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his report applies the Equation of Spencer and Gray to specify the reflectance
of reflec tive—type displays. This reflectance specification uses both ii diffuse
component function and a specular com ponent function to completely describe any
reflecting surface. The part icu),ar display chosen to illustrate the use of this
method of specifying reflectance (was the Hughes ’ Liquid Crystal Matrix Display.
This display is a matrix display and produces an image by electrically control-
ling the reflectance of each individual cell. In the appendix , a simplified
examp le using this method of reflectance specifica t ion to evaluate a liquid
crystal display optical $ystem is g iven .
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FOREWORD

This report is one of a collection of three technical reports
written under Work Unit 20030628, “Liquid Crystal Display Measurements. ”
The topics covered in these reports were chosen to either support this
work unit directly or to help provide needed information for Work Unit
20030626, “The Integrated HUD.” This work was accomplished during the
period of 1 January 1977 to 30 September 1978.

The first report, “Measurement of Reflectance on Reflective—Type
Displays, ” deals with the specification of reflectance in a two component
sense. That is, reflectance is specified by both a diffuse component and
a specular component. This formulation seems especially useful for
specifying the ref lectance of liquid crystal displays. However, the
method is not limited to displays alone, but applies to any type of
reflecting surface. For example, the reflectance of various aircraft
coatings could be investigated using this method. The determination of
the reflectance of these coatings is important and work has been done in
this area, using methods other than the one of this report , by the Air
Force Materials Laboratory. It is felt that specifying reflectance by
this method may have advantages over other methods in current use. A
simplified example using reflectance functions to calculate luminanc e
and contrast ratio of an optical systems which uses a liquid crystal
display is included in the Appendix of the report.

The second report, ‘Can )f~F Analysis Be Used On Matrix Displays?,”
investigates the use of modulation transfer function ~f1~F) in the eva-
luation of matrix displays. Thi8 report concludes that )f1~F analysis of
matrix displays can be useful. An analytical estimate of the MTF of a
hypothetical 1000 X 1000 element liquid crystal display is included in
the report .

The third and final report of the series is titled “The Effects of
HUD Glow On Visual Performance.” This report deals with the effects of
residual glow in head—up displays, and the effects of this glow on human
visual performance. By using the contrast threshold work of Blackwell,
it is shown that even small amounts of glow can have detrimental effects
on operator performance. The amount of detriment is a function of the
level of glow, the operator ’s state of luminance adaptation, and the
perceived contrast ratio between target luminance and surround luminance.

The author thanks all those involved in helping him prepare these
reports. I especially want to thank John Coonrod for his support and
review of drafts. rAC(1SS~O~ lot _______ r
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tnt roduct ion

A new method of measurement allowing separat ion of diffuse and

specular component s of reflectance will prove useful in the evaluation

of reflect ive-type display devices; this ropo~1 usea the liquid crystal

display as an example. The method is based on the equation of Spencer

and Gray [1) which was first proposed in l960~ and was subsequently

validated by laboratory measurements [2, 3~.

Liquid Crystal Displays

Liquid Crystal Displays are reflect ive— type displays; that is, they

do not emit light, but modulate the light which is incident on the display

surface. The display being studied divides the cell surface into a square

grid of small cell elements; the reflectance of each element is controlled

by external voltages to each cell. (See Figure 1.) One sees that the

electrode bus structure forms a grid about each cell on the reflective

electrode surface. The grid, in effect, wakes the mirror—like surface

nonsmsooth with a distinctive surface pattern. The liquid crystal material

above this surface makes the surface more diffuse, depending on the ap—

plied voltage to each cell. Above the liquid crystal material is a cover

glass with a thin transparent conductor coating on tho und erside of the

g I.ks~. Tht~e are several reflection mechanisms occurring in the display de-

vice. Some of these mechanisms reflect diffusely; the others specularly.

The advantage of considering the device to be a hybrid surface is that

each reflection mechanism does not have to be studied separately . This

also makes certain that any interaction between reflection mechanisms is 
r

accounted for.

1 The equation was later generalized by Spencer and Gaston; see Ref. ~~~.
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It is believed th4t the liquid crystal cell being a hybrid surface (i.e.,

mirror—like and diffuse), reflects both a ~apecu1ar and a di ft use component of

light, with possible specular components at angles other than those where the

angle of incidence of the source equals th. angle of reflection.

Although overall luminance measurements had previously been made on liquid

crystal displays2, no asasuremonts had been made to quantify the diffuse and

specular component. of reflectance from the display. Since the very basis of

th. display operation depends on the strength of these components as a func-

tion of viewing angle, source location, and source hellos3 or luminance dis-

tribution, these important measurements need to be made.

The Equation of Spencer and Gray

The equation of Spencer and Gray is an integral equation which describes

the relationship between the helios 1L~,( ) of a point on the surface to the

hellos ) of the source which illuminates the surface. The equation

states that }L~,( ) is the sum of two components, a diffuse component and a

specular one. The diffuse component is obtained by suaming the product of a

diffuse reflectance component function )) and the incident flux density

~ ) cos 9~ dfl~) produced by each infinitesimal region in the hemisphere

centered about the point in which there are light sources. The specular cow- I ’

ponent is that which is equal to the product of

2 Measurements have been made both at the Avionics Laboratory and at Hughes
Aircraft Company .

Hellos (R
~~
) is defined at a point (p) and in a given direction (a) by

Hpa 
- ‘~ —~~~ as t~r+O. D is the maximum flux density (lumens/unit area) and r

~ the solid angle between the point and the direction of measurement (i.e.,
the axis of the solid angle is along the direction of measurement with apex
at p). As used in this paper, hellos is essentially similar to luminance
and may be measured in footlamberts. Substitution of the word luminance for
hellos and the symbol L for H may be made, if desired.

3
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t he s~’iu t e  he I I ~~~~ iin ~
- t Ion ( l I ~~~, ( ‘

~ and a specular ref lee tar ( ( ’ e omponent

(InC t I ‘‘11 (4)  1 . T1W equat I on thus covers the per [cc t lv dl f use ~ ;i ‘;t.

~‘~~‘ r c(~ t lv ~;‘e~’ III :Ir 
(‘a se , and a ll cases in between these special c :ist’s of

I (‘ t 1 ( ‘ ,~~~~ . I 144)

Assuming wave 1ent~th n~ay he neglect ed , u n p o l a r i ze d  incident light ,

un;~o l a r i ’e d  ref lec t ed light , perfect propagation medium (non—dissi pative ,

t1,4fl~~(,fli U lv&’ t ransparent , homogeneous , and isotropic) the following

equa t ion was proposed I ~ 1 (See Fig 2)

H
RP

(l . j .
~~i . .~~~

) 

~ •h

x l ,(~(P;~~1 .~~f
) co~’P~ d ~1 (1)

+ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ (P . ( 1, ~~
).

Where

P: a po int of measurement on the ref lecting surface

‘,: d if fuse reflectance c omponent func tion (dimension1ess~

‘ (  ) :  specular ref lecta nce component function (dimensionless)

angles of in idence of source

~~~~~~~~ angles of view of receiver

so l i d  angle between source and P

sol id ang le between receiver and P

11Rr~ 
): Hel los  function at R in the direction of P

Hpc ( ) : He l tos funet Ion at P in the direction of (‘

Integrate ove r the hem isphere surrounding the point P

If t he variables r ; t5 , are fixed the equation reduces to

‘
~~ 1~ “ ~~~~~~~~~~~ ~~~~~~~~~~~

x (cost~1) d~ , I + ~~~~~~~~~~~~~ II pç (i S
j .~~~j

) .
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Restricting the source to a uniform diffuse source of small physical

dimensions (which consequently produces a small solid angle) • the equa-

tion becomes (at each (ei,Ivi) combination)

— 
~ ~~d 

Hpc cos0~ ~~~ + P
5 

Hp~ .

H,1~ lI~ , (coa0~,p~)
Solving for yields — +

It is in this simpler form that the equation may be used in the

laboratory. The equation is in the form of y — mx + b. As shown in

Fig 3, it asymptotically approaches a straight line for small values of

ill.

Measurement Techniques

Measurements are taken by placing a photometer in the desired direc-

tion of view and recording the ratio of helios of the display surface at

the point of measurement to the hellos of the source for various small

values of incident solid angle i2,~ (as becomes smaller). Tht solid

angle is reduced by changing the aperture of the source. Figure 4

illustrates the procedure. This yields data points which when plotted

produce curves similar to Fig 3. From these curves the values of

and p at a particular (0j,~ i
) may be determined ; p

9 
is the intercept ,

is contained in the slope

cose1 
m slope) .

The amount of data needed may be estimated by the following formula:

Data points (D.P.) — (receive r locations) x (points on the surface) x

(source locations) x (number of solid angles used at each angular measure—

went).

7
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in t ite I t ’ l l  owing e. xamp It., one. vi she’ s to t intl I ~~~ r et  1 ~~~
‘ ( 

~~~~~~~~~

I tine I t ons I or a point I’. 11w source i’~t v be e t int at m .d wit Ii * n t he augim 1.. m

a m~ s h~ e ii (see Fig S) . The receiver local  ion is

lxi’il . Ft ght va lues o t  

~ 
(Inc ident stil 1t  angle) w i l l  he used . It I

i’ It that knowing 
~~~~ 

and ,‘ at every 1 tat t ii ’t. point will a L low re~’on—

at i nc  t ton ot the I tine t I tins • I.e t a—b and - .  U — 10 ~ , I hen using the

t ormuLa

l’).I’. — ( 1) (1) (
~~~: 

. ) (8)

l).i’ . — IWO (data points).

LI  and o change rapidly In some area the tat t Ice would have to be

Ii tier. Vat ties ot  and ~‘ are tabulated. The funt’ I I ins a re’ re’eons true it’d

by suitable means (stir tact. curve itt t ing) to give fund tons of anti ‘i~

Us tug tiw “U and ,‘ Finit e tons

Assume we now place a source of known heltos distr ibut ion

w i t  hi ii the a rca just measured. The’ he 1 los func t ion ot a rea l source could

hi’ determined by a measurement/sun se t, t it t i ng  procedure. Using equation

.~ the’ hi’ 1 los lI~~, may he det em it ned . is the hellos func t Ion value’ at

K in t hi’ di rut’ t ton of P due to the ext ended source. ) Equat ion .‘ becomes

- 
n Jh ~d 

(0 
* ~ ~ 

LI
~c ~~ ~~ eos 1 

*
(.

~
)

Pt- I N-i
+ ) ‘ Y ~~~ ( ( t I~~ ) j ’~~

’ t~ k~ 
11I~C~~

0
I1 $l

.(
~
i
~~

)
k

) .
j — i  k—i

w he’ ri’

I i i  • i., . . . Pt— I) Pt — number ,it polar subdivisions ;

k — I , I. “ • . . . N— I ) N — number o t az I nut ha I subd iv is ions
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Lit Figu re ~ , angular reg ton subtended by th~ t . it  t ice i ~. the soure. ’ ro—

g t o m i  h ’ . Lattice points represent various ((e~)~~ (*i
)
k
]. Shadud t lemutttal

source reg ion Cj k subtends solid angle A~ and represents area in which

H~~ (o~~ ~
) ‘ 

~~ 
(of, ~~) is essentially constant . 1’hia allows for

spe cular components for (O~ , ~ ~ 
t (~~p~~ ’ (gi~~)0 

+ ~~ it such component s

ex is t .
— 

The angular area in Figure 5 has beeii divided in to an even number of

curvi linear squares. The’ grid is aligned such that a

coordinate equals the ’ ( (0  ) , (‘? ) + B) coordinate . The summation of
V 0 v 0

specular components may only need he evaluated at

~ ~~~~~ 
— ( ( 0 ) , ( ~~~) + n) if t he c o n t r i b u t ion  to  at angles

other than these proves to be negligible. The integral above could he’

approximated by

Pt-i. N -i
— 

~k Y Y 
~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ l ’ i~~k~J—l k—i

x stn (2.(0 1)~ ) 
AIiM .

Pre liminary Measurements

To date measurements have been made’ on a display to ver ify  the

Spent ’er—G rav equat ion measurements approach. It was found tha t b r  sma ll

values of curves similar to Fig 3 are obtained . This shows that th ’

reflectance from the display can be broken up into components and studied

in a more meaningful way .

Future Measurements

Mee.surement~ wi ll he made’ w i th  the intent ot viewing a p a r t i c u l a r

point on the d isp 1 iv (within a ~e’ 11) at a I ixe(t viewing ang le’. The loca—

tion and site of the source will be limited, reducing t he tota l  number

IL 
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mli i i ’ t ifl5 .1 Fe ’ I citiiiil v ia  I lii ’ S pc ’ti ~~,’ F — C m a v  .‘qua t ton appr oach to m t hi ’

m ~‘ q m t t  rod , a i t m i , e ’ itmgmil.it i c ’c, (omt ;iit,! m c ’,’e’( \‘e’m a m m e ! , ’,; ,~t view . WI tlt this ,ta t  a

t Ime .lrito . l t a t m , i . oI C he c oLt w i t  It .immv itt he’ m’ st m m i t c c ’ 0 t known he’l l ~‘—m i l l s ( i t —

hut it ’ ll w I t  Li In t t i c ’ a m  o.i i t t  ims’aat i i ,  mm,i ’ m t t  a (,miiil t he re I tire’ known m o I it ’ ,’ I . m e ’

I t imie I ( otis ‘I ma v h’  etinqitit i’d • l” e ’ r re ’.i I Still m ,’e’$ , t itt ’ he ’ I t  os dl  sIt  I limit ion

Wi imi 1,1 hc ’ di’ t e i-nm * neat by mmmc ’ssu rt’nlt ’n I . ~~m t t te ’n~ m t Ic a I mode ’ is cit lm~’pttt bet I~’ a I

s o t m i t t a  t’ommIil .11 5,’ he’ tm ,; c ’,I . i’It I a wo u ld it  low ,lc’t e ’ m mlim , i t  (t in ot I t i c ’ best

‘~~‘~ t m c ,  t ,‘ m a !‘‘~ 
Ic m ml m m e, ’,’~ m , ’ t I ~‘

-
~ m l e t  I on on I he’ I ,‘ , . i  t ion ‘! I ho so t tm  e’ ’ .

_ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ________ . --~~~~~ -~~~ 
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c omm t F.m s t 1,11 los m:lv :ul so he m~ red it ’ted OUt 0 titi’ req u I red i t t  let’ t a net’

P tin, p ~‘il’; have bc’en I otmntl , For I m is t  ant ’e’ , I ho hi’ I los ot  an ~~~~ ~ i i at

.1 ~.i i t  1,11 . V ( ow l  mtg I t’cat ion n~ mv he ~‘:t I c’u lated . It thIs re’su It Is di vidt’d

by the average hellos of the adjacent cells (in the “off” state) as

calculated from the same receiver location, the predicted contrast

rat io has been found (see Figure 7).

In another paper by Spencer and Gaston [6], polarization sped —

I icat ion has been addressed and included in the generalized reflectance

specifica” ton equation of Spencer and Gray. As some types of liquid

crystal display devices polarize the reflected light, this further

generalization may prove useful in the analysis of these displays.

Conclusion

The Spencer—Gray equation approach has been shown useful for liquid

crystal display measurements. The equation has been presented and pos-

sible uses of the measurement techniques allowed by this equation des—

ctjbed , Other reflectance—type displays may be evaluated by this

method . Future work should be done and sufficient data taken so that

reflectance—type displays stay be evaluated in a more precise manner.

In the following appendix, an example using this technique in the

evaluat ion of an optical system is given.

~~~~~~ re t em - s to ce U operat ton w ith vol tages that maximize the’ d ii lust’ r
ref lee t.lne ’o; “ot’ f ’ has the oppos * te meaning.

I :, 
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APPENDIX

CALCULATING ‘rHE IMAGE LUM I,NANC E OF AN OPTICAL SYSTEM
USING REFLECTANCE FUNCTIONS

In this example, the luminance of the image of the optical system~
’

shown in Figure 8 will be calculated for a point on the optical axis.

Also, the contrast ratio of a bright—to—dark cell will be found. The

system is comprised of a liquid crystal display, an ellipsoidal re-

flector , an arc lamp with associated spherical reflector, a lens, and

a screen. The calculation will be described as a sequence of steps

below ,

1. Calculate Arc/Spherical Mirror Luminance.

Assume the arc is spherical in shape with a 0.1” disaster .

Assum, its luminanc, is uniformly diffuse , and that the spherical

reflector behind the arc restricts the emitted power to the front

2im steradians , The luminance of the arc/mirror combination is given

by

(te )

where

— (1 + p)F 7)

H ii the luminanc, in footlambarts; I is the intensity in candelas ;

F is the flux output in lumens; and p is the specular reflectance of

the spherical mirror. S is the projected circular area of the arc in

ft2.

1 — Patent Pending ; Hughes Aircraft Company

15 
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Since P is given as 1.25 watts at 0.91 luminosity,

F • 1.25 wat ts X 0.91 X 680 lumens/watt • 773.5 lumens.

From equat ion 7,

I — (1 + 0.9) (773.5)/4w — 117 candelas.
Substitut ing into equation em gives

H — w(1l7) / (0.05/12) 2w — 6739200 footlamberts.

Since the arc/mirror combination is covered with UV and IR filters,

H uat be mul tiplied by ‘r , th. transmission coeffic ient of the fil—

ters ,to give

H — 0.86 (6739200) — 5795712 footlamberts.

The luminance seen by the liquid crystal cell (p) in the direction

of a point (a) on th. ellipsoidal mirror is equal to the specular

reflectance of the mirror times H, g iving

H — 0.9H — 5216141 footisabert ..
2. Calculate the Liquid Crystal Cell Luminance.

Assuming that ths diffuse component of the cell reflectance

is negligible compared to the specular component when the cell is

bright ,

H p H
‘p s~~~~

This is the luminance of the cell as seen from h. principal plans of

the lens , p
5 

is given as 0.5 (the specular reflec tance of the bright cell).

From equation 8,

— 0.5 (5216141) — 2608071 footlamb.rt..

— —  -S — 5 -  . - —~~~~ - -~~~~~- —~~~~~ 
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~~. Calculate the Illumination at the Princ ipal Plane.

Since the solid angle subtended by the cell to the prInc ipal

plane is smal l , the illumination at the princ ipal plane is given by

— l /w H
1~ &u (9)

where

— P’~ojected area of the cell 
10u (distance to the principal plane) Z ( )

“sing equation ‘tO ,

2 ‘
~ —6 5Au — (0.01) /4.5 — 4.94 (10 ) .teradians

Substituting into equatiomi ~ gives

— h r  (2608071) (4.94) (l0~
6
) — 4.10 footcandles (lumem ~/ft

2)

4. Calculate the Flux Input to the Lens.

The flux input to the lens is given by

F
1 

• D
1A (11)

where A has been assumed to be a spherical surface and is given by

2A — -~~ r (1 — cos a) t,12)

Substituting the appropriate values from Figure 1 into ~12) gives

A — 21 j Y’ (l — cos ~0) — 1.35 (lO~~) ft~

Thus from equ.ttion U,

— (4.10) (1.35) l0”~ — 5.54 (l0~~) lumens.

5. Calculate the Average Illumination at the Screen.

The average illumination of the cell at the screen is

given by

D — t F/A (13)

is the reflectance of the folding mirrors (not shown in Figure S)

S 
0This value is approximately 3.5Z high due to the neglected cos 15

tern required to obtain the prolected area.

-S - --S . ,  — - S  _ _ 5_ ~~~~~~~~~~~~~~~~~ —~~~~~~~ — —~ —- , ‘ -  . - -  -‘-5  - . - -~~~~~ 
. .



and is equal to (0.95)2. r5 is the transmittance of the lens and

equals 0.992. A is the area of the image and is given by

A — (cell dimension X magnification ratio)2 t,14)

Therefore , using equations 13 and 14 ,

(O.99~
2 (0 95)2 5.54 (l0)~~D — 

1(0.01112) (3.2/3.5)]2

— 844 footcandles

The luminance at the screen is given by

H — T  X G X D  ( 15)5 h s

where Th ~~ the transmission hologram efficiency, C is the screen

gain, and D 5 is the average illumination of the cell image.

Substituting into equation 15,

H — 0.8 (5 footlamberta/footcandle) (844)

— 3376 footlamberts.

Normally, off-axis image points luminance are reduced by cos4a. That is ,

the lum inance of the off—axis points is approximately equa l to the lumin-

anc e of the on-axis point multipl ied by cos48. B is shown in Fig. 8. But,

in this system the variation has been shown to be greater than the expected .

6. Calculate the Dark Cell Luminance and Contrast Ratio.

When the ce .l is dark, it is cperating in the “diffuse” mode.

Both a diffuse and specular component of reflectance exists. The

luminance of the cell may be calculated by

— H~~ + l/w ~“ ~d 
(e~,~v1) cos 8~ ~‘pm 

(e~,~’~) du ( It))

As an approx imation, if R
pm is Constant and subtends a small solid r

angle, as seen from the cell,

— 
~~ 

H~~ + l/ir~~~ 
~ d~j cos 0~ Hpm Au~ ( 17)

1~

- —~~~~ ~~~~~~~~~~
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The 
~d 

func tion is shown in Figure ~ for two 0d funct ions , plotted

as a function of the half angle cm. Note that the function has been

approximated as a sum of step functions, which allows applica tion of

equation i . Froi~ the half an gle ci , the solid angle subtended by

the source may be calculated from

Au — 2w (1—cos ci) (18)

The o value is given as 0.01. has been assumed to be 150 (Figure

Using (I’) and (1$) and the first 
~d 

function,

H
1 

— 0.01 (5216141) 
;5,

+ 11w (22) (cos 15°) (2w) (1—cos 1°) (5216141) L

+ 11w (8) (cos 15°) (2w) (1—cos 1.5°) (5216141)

— 52161 (specular component)

+ 33764 j
~ 61389 (diffuse component)

+ 27625 j

— 113550 footlamberts.

Although the screen luminance can be calculated , this is not neces-

sary to calculate contrast ratio. Contrast ratio is given by

CR — H
1 

(bright) 
(19)

H 1~ (dark)

Substituting into (l’~) ,

CR — 
2608071 

— 23113550

Using the second 0d func tion , where is a rectangle function ex-

tending from 0 to 10, the diffuse component is calculated as 

________________

__________________ ______________________
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(diffuse) —

l/t (30) (cos 150) (2t ) (l—cos 1°) (5216141) — 46042 foot—

lamb.rts . Adding the diffuse and specular components gives

— 46042 + 52161 — 98203 foot laab.rts; fro m (19).

2608071
— 98203 — 27.

DISCUSSION.

In this example, the values of the various parameters and

variables have either been taken from data given by Hughes Aircraf t

Company or estimated. Thus, the final valu es of luminance and con-

trast ratio are only approximate.

~~ ~d and functional values should be determined by meam~re—

ment. The fumction probably exists when the cell is bright4 but

it would be limited to a small, source acceptance angle, giving a

all contribution to the bright cell 1uminan~e. (Source acceptance

angle is discu ssed below. ) The source acceptanc e angle of 
~d

be quite large when the cell is dark . Since the dark cell lumi—

narice is criti cal to contrast ratio , ‘this source acceptance angle

should be investigated.

Interefle ctio ns within the system have been ignored , which,

if present , will increase the diffuse component of the cell lumi-

nance and decrease the contrast ratio of the bright to dark cell.

The value obtained for cell luminance is highly depend ent on

the true value of the luminance of the arc lamp/spherical mirror

combination, as seen from p through the ellipsoidal mirror. It is

suggested that the luminance as seen from the display cell be

21
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established as accurately as possible. This may involve a ray—trace

from the cell (p in Figure 8) to the ellipsoidal, mirror, to the arc/

mirror combination. This will establish the exact value of ci , and if

the luminance of the arc is known, the luminanc e function H as seenpm

from the display cell.

As noted earlier , the diffuse reflectance function has a source ac-

ceptance angle associated with it. That is, the values of are, for

some surfaces , only significant over a limit -d range of half angle a

(this is the angle between p and in in Figure 8). In reference 9,

it is explained how 0d 
may be found as a function of a for axially

symmetric reflecting surfaces, which the liquid crystal cell closely

approximates. The method illustrated in thi. reference will aid in

the determination of the function and consequ ently the diffuse

component of the cell luminance.

It is felt that this method may be made as accurate as needed

to determine the image luminance and the bright cell to dark cell

contrast ratio. Further , it ha. the advantage of shoving by calcu-

lations based on measured value, of and p where improvements .~n

the system could be made to increase image luminance and bright to

dark cell contrast ratio.

_ _ _  30 _ _ _

2 .0 ’  I. S m o ’

FICURE 10. ESTIMATED 
~d AS A FUNCTION OF cl ( ct is the

half angle of the source as seen from p)
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NOTE:

Reference 1 — First proposal of theory.

Refer ence 2 — Compares 8 current definitions of reflectance.

Reference 3 — Gives expected numerical ranges of and (0 to •)
possib le.

Reference 4 — Discusses concept of hslios (luminance).

Reference 5 — Liquid crystal displays and their applicat ion to head—up
displays discussed.

Reference 6 — Polarization specification discussed and related to
reflectance theory.

Reference 7 — Final technical report covering the design and develop-
ment of a solid stat. liquid crystal television display.

Reference 8 — This report’s treatment of reflectance is similar
to the Spencer—Gray approach.

Reference 9 - This reference shows how 0d may be found as a function of
the half angle subtended by the source. The method ~
va lid for axially symmetric reflecting surfaces .
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