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FOREWORD

This report is one of a collect ion of thr e technica l reports
written under Work Unit 20030628 , “Liquid Crystal Display Msasurements.”
The topics covered in these rep orts were chosen to either support this
work unit directly or to help provide needed information f or Work Unit

- 20030626 , “The Integrated RUD .” This work was accomplished durin g the
-

‘ period of 3. J2maary 1977 to 30 September 1978.

The first report , “Measurement of Reflectance on Reflective-Type
Displays, ” deals with the specifi’~at ion of reflectance in a two component
sàuse. That is reflectance is specified by both a diffuse component and
a specular component . This form ula t.on seems especially useful for- specifying the reflectance of liquid crystal displays. Bowever ; the
method is not limited to displays alone , but applies to any type of
reflecting surface. For example, the reflect& ice of various aircra ft
coat ings could be investigated using this method . The determin ation of
the reflectance of these coat ings is important and work has been done in
this area , using method s other than the one of this report , by the Air

- Force Materials Laboratory. It is felt that specifying reflecta nce by
this method may have advantage s ovei~ other methods in current use. A
simplified ew~~ple using reflectance functionr to calculat e luminance

I, and contrast rat io of an optical system which uses a liquid crystal
display is includ ed in the Appendix of the rei.ort .

The second report , “Can )frF Analysis B. I lsed On Matrix Display.?,”
[ investigates the use of modulat ion tr ansfer function (Nip) in the eva—

I luation of matrix displays . This report concludes that NT? analysis qf
matrix displays can be useful. An analytical estimat e of the NIP of a

f hypothetical 1000 I 1000 element liquid crystal display is included in
th. report .

Tb. third and final report of the series is titled “The Effects of
BUD Glow On Visual Perfor mance.” This report deals with the effects of

I residual glow in heed-up displays, and the affects of this glow on human
I visual performance. By using the contrast threshold work of $lackwell,

- - - • & ~~ is shown that sv.n small amount i. of glow can have detri mental effects
on operator perfor mance. The ar~ unt of detrim ent is a function of the
level of glow, the operator ’s state of l’~~1.’~a ace adaptation, and the
perceived contrast ratio between target li~ insnc. and surround l.i~(n.smce.

• The author thanks all those I~uolv.d in helping him prepare these
reports. I especially want to thank Joim Coonrod f or his support and

I review of drafts.
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Int roduction

NT? (modulation transfer functiun) is usef~ .1 in specifying the per—

forma nce of CIT’s. A. new matrix displays are d.v.iop.d to replace the

CRY, tbsp will have to be e~a1ua tod to see if their performance is as

good or better than the CRT they replace. If th. evaluation of these

new displays were acco~~lisbsd uai~g a method similar to the one used on

CRT ’ a , a comparison could easily be d rave . It may be that the NT? con-

cept caà be used on matrix-type displays- This z t  ~~~~~~~~ theore-

tically the use of NT? on one of these displays , the Hughes Liquid Cry.—

tel Matrix Display.

What is NT??

As used in CRY ’., MI? msasurss the frequency response (response to

a sineweve) of the CRT syst , from electronic input to visual output .

This measurement is restrict ed to the I direction only (Figure 1) as the

response in the Y direction is considered fixsd . To measure )frl , one

adds a sies~sve to the vid o input (Figure 2) and measures the output

• photometrically (Figure 3). Th. ratio c f th. output modulation (photo-

metric ) to input modulation (voltage) is formed • Modulation is defin.d
—

as -

S — St max ~in

t
1 

• - where S is the maxia~a value of the sinuso .d and 8min the miniu

value. A typical NT? curve is shove in ?iguris 4. This curve was

J 
_

1
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Figur e 1.

Pace of CIT Indica ting Direction of NT? Measur ements.
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Average Value

- NOTE:

— - peak to peak value.

- 
+ S~~~) / 2 • aver age value.

Figure 2.

Sinewave Added to Video Input .
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Either the photometer or the CIT is moved in the x direction.
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• Figure 3.

Photometric .a.ursmsnts for Find ing the NT?.
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Figure 4. 
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Typical NT? Curve.
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generated by plotting th~ dimension less ratio described above as a

function of spatia l freq’iency (cycles per inch , or cycles per degree ,

or other reasonable unit e). Note tha t the NT? curve baa a maximum

value of 1 and monotonic ally decreases with increasing spatial fre—

quency. 
-

By rewr iting the prev ious defini tion , modulation say be shown

to be a “normalized ” frequency response curve as follows:

MODULATION - p~ak t~~peak value peak value•

1/2 is the average va1u~ of the signal. Thus, the modulation transfer

function is:

IlL, peak value (output) 
/ ~eak value (input)

K.~/2 1(2112

or

- 
peak value (output) 

• It3peak value (input)

1(3 is the normalizing constant and eguala

— ~
5max + ~~~ 

— 1&y.raae value of input signa l)ç (s’ + S’~~~~) (average value of outp ut signal)

Note that the MTF of a (RT is limited by the CR” drive electronics (video

amplifier) bandwidth anc~ the finite size of the CRT spot which i. usually

thought to have a gauss~ an shaped point spread func t ion.

Applying 1ff! to Matrix L)isplays

It appears as if N”? may be measured on matrix displays in much the

same way as for a CRT . That is , a ainevave input signal is formed and the

I
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output measured photometrically. Sin , the matrix display is made up of

discrete el~~~nts , however , the measur~~~nts would nly be made until the

spatial frequency was equal to 1/2 the maximum number of elements/display

dimension (horizontal or vertical ). “he above frequency limit indicates

that measurements should be mad e in both horizontal and vertical dimen-

sions. This depend s on the method of driv ing the display, but 1 in general ,

it is true.

In a matrix display, the input is sampled ‘:0 give th. discrete out—

put . This s~~~ling process creates frequences rhich were not pres ent in

the input signal . These frequencies are pred ictable for any given sinu—

soidal frequency input and may be removed by low pas. filtering th. mea-

sured display output. If the matrix display is used to display a sine—

wave equal in frequency to one half the number of -lisplay elements (ac-

tually slightly lover) , then an ideal low pass filter would be us.d.

Apparently, as used for matrix displays, NT? -re fer s to the maximum

recoverable sinavave modulation aft.,- suitable filtering. That is,

knowing the input signal modulation, one may multiply by the matrix

display system MIT to find the maximue recovert ble sin.vevs modulat ion

that would be available in the measured output afte r filtering.

In this sense, NT? is useful . In fact , f’~r display. of suffi—

ciently high density, the human visual system :.erforms this filtering

• operatio n and removes f:bs sideba nds generated ,y the sampling process.

This gives the display a continuous non-matrix appea ranc e.
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In any sampled system, one must iiv. consideration to the input

signal spectrum . If :h. input signal is not suf f iciently band—limited ,

aliasing probl ems occur and must be considered .

Estimating the IffY of the Hughes Liquid Crystal Matriz Display

An analytical .st~imate of the shape of the IffY curve for the

Hughes’ display can be f ‘smd using a Linear systs.. approach. figure

5 shows the system. A h ypothetical 1000 X 1000 sl~~~~t one inch square

display is assumed . To analyse th. respons. of the matrix display,

imagine a perfect matrix where the output of any one cell ii equal

to the sampled portion of th. picture input time, a constant and is

uniform acro is the cell , as in Figure 6. If vs were to scan across

this matrix photometrically, the output might be as shown in Figure

7 (a) . In Figure 7 (b) , it i~ shows how a signal of this form might be

~enarat.d. Thus, Figure 7 shows that a signa l generat ed by a sample

and hold process is identical to the measured matrix display output .

The response to a sinevave of such a system is well ~~~vn and is of a

form. Referenc e [2J explain. this fully. Realizing that the

display itself gives a sr inx/x or sample and hold system response, an

estimate of the lIT? of the system display, including the initial sample

and hold electronics ant th. drai n line electrical response, can be

med.. Two display- outp nts will be analyzed , one a vertical sinevave

patte rn , the other a horizontal sinewave pattern, both of varying spa—

tial frequency. These pattern . are illustrated in Figure 8.
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Figure 5. System Block Diagram of th4 Hypothetica l
Hughes Liquid-Cry8ta l Display
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Figure 6. Illustration of Idea l Sampling
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This signal (a) ._ _~~~j :

is equal to

a sampled (b)_ 4
convolved with
a hold response 

— _ _ _ _  _ _ _ _ _  _ _ _ _  _ _ _ _ _  —

to yield: 
I

~V1L : -

FIgure 7. P~iotometr1c Response Signal and itsElulva lent G snerated by a Sample
and Hold -
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Horizonta l Pattern

t •

.

•

Vertica l Pattern

FIgure 8. Slnewave Patterns used to Malyze the
Hughes ’ Display (onl y one frequency
shown)
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In the horizontal pattern , the video input to each drain line1 
is a

This means the electrical respons, of the sample and hold and

drain line should be evaluated at j s — 0. Therefore , the response of

the system is given by

H(0) . 0(0) . “t (p) p — j l.

Note only the magnitude is used for NT? analysi s; phase is usually ig-

nored . Since H(0) — 0(0) — 1, the response of the system is IR(P) I~ —

(The frequency variable p was used to different~.ate between the spatial

frequency variable and - tectrica l frequency response variable.) This

response plotted in a n~rmalized fashion is shown in Figure 9.

To f ind the frequency response of the display in the vertic al 4
direction , the impulse • ‘esponse in the vertical dire ction is found and

the Lap lace transfo rm of this respon se evaluated for p 4~
, give, the

sinewave response .

The impulse response of th, system of Figure 5 is found by applying

a pulse of short duration every 1/30 of a second and observing the visual

output. The normalized fzequsncy respon se of 
- 

the output is app rdximetely

the NT? of the system in the vertical direction. For -this procedure to

be valid , we must prov ide the pulse at the sampling time of the input

sample and hold circuit. The time chosen is the time required to excite

the 500th element . Fig ~re 10 shows the vario us responses of the system

to an impulse input.

drain lines in the Hughes ’ •i.quid crystal , displays used by the Air Force
are essentia lly dist r ib .at ed RC transmission lines . These lines provide a path
for the video signal to each of the sample and hold circuits at each elemental
cell. It ic this stored voltage thai: controls the luminance of each cell.
2
-Z n the general matrix display case , this may not be true . Analysis would be
accomplished by using a metho l similar to the method used here to find the
frequency response in the vertical d irection . 

-

• 

- 
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Figure 9.

Horizontal )ITF of a Matrix Display.
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Inspection of this response reveal s it may ~~re easily be analyzed

as a discrete t ime/space system. The system is still that of Figure 5;

* however , only the sampled values of the input 514 output are observed .

A single sampled input shown in Figure 10 is equivalent to a Kronec ker

delta function. The sampled system response to this delta function is

shown in Figure 11 along with the input to tha system. Prom these two

waveforms, the system difference equation may be found . The frequency

response of 
- 

the system can then be found by z t ransform techni ques.

The sampled output is then applied to the liquid crystal display cell

(by means of a holdin g capacitor) and th. output is now in analog form

spatially. The spatial response of the cell ii thu familiar res-

ponse previously discussed .

The difference equation which d.~scribes the discrete—t ime/space

response is:

y(k) — 0.9 x(k) + 0.09x(k— 1) .

Taking the $ transform of both sides yields:

y(z) — 0.9 x(z) + 0.09 z ’ xci) .

The system transfer function is then y(.)/x(s) . Therefore ,

4
- The pole—zero plot in the z domain i. given in Figure 12. Fro m this

- H

pole-zero plot , the frequency respoase magnitude can be obtained by

ratioing the vector length of the zero to the “operating point ” on the

:5
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Figure 11. Single Sampled Value Input and
the Resulting Output
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unit circle corresponcLing to the operating frequency over the vector

length of the pole to the same point. If the operating frequency is j

chosen such that these points are on the unit circle, the above ra-

tio represents the steady—state sinusoidal response of the system

for the chosen frequency. A table of the pertinent values from

Figure 12 is shown in Table 1. A plot of the estimated frequency

response is given in Figure 13. -?inally, the overall sinusoidal

response in the vertical dimension is also given in Figure 13 and is

the produc t of the discrete system resp onse multiplied by the

response of the cell .

Since the exact normalizing cOnE taut is not ~~own , the NT? res-

ponse at A — 0 is un.-~ertai n , but is app roximately 1. Figure 14 gives

a more accurate plot of the estimated horizontal and vertical NTF

respectively.

Conclusion

It seems that MTF s a valid pe’ formance me-tauretnent for matrix die- - O

plays . For the hypoth ei ical Hug’-ies ’ liquid crysta l display, the res-

ponse was shown to be different in the horizontal and vertical dire c— -

- - 
- tion , thus req uiring tw measurezsents • The response has been shown for

a hypothetical 1000 X ] 000 element display by using a Linear systems

app roach.

This procedure was based on the assumption that the individual call

response was uniform across the display , and thet the cell response did

not overlap any adj acent cells. In the laboratory , this has been shown

18
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Table 1

Pertinent Values Taken from Pole—Zero Plot of

0.9 (Z + 0.1)
Z

op — 1 J~~ V -
~ op V 4 op Ratio Ratio X 0.9*

—l/0.00]A —  p

L L Q 1.1 1.0 1.1 0.99

1 1.005 1.0 1.005 0.90

0.9 1.0 0.9 0.81

* from transfer function.

NOTE : The notation VP + op and V~ -‘ op reprosents the magnitude of

the vector length from the pole to the operating point and the

zero to the operati ng point resp ectively .

19
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(a)

~: :~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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.~~ cycles/ inch
250 500 750 1000 2w

(b)

I ~~~~~~

\
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250 ~)0 750 1000 2ir

(c)

_______________________________ X cycles/inch
250 500 750 1000 2w

Figur e 13. System Response

(a) Response of Discrete System.
(b) Re?Iponse of Mntr in (sinx/x’~.(c) Pruduct of (a, & (b).
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not to be so. Nossvar , good displays should have near the ideal cell

response outlined above in .terms of overlap. The response may vary over

the display in -terms of implitude, ~.nd this should be tal ., into con—

sidera t ion. “4

Also, the effect of prior electronic processing of the input has

been ignored. This proce ssing would probably lover the overall system

?TTF.

The conclusions irave from this typ. of analysis should be valid

if the input to the matrix display system i. sufficiently band-limited

or if the element d ensity is sufficiently high.

When us~ng matrix display NT?’, to analyse imsging syst~~~, one

suit be careful to prop ly define the o~vsrall system. There are

cases when the sultipli i ation of the individual MTF ’s would not yield

the correct overall system NT?. )~altiplication is only valid for non-

interacting systems.

It is not known at this tiae what the implications are of the shapes

of these various curves or if NT? area studie, would yield correc t re-

sults in terms of obaerver performance. &.evor , it is obvious that

resolution ii greater in one dimension then the other. ~~~thsr, the

sideband frequencies generated by sampling (and not cespletely removed

by the spatial filtering of the sinx/x response of the display cells)

- - have been ignored . There sideband. were not shown in the frequency res-

panes curves, but are pre sent as is shown by the sharp edges of each

individual cell . In tb~- future , work should be done to investigate the
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• 0 implicat ions of the shap. of the NT? curves in terms of NT? area analysis.

The effects of sideband generation should also be considered , especially

if the matrix display is not sufficiently dense to place these fre—

quencies outside or in a low resp onse region of the human visual system

NT?.
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