboratory. Th. limitation of the oncoming

- light to specularly reflecti ng streaks on a wet night large ly accounts for
- the difficulty of seeing. The nonapecular reflection is lacld ng , and there

- ) 
- 

• is no backlighting for silhouette seeing. Tr affi c on a road may reduce the
reflection constant by 8 to 32 percent (15).

Near objects (under 260 ft .) may be brighter than their backgrounds ,
- 

- while far objects y be darker nd seen as masses in silhouette . Tall. ob..
-

- - jects may be seen and distances estimated batter with one Id.nd of light than
• - 

- 
- - 

another according to cLe Boar and Vermeulasa (21).

- , ;  Training has improved night seeing for asebere of th. armed services ,
and a civilian educational program might lessen night—driving accidents ap..

• 
- ‘ . predably.

• •j i
•• -

I
-

- -

(
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1. Personal comeunication from Mr. Val Roper , Feb . 9, 1951.

2. The reports of the Screen Visibility Ccsmuitt.e are published in the
- - , -. ~ Jouroal of the Society of Motion Picture and Television & gineers.

(See e.g. 35, 56) .

3. Personal conimanication Dec. 1950.

4. From an unpublished traffic survey by R. D. Hudson, Jr. of this Lab-
- 

-
. oratory. 

-

5. Personal ocamainication Jan. 1951.
- 

- - 6. Dr. H. N. Knoll. Los Angeles College of Optometry has prepared an
-
~ 

extensive bibliography on night n~opia.
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- .~
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~~~~ Spheric al Lens Optics Applied to
:~-~ ~~ Retrod ii.~ ctive Reflecti on

, lAMES H. HAVEN8, Research Chemist, and
~~~~~~~~~~~~~~~ ALLIE C. PEED, ZR. , R search Engineer,

Kentucky Department ci Highways
SIW~8IS

THIS paper describes some expedient applications of .1.-
sentary optical principle, to the evaluation of glass—bead

- •
~~~~~~~~~~~~~~~~~ refiector4~ing syst as for highway signs and rk.rs. The

-
~~~~~~~

‘ ~T optical function of spherical lenses in achi.ving reflex
• 

•
.‘_~~‘- - reflection is illustrated both photographicai.l.y and die-

- - gra tic.lly. Vai’icua optical designs are discussed and
- analyzed. By simpl, geometric optic., the efficiency of- 

,-
~ thea, system. is correlated with the practical perform.-

- 
ance criteria for retrodirectj~. reflectorisatjon .

• - During the peat several years various co srcial interest, have 4.-
- 

-
. 

-• velaped or proposed mm.eroua device, as systems for rsflector izii,g highwaysigns and markers. Some of this have gained widespread aoc.ptance while
others have been rejected or replaced by mar . recent innevations. The co~~- - .

• : msnsurate efforts on th. pert of highway ag.nöie. have been directed toward
• * evaluation., specification.,, and performance criteria. As a partial cones-• 

•
.‘ quinc, of this, most of the ltt.rator. on the subj.ot deals more with those

- psrtiailar phases rather than with th. theoretical aspects of reflector- isa-.
tion (1, 2, 3).

• - Perhaps this omission has been due to the - fact that mat of the ta-.
- 

- sic optical principles of rsflacteri.stion can be marked out frost informs—- -~‘11V -
. tion found in any good college pkyuioe bock. It i., hewever , the oontsn-

• ;~ 
.r - tion here tha t this kmwledgs aid widcr.tandisg i. essential to the Judi-• 

-

~ 
‘ cious selection of rsflpctiv. syst . This paper 1., then, dedicated tothe doc’ ehiation of aces of the theorstica]. $spect. relating spherical

- 
lens optics to r.trodir.ctive raflectorisatton.

- 
— 

•
- t — The performanc, criteria for reflective

• ~ • highway gas are otated sly by practical tz’iganc.stry. Very simply ,
- th. tangent of th, angle b.twese the bema of light frost an aut~~~bi1s’ s- . •‘

.

• 
b.aAl.mp aid the line of sight of the driver to a distance ahead t. equal

- 
-. 

• ‘ to th. vertical distance between the driver’. syes aid the be~ dlf1 r di—
- • vided by the distance ahead. If the driv er ’s spee ers 2 ft. shows the- 

I • 
- hesd1ra~~, aid a sign is 400 ft. shied, the angl. is appramimat.1y * deL.,

- - • - whereas to a distam.e of 25 ft. aP r” • the angle ias’ea.ss to aspi’—l ~~ts]y
. 41 d.g. (~1y the light reflected back Uwough this ocid.oal divevj..a.

-. 

• 
ang].e is of ai~ wee to the driver.

Due to the fact that migma ers sst off from the psth o~- t h ey .~j cl,,

—~~
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the angle between the incident beam and the r~raal to the surface of the
sign may be as little as I. deg. at 400 ft. and increase to 30 deg. at 25 ft.

-
- -j~, ~.- Thu., the angularity requirements for- a retrodi rective sign surface are

two-fold: it most return a substantial portion of the light backward along
• ~ th. incident beam, and. it most preserve that property even through large

~ t -~~~~: angles of orientation. Th. redundant but necessarily descriptive tern.
~~~~~ “reflex” or “retrodirective” reflection have been ascribed to reflective

- 

- systems capable of exhibiti ng those character istics.

- R*fl.ctor Catemries — Basically, reflecto rs are a subclassifica.
~~~~~ tion of secondary luni!x u8 sources which may be def ined as “any source that
~7p ~ is lumi ncus by virtue of reflection or tr ansmission of lumincus flux frost

or through the surface ” (4) . Reflection , excliding the reflex type, has
been further divided into two genera), types: diffuse aid specular. La-
cordingly:

“An ideal diffuse reflecting surface reflects *11 lumincus
-~ flux in such a geometric manner that the brightness of the

tT~ ~ - object is constant (with respect to the viewing angle). ”

“An ideal specular surface reflects all luad nou. flux re—
- caived by it at an angl, of reflect ion equa l to the angle

of Incidence” (4).

Figur. 1 4vss a somewhat—idealised gener alisation of the differ—
- 

- : ence in reflection patterns for the three fundamental categories. In both
- 

- • the diffuse and specular types the pattern of reflection I.e sjmaetrical
about the normal to the surface. In the reflex type, however , the pattern

-~ - . 
is symestrical about the line of incidence fr-cs the source.

I 

\S
\~
\
\
\

~~~~ ~~~~ ~~~~~~~~~ 

5
\

~~~~~~~~~

- DIFFUSE SPECULAR REFLE X
• 

•- : , 
TYPES OF REFLECTION -

Figure 1. Vectori al jilu stration of three basic categories of Re-
- 

flection Charaoteri.tj cs.

-. One licampl. of a diffusing—type sign is a weathered or nh~~k4ng
painted .urface. Since it exhibits a hemispherical pattern of reflection,

• the intensity of reflection at aru~ distance in front of the sign varies
inversely as the squar e of that diatance. Visa. the reflection intensity

- - - 
would be about 250 times p~sat.r at 25 ft. than it would be at 400 ft. 

-- 
-

I -  ‘~~~~~~~~~~~ -~~~~~~
— ~~~ —~~~~~~ 

— — —

~ 
— — - - 

- -- . - .



41

68.

In the second case , or the specular type , the specular vectors are
shown as simply added to , or superimposed upon , the pattern of diffuse re—t]ection. This is a condition approached by a fresh , unveathe red enamel
surface. By assuming unit illumination at the surface , a fraction : i relation-

• • - • ship most extet between the degree of diffusivi ty and the degree * epecu-
• ].arity in the reflected light. Grea ter reflection in a particular dir-cc—

- - tion can be achieved only by sacrificing reflectio n in other - directions .• The rougher the texture of the surfa ce , the sore it scatters the light.
• 

- 

~~
. - ; ‘

. The smoother the surface , the sore it tends to reflect an image of the
~ :.~ . source.

• 
. Glass—Bead Reflectorization —- Figure 2 shows a photoniicrograph of

- a typical r~flecting surface in whi ch minute spherical lenses or glass beads
?4~~~~~~ ~, ,  are used to achieve reflex cha racteristics . These glass beads are in the

• #~~~~~~~~~ •~~~~ order of 0.15 am. to 0.05 sin, in diameter and are ichedded to their equs—
toria l plane in a pigmented resinous or plastic matrix ad hering to the sign

~Q stock. Each of these minute glass beads acts as a lens whi ch gathers in the
incident light , focuses it upon an underlying surface , and returns the re-
flection bac k toward the sour ce. Since the sizes of the bead s are below

- 
-

• 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ tN m* ~~~~~~~

r
~~e ‘

• - 
. -, Figure 2. Photosi.crograph of a typical glass—bead reflectorising

System. -

•
• -: the normal resolution of the eye, viewed even at arms length , the sur face

- 
• seems to luainesce when viewed within the cone of reflex reflection. This

- * - 
is particu lar ly advantageous from the standpoint of legibility. The legend

, is simply painted over the beads giving a larg. luminous area as the back..
- ~~ourxi for dsrk , nonreflecting letters and design. Other lens systenm ,

such as reflector buttons , are large enough to be resolved individually as
- points of high glar e , even under distant viewing condi tions.

~ I- - :
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- 
- 

- ip~ mentary Optics — As a practical approach to the theoretical an-
- ;, - alysie of’ this optical system , Figure 3 shows an actual photograph of a

* single glass spher e in the path of a restricted but collimated beam of light
incident tr on the left . It is clearly shown that the light is converged to
a focal pcint behind the sphere. The position of the focal point for a
spherical ~lens is governed by the refractive index of the particular glass.
Tb. oonver~tion is to express focal lengths fti terms of the r.dius and with
respect to the optical center of the lens. Fortunately , for a complete
sphere , its optical center is coincident with the center of the sphere.
Focal. lengths are related to the radius of curvature and refractive index
by the simplified equation:

in which f — focal. length measured from center of the sphere
- • -; - refractive index of the glass with respect to air

-. 
r - radius of the sphere

Assuming a ref ractiv e index of 1.5, which is an approximate value
for ordinary glasses , f is calculated to be 3/2 times r or a distance equal
to ~ r behind the traiTing surface. This is approximately the condition
shown photographically in Figure 3.

b

- - 

Figure 3. Photograph showing convergence of light by a single
Glass Sphere. A bem of parallel light rays is incident
fr-os the left.

If a reflectin g surface ii positioned at the focal point and nor mal
to the incident beam, then the light is reflected back into the sphere and
is re-coll4-~~ted back through the incident beam. This condition is also
illustrated photographically in Figur e 4. In the photograph , however , the
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~ light going into the latter 1ie~~~~~~de the boundaries of the inciJent beam.
- 

- 

~
• • The reflecting surface used here was a piece of aluiuiruain foil havi og high

specular characteristics • Some scattering or diffusion , however , may be
- ~otsd at the surface in the photograph.
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~ Figure 4. Photo graph illustrating the function of a spherical

- - lena itt r.tlox-.r.f leqtion. Here again, a beam of paz’-
aflel light rays is incident from the 1.ft . The rays

1~ 
are converged onto a .p.oul..a~ t7p. reflecting surface
which returns the light back into the sphere where it

;._

. ~~~~~
- is recolUmat.d along th. path of the incident beam.

It a high degree of retxodirsction is to be achieved , the positi on
- ; ~~~~~~~ ~ 4 of the reflector with respect to the focal point Is very critical. If po—

~~~~ 

~~
-
~
‘ 

~ .itioned behind the focal point , then it rsceivp. diverging light from the —

• 
- -

~~*~~~~~~
- 4 lens and , due to the greater angle of in~ideno. upon the surface , a large

~‘: ~ portion of the light reflected may miss th. sphere entirely. The system
- therefore loses part of its former efficiency. Considering the opposite

- extreme, with the reflecting sur face positioned in fr-ott of th. focal point ,
- , converging light str ikes the surface and is returned through the sphere in

a widely diverging cone , as shown in Figure ~. - In this case, a large dz~-
• - 

•

. euler area of th. surface is illuminstad by converging light which is r.-
flected into the lens rath er than away fr-cs it ~~ before. Substituting a

- 
- diffusing—type reflecting surface does not alter the *peration of the eye—

-: • ten sppr.cdsbly. A greater portion of th. light may be lost through scatter’.
- 

- . tog, but the mschsttcs of operation are essentially the cams . If the lens
- 

,
- is improperly positioned with respect to the reflecting surface , diffusion

• may compensat , to some degree for that imperf.ction .
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Vttith further refer ence to the relationship t~etween focal lengths and
radius of the sphere , in the equation f - ifr/2(u ~l) f increases as £ in-
creases. Obviously larger len~ss sust ‘be spaced at~a. greater distance from
the reflecting surface. ?ur thei , as the refractive index of the glass ap—
jr oach.s 2.0 . 1 approaches £• If ~ is equal to z. then the focal point is

• coincident with the, trailing surface of the sphere. As the refractive in.
dew increaae above 2.0 , the foo~l point soves inside the sphere; which
means , of course , that it is impossible to position a reflecting surface
there . It also means that all the refr act ion is produced by the front sur-
face only , and the above equation becomes Invalid. A similar equation may
be resolved for lenses having front surfa ces only; i.e. , f - r/u—1. Here ,
also , when u’• 2.0 , f — r .
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Figure 5 • Thi s photograph illustrates the divergent character
of light retur ned t)~ough the sphere when the re-
fleoting surface is positio ned in front of the focal
point.

Geometric Optics — In the preceeding discussion and in the previous
• photographs , considerable importance has been attributed to focal-point cal.—

Culations and the spacing of the reflecting surface. It is important to call
attention her. to the fact that these focal-length forsulas have been reeol-
ved for parazial rays (those which pass und eviated Uwough the center of cur—
vature), They are 1 therefore, based upon a series of assumptions which in-
troduca appreciable error with the greater obltquity of the rays. In other
enz’ds, there is no discrete paint of oonvergenc. for all the rays enteri ng
the sphere. This optical imperfection in m ass I. called spherical sher-
ration. Consequently the only straight forward .thod of analysing the op-
tical systems ~or reflectorisstion, to be considered subsequently, is to
trace the path of the light through the systems, applying Snell’ a law of
refraction to each surface.
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In Figures 3, 4, and 5. both the front and rear surface s are re-
fracting with respect to air. Actually, they are - suspended in air , and only
by assigning a refractive index of unity to the air is it possib le to resolv~

- 
~~~~~~~~~~~~~~ the simplified equations above. I~y using Snail’s law any ray of light may

• be traced through any series of reflecti ng media by geometric construction,
- or sore specifically, by geometric optics. Sneli’s law may be written as:

i~~
- 

• 

~~~~~~~~~~~~~~~~~~~~~

where I - angle of incidence , with respect to the nor mal
to the boundary—surface

R - angle of refraction , or the angle made with
respect to the norma l, after crossing the bound-

/ 517
u - refractive index of the medium the ray is enter-

:1r~~ 
ing

* u - refractive index of the medium the ray is leaving.

Of course , when ~ is equal to unity , as for air , the equation re-
duces to its sore simple form:

S~n I _~~s
- • SIn R

•~~
‘ Refractive indices for unknown media have to be determined expert—

- 
— - mentally by standard methods. In these theoretical analyses , the appropri—

• 
• ate values for refracti v, indices are assumed and do not re~a.eent any ape-

- -- aific material.
~ -, I

• QpticaI DesUfl of Rpflex Re4,ctors — The design of a reflex re-
- - fleeting ayst is Limited in a pr actical way by the mechanics involved in

- 
actually fabricating the system for use on a sign. Obviously the spheres
can not be suspended in front of the sign as they are shown in Figures 3,

- • 4, and 5. It is practical, both optically and *echanioall,y, to imbed them
- ‘ ~ to at least thdr equatorial plane in a sujtabLe binder , inoorporating than
.
~~ 4 as an integral part of the surface. Figure 6 illuitrates one of the simp-

- lest and meat practical designs iaainent]y suited for highway signs. Struo-.
- ; turally, at least , this cross—sectional view is comparable to the surface

shown by the phetosicrograph in Figure 2. Otherwise, it. describes a gen-
~~~~ •

- •~~ eral category of optical designs. The meat significant feature in the gao—
metric construction of this optical system is the angle 4, which represents

• ~~~• ~ the deviation of the returning ray fro. tru. parallel reflection. It mill
be recalled from earlier treatment , based on performanc, criteria , that
only the light returned within a divergence angle of 4~ deg. can be of any
use to the driver. In this system that angle ii d. Forturmtely, du. to
the simplicity of the system, angle 4 can be equated in terms of L ~~~~~~~

- ‘ - and it is otherwis. independent of the radius and focal length of the sPhere .
Accordingly, the efficiency of the system may be tested with respect to the
specific property of th. glass . j3~ From the development shown in Figure 6,
where

4 -~~~~ — 4am 1 (ei~ , 1)

- 
4 — 7  be oalc”l*t.d for any value of ~

- -,  
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Figure 6. Schematic diagram showing oroas—aectional view of a glass sphere
imbedded in a pigmented binder and the geometric construction of
the path of a single ray of Light through the system.

Figure 7 shows a group of theoretically calculated curves relati ng
d to 

L 
for selected values of u’rsnging from 1.50 to 2.00. It is signifi-

cant to note that the angles o? incidence contributing useful reflection
are those angles ~orrssponding to that portion of the respectiv, cur ves
lying within th . bracketed region of 4~ deg. positive or negative diver-
gence. Of course , the sign of the divergence is extraneous to the utility
of the light • From further mcawination of the curves , it sesma that mini—
sum divergence is achieved when ~~

‘- 2.00 which is favorable to extremely
- long viewing condition. where the useful divergent angle is ~ dsg. or less.

However , by sacrificing some of the efficiency for those extreme conditions ,
a scmewhit greater portion of the lens sur face becomes useful and the curves

- cross the zero-divergenc, line at ten angles of incidence .

In this interpretation of the curves, ten other features of spheri—• cal lenses m ist be considered. First: 75 percent of the equivalent normal
surface of the spher e lies within the 60-deg. angle of incidence. Second:

- 
- 

the fraction of incident light reflected ad tbeut entering the surface of
the l ens remain, fairly constant to 60 deg. incidenc, but increases sharply

- at greater angles. Within these boundar y angles , even the influence of 
~~~- _ within the rang. of 1.50 to 2.00, on th. fracti on of light lost by surficial

reflection is less thin one tenth of .11 the 1Lgh~ zecdved. These two tea—
* tizrea establish the boundaries of useful lens sur face at approsiaat.ly 60-

• deg. incidence . Therefore , those portions of the curves for incidence

—f i
~ •

•.
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.:;~~ angles greater than 60 deg. should be disregarded . The angle -~~~ in all of
‘
~~~~~~~~

- .~~ - the foregoing discussion refers to the angle a ray of light -makes with re— *

spect to the normal, to the surface of th , sphere and should not be confused
with the angle which the driver’s eyes and the head].ampe of his car make

~~~~~ ~~~ with the plane of the sign on the highway . That angle i. to be discussed iii
the following paragraph. - - -

‘
~~ -~L~ I / i 90

• -, ft~ 0 
~ I I I / /r

~~~
l
~~~~~~~y//i ~ 1 ,85

2
40 Divergence • 2 1 - 4s1n (5~ .1~_) •

~~
/ 1.75

j  
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! 
2011 

J lJJ/.i5~
S5/_. 
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~J_ .  -

H ~~ C,

±
~~ I i

1 1 I I
0 10 20 30 40 50 60 70 SO 90

- • - .  Ang le of tncid s nce
Figure 7. Typical curves showing the relationship between 4 , ~~~, and ~ for

- the system illustrated by Figure 6.

From further inspection of the diagram in Figure 6, it may be noted
• 

- 
• 

‘ that the central axis, there shown as nozmal to the plane of the sign, may
• ~ 

•
‘ - be rotated about the center of curvature of the sphere until the 60.4eg.

- • 
- ~a~ i i ~ incidence angl, just grazes the binder without impairing the ef—

• - fici.ncy of the system at all. This means , of cour se, that the plane of
the sign may be rotated through an angle of 30 deg. to the dr iver and head-

- • lamps without sacrificing any of the reflex efficiency of the sign. At
- angles greater than 30 deg., the binder obscures mere and mere of the useful

• 
- ‘ ‘ ipertur. of the lens.

‘~ In contrast to the system already described , Figure 8 illustrates
• another system which utilizes the longer focal length lenses and shich is
- functiona]iy comparable to th. optical system illustrated by Figure 4. In

-
. 

- - thi, diagram, the sphere ii envisaged as being imbedded in a transparent
medium and properly spaced in front of the reflecting surface ehown by the

- shaded area in the drawing. Here the incident ray is first refracted at
• 

- the dr-glass interface, then at. the glass-spacer interface, is reflected

_ _ _ _ _ _ _ _ _
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and, returns in a nonsymetrical manner back across the two refracting inter—

~ -~c~ faces . This system is complicated by a imaltiplicity of dependent variables
~~ ~~~~~~~~ which defy resolution and simplification. When u’for the glass and u” for

the spacing medium are known , any incident ray may be traced through the
‘
~~ ~~~

-‘ system by geometric construction as shown in the figure , regardless of the
• 

~~~ inclination of the central axis through the sphere to the ref lecting surface
which is in the pl ane of the sign. That ii true only for fixed valu es of r

- 
and !. Again from earlier consideration , it wiLl be reca lled that , for zero

- .
‘
~ . incli nation of the central axis, ~~~ + 

~~ , 
should be approximately equal to the

- -  
- focal length of the sphere. However, due to spherical aberration , greater

~~~~~~~ 
.

‘ efficiency is realized for zero inclination when r + ! is slightly less than
;~~~~-~ z~ the focal length. Each inclination then introduces an entirely different

• 
- :~ - . -  “

~~ set of circumstances .

I Transpar ent
~~~~~~~ 

~~~~ ~~ - - • 
Spacer

~ 
Air ~

l. I O~~~ 
,, 

ra ctive Index . ~i’
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Figure 8. Cross—sectional diagram showing a single glass sphere i~~edded
in a transparent spacing medium overlying a plane reflecting

-

• surface. The geometric construction of the path taken by a
single ray of light through the system is also shown .

- 
- In general , the design illustrated in Figure 8 seems to be mere at—

• 
- ficient for near normal orientation of the driver and headlamp. with respect

-
, to the plane of tlie sign. Also, it is only by th. uae of a diffusing—typ.
- 

- - reflecting surface behind the spheres that it is possible to preserve r-
I 

- -
- ~~

‘ flex characteristic, through greater angles of inclination. These funds- I
- 

-
, • mental imperfections arise from the association of plane and spherical sur—

-
- faces . In this particular design , the use of the p1”~e reflecting surface

- - is recognised as a construction expediency. It may be regarded, then, as a

. 0 
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, practical sodification of a n~re fundamental system in which the plane re-
- 

i- ~ • - flecting surface replaces a spherical surface having a radi un approximately
— equal to £ ~~!. Accordingly , a aiisilar system having a spherical reflecting

, . :~, .~~~~. surface would be capable of accoinmedating almest any angle of inclination,
• ~~

‘ ‘ -  • 
~~~, without disrupting the symmetry of the system. This corresponding fund—

- 

~:, ~ ainonta l design is illustr ated by Figure 9 where it is shown that the former
- 

~~~~ complexity of variables has been eliminated.
- •

- 
-

• _4•~~~;
• 
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‘
f Figure 9. Diagram showing the basic optical design corresponding to the
- system illustrated in Figure 8.

-~~ -: -
•‘.‘

~~- -
~~~~ Now , the divergence angle , ~~~, may be equated for this system too.

Accordingly:
0I.~_ • ~~~~~

• 

•
~~ 

~~~~~~ d • 21 — 4 sin 1 
(~~~~~~~~~~~) —2 sin~

1 (r ein I
)) +2 iin~

1 (sin I )

- 
_

? 
, 
• 

-• 
When u ’ — U”

g -21 — 2sixr1 (!!
~~~T~~~

) — 2sin_1 (~ 15
~~,3) )

— : : ;~ 

- Also , when 1 - 0

~ 
g -2 I .. 4sin-1 (.~~~..L)

- - which is the basic equation for the first design illustrated by Figure 6.

,. 4
.1



- - 

- 

77. 

-

~~~~~

Horizontal Surfaces — — Reflectori zation is an effort to compensate
for some of the inadequacies connected with night—driving visibility. It is
borne out by experience that reflector ized horizontal surfaces such as oem—

k terline stripes suffer considerable loss in efficiency during mederate to
heavy rains. This loss is unfortunate because it- occurs under critical con-
ditions of visibility when drivers need to be compensated the mest. 

- 
The

~~~~~~
— —.—— ———-& possibility of incorporating additional. compensation into the optical design

of the reflectorizing systems offers an interesti ng and practical applies..
tion of the previously discussed theories.

In Figure 6, the glass sphere is considered to be retracting with
respect to air. By imagining such a surface oriented horizontally and the
sphere complete ly inundated by a film of water , the sphere would no longer
be retracting with respect to a medium where ~ - 1 but where ~ - 1.33. In
order to preserve the same refractive efficiency of the glass sphere , the
ratio the sines of I and R would have to remain constant.

Suppose , for instance , that the optimea ratio of sin 
~ 

to sin ft is
taken as 1.90; then u ’ /u nvst equal. 1.90. If ii ’ is the refractive index of
the glass and u the refractive index of the waTer, 1.33; thec. ~~

‘ would have
to be equal to 2.50.

Contrasting these theoretically idea], conditions with a reflsctoris—
ing system using ordinary glass have a refractive index of approximately
1.50 with respect to air; when inundated by water , the ratio of sin ~ to sin
ft is no longer equal to 1.50 but is 1.13 which is little , if a~~ , better
than no refracti on at all . So , even to preserve a ratio of 1.50 to compen-
sate the system for water inundation, the refractive index of the glass
would have to be increased to 2.00.

Theoretically , at least , horizontal surfaces could be compensated
for inundation by incorporati ng some of those mere highly refractive glass-
es with thi’se considered opti u for normal weather conditions; provided ,
of course , the mere highly refractive glasses were available . Such theo-

____ retical conjectures as this ex.nq,lify the possibilities for further medi-
fication and refinement of reflex optical systems.
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