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20. ABSTRACT:

Theincrease in the use of cathode-ray-tube (CRT) displays for target detection and
recognition has placed an emphasis on the ability of these displays to accurately reproduce
amplitude and phase information for dynamic targets. This anadyss investigates the theoretica
dynamic image degradation occurring a the display as aresult of the interaction between the
target/ sensor relative velocity, the CRT system scan rate, and the persistence of the display
phosphor. Expressions are developed to allow comparison of phosphors on the basis of
modulation loss due to target/sensor motion. A modd is developed which equates a target having
agpatia frequency (S) and moving with a horizonta speed (V) to a Sationary target with a
snusoidd varying intengity of frequency, ft, equa to SV. The mode identifies phosphor
persstence as amaor contributor to amplitude modulation loss and predicts severd image
artifacts such as "freezing” and gpparent motion reversa.



PREFACE

The research described in this report was funded in part by the Project Manager's Office,
Advanced Attack Hedlicopter (AAH), . Louis, MO. The work was performed under the project
entitled "Research of Electro-Opticd Systems and the Human Visua System."™*

The authors thank Dr. Forrest P. Clay, Old Dominion University, Norfolk, Virginia, and
Mr. John Hapgood, US Army Aeromedicd Research Laboratory, for their suggestions, careful
review, and continuing interest in thiswork. Sincere appreciation is aso extended to Mrs.
Carolyn Johnson whose meticulous typing greatly contributed to this paper.

Dr. Jacob Becher, Professor of Physics, Old Dominion Univeraty, Norfolk, Virginia, isa
consultant to the US Army Aeromedical Research Laboratory in the area of optical physics.

* Thisreport isthe first part of a planned three-phase study of image degradation in
cathode-ray-tube displays due to image motion. Thisfirst phaseis apreliminary theoretical
andysis of the problem; the development of a measurement system to quantify the amount of
degradation will be the second phase; and the fina phase will be an investigation of the
psychophysics involved in viewing dynamic imagery on cathode-ray-tubes.
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INTRODUCTION

Despite continuing effortsin the development of newer diplay technologies, eg., liquid
crystd and dectroluminescence displays, the center of most military, as well as commercid,
video information transfer systems remains the Cathode-Ray-Tube (CRT). For thisreason, a
multitude of studies have been conducted to investigate the influence of various display
parameters, e.q., display size, sgna-to-noise ratio, video bandwidth, scan rate, resolution, and
contrast, etc., on user performance. A comprehensive review of the most notable of these sudies
was compiled by Farrell and Booth (1975). The mgjor purpose of the mgority of these sudies
was to investigate the effects of the various e ectro-optical imaging system parameters on the
user's ability to interpret the displayed information.

The current magor military application of CRT displaysistarget search, detection, and
recognition. The CRT aidsin this misson by recondructing avisud image of ascenewhichis
being surveyed by a sensor which extends the capabilities of the human visud system. Such a
sensor may extend the user's senses over an increased distance or into different regions of the
energy spectrum. However, the sensor's collection of thisinformation does not guarantee an
improvement in the performance of the user. Thisis because the information is dill subject to the
cgpabilities and limitations of the sensor, CRT display and the user himsdif.

The purpose of this paper isto andyze some of the limitations of the CRT display, more
precisaly, those limitations which are aresult of the interaction of the CRT's phosphor and the
information refresh rate. The criterion of importance is the capability of the display phosphor to
accurately present amplitude and phase information for static and dynamic targets. Recent
emphasis on low level and nap-of-the-earth (NOE) flights has increased the interest in the
capability of CRT displays to accurately present dynamic targets.

FUNDAMENTALS OF CRT DISPLAY SYSTEMS
INTRODUCTION

The function of a CRT system isto produce afathful recongruction of ascenewhichis
under the sensor's surveillance. This function is straightforward in theory, but complicated in
implementation. For this reason, it is necessary to provide some basic background on the
underlying principles and mechanisms involved in the image production. This understanding
will better prepare the reader to follow the derivations of the limitations of the display inits
attempt to produce a "satisfactory™ image.

The amplified block diagram in Figure | illustrates an eectro-optical imaging sysem
utilizing a CRT digplay. A sensor produces an electrical andog of a scene and trangmits this
eectricad sgnd to adisplay, whereiit is transduced back into light output for viewing and
interpretation by the user.
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Figure 1. Block diagram of an dectro-opticd imaging system.

IMAGE RECONSTRUCTION

Even though this investigation is concerned with the image degradation resulting from the
CRT digplay only, it is beneficid to discuss the method of image production beginning with the
sensor. Figure 2 shows an dectro-optical sensor which utilizes aline-scan technique typical of
CRT systems. A sceneis focused onto a photoconductive sensor, the surface of which variesits
eectricad conductance in proportion to the amount of light falling upon it. In this manner the
luminance profile of the sceneis converted into a conductance profile on the sensor. An eectron
gun then scans the conductance profile with an eectron beam. A set scan pattern is used,
resulting in atempord voltage signa representative of the conductive profile and, therefore, the
luminance profile of the scene.

The scan pattern of the eectron beam is controlled by a beam deflection system which
moves the beam in horizonta lines across the image resulting in a st of output Ssignas which are
representative of the image from top to bottom. At the end of each horizontal line-scan, the beam
is returned to the start of the next line by an action known as the horizontd retrace. At the end of
the full st of horizontd line-scans, the beam is returned to the top of the image by means of a
vertical retrace. Figure 3 shows the path of the beam during the scanning procedure. Using this
procedure, the scan of abar pattern (Figure 4A) will produce atempord voltage sgnd like that
shown in Figure 4B. Only two line-scans are depicted here, but the total voltage representation
of the image would cons s of the entire set of horizonta line scans. Many commercid line-scan
imaging systems use atotal of 525 scan lines to reproduce an image. The full reproduction of an
imageis cdled aframe, and the number of times per second that the full image is scanned is
cdled the frame rate of the imaging system. One frequently encountered frame rate is 30
frames/sec. This means that the image is scanned and dectricaly reproduced every 1/30 of a
second. However, if anew picture is presented to the eye at the rate of 30 pictures/sec, the image
will appear to flicker. Thisis overcome by means of a technique known as interlacing.
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Figure2. Line-scan imaging system.

Ininterlacing, aframeis actualy scanned in two parts known as "fidds" Referring again
to Figure 3, if only the odd lines (n=1,3,5,...) were scanned firs, followed by avertica retrace,
and afterward only the even lines (n=2,4,6.,...) were scanned, then the image or frame would be
represented by two fields. For aframerate of 30 frames/sec, we have afield rate of 60 fields/sec.
The ability to reproduce an image in thisway liesin the persstence characterigtics of the display
phosphor. (Note: A full discussion of phosphorsis provided in alater section.)



SCAN LINES
P

I'I:]\ I T

\ T ™ HORIZONTAL RETRACE

VERTICAL RETRACE

n=4 'y

Scan Line NMumbers

e

L

[y
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So far the description of the CRT system has been confined to the sensor (or camera). The
display, which makes up the second hdf of the imaging system (refer to Figure 1) ismore
important in this discussion, for we are invedtigating its limitations. The CRT display isthe part
of the system in which the voltage representation of the scene produced by the sensor is
transformed back into aluminance profile. This transformation is accomplished by causing a
second e ectron beam, synchronized with the scanning beam in the sensor, to produce on a
display screen aluminance profile which variesin intengty adong aline acrossthe screenin
proportion to the input sgnal voltage.

The synchronization of the two scanning beams is accomplished by means of horizonta
and vertica sync pulses created at the sensor e ectronics and transmitted to the display adong
with the sgnd voltage. In the display eectronics, the sync pulses are removed from the input
sgnd and are used to contral the synchronization of horizontal and verticd oscillatorsin the
deflection circuitry.
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Figure4. (A) Typicd bar pattern and (B) itstempord voltage representation.

The CRT conggts basically of an éectron gun and phosphor screen in an evacuated glass
envelope (See Figure 5). Located between the eectron gun and the phosphor screenisthe
deflection system. The two types of deflection systems are dectrogtatic and magnetic. In the case
of eectrogtatic deflection, depicted in Figure 5, two pairs of deflection plates, apair of vertical
plates and apair of horizontd plates, are used to position the eectron beam. For magnetic
deflection, a cail is placed around the outside of the glass envelope.

These two deflection systems differ in sengtivity to acceeration voltage. The
electrogtatic method is subject to beam digtortion and is used only in tubes requiring low
deflection angles. The more universaly utilized magnetic deflection method provides for higher
resolution and brightness, desirable image qudlities.
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Figure 5. Typica parts of a cathode-ray-tube (CRT).

One find manipulation of the eectron beam is required. As the dectron beam travels out
from the electron gun, it tends to spread. A spreading of the electron beam asit traverses the tube
would result in avery low resolution picture. This is overcome by focusing the eectron beam
upon the phosphor screen. The two methods of focusing are again magnetic and electrogtatic. As
with deflection, each focusng method has its advantages and disadvantages (Westinghouse,
1981). The eectrogtatic method is the more widely used due to its high resolution capabilities.

PHOSPHORS AND THEIR CHARACTERISTICS

Theword "phosphor” is generdly used in CRT terminology to designate a substance that
emits light when struck by dectrons (Leverenz, 1950). This production of light by eectron
bombardment is called cathodoluminescence. In this process, the incident ectrons free others
within the phosphor (Levi, 1968). Together these dectrons excite luminescence centers. The
region of excitation tends to assume a spherica shape. The size of the sphere increases with
increasing eectron energy. At extremely high excitation energies, the region eventualy becomes
acylindrical channd..(See Figure 6.)

The process of cathodoluminescence occursin two stages, fluorescence and
phosphorescence. These two stages are distinct because of the timing of the emission of the
radiation with respect to the excitation. FHluorescence is emisson immediately following the
excitation. Phosphorescence implies an gppreciable delay between the emission and the
excitation. Fluorescence occurs only during the period that the electrons are striking
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FIGURE 6. Region of excitation showing increasing dectron energy (Farrell
and Booth, 1975).

the phosphor and ends within about 0.01 microseconds after the end of the bombardment (Farrell
and Booth, 1975). Phosphorescence may persist over periods extending from afraction of a
microsecond to hours.

Figure 7A showstypica growth and decay curves for a cathodoluminescent phosphor.
Theinitid growth can be rapid and is due to fluorescence only. If the eectron excitation
continues, the resulting intengity is a combination of fluorescence and phosphorescence. When
the excitation is removed, the fluorescence decays very rapidly while the phosphorescence
decays over amuch longer period.

Figure 7B illustrates more precisdly the type of luminescence buildup which will occur in
aCRT display where the rate of excitation is much higher than the decay rate. A maximum
intengity is obtained when the phosphor becomes saturated. At this point no further increasein
light production is possible, not even with further increases in éectron density. This condition of
saturation is not adesired effect in mogt Stuations.
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FIGURE 7. (A) Typicd growth and decay curve, and (B) luminescence buildup (Leverenz,
1950).

The phosphor characterigtics introduced above are more generdly defined using the terms
"risetime’ and "decay time," the latter ds0 being caled "perdstence”” Risetimeis generdly
accepted as the time taken for the intensity to increase to 90% of the peak luminance. Pesk
luminance is the maximum brightness attained for agiven st of excitation conditions.

Persstence is defined as the time required for the intendity to decay to 10% of its peak vaue.

Phosphors are classfied by their persistence. Those requiring less than i microsecond to
decay to 10% of their pesk luminance are classified as very short phosphors. Table | gives afull
listing of the phosphor classes. The persstence can be determined experimentdly by measuring
the phosphor's response to a single pulse excitation or by determining its temporal modulation
transfer function (Shires, 1979). Typica phosphors used in industry with persstence
characterigtics as short (P24), medium (P43) and long (P12) are given in Figure 8.

In addition to rise time and persistence, other phosphor characteritics include color,
efficiency, and usable lifetime. Color, perhaps, is the most important visua phosphor
characteristic and, fortunately, is generdly independent of operating conditions. All phosphors
emit radiation over a band of wavelengths. However, each generdly has one peak wavelength
about which a narrow band accounts for most of the energy output. Figure 9 shows the spectral
energy emission characteristics for P1, P5, and P43 phosphors. P1 has a yellowish-green color;
PS isblue; P43 is dso ydlowish-green. The colors of many other phosphors aswdll asaliging
of other characteristics of most industria and military phosphors can be found in Table 2.
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The efficiency of a phosphor, as used hee, will be defined as luminous efficiency, i.e,
lumens per wait, which defines efficiency in terms of the human eye response. Many factors are
involved in production a phosphor of desired dfficiency, eg., type of activators, temperature,
batch preparation, and raw materid purification. Efficiency variations of 10% are typica
between separate, yet identica preparations.

TABLE 1

PHOSPHOR CLASSES BY PERSISTENCE*

Persistence Class
>1sec Very long
100 msecto | sec Long

1to 100 msec Medium

10 -sectolmsec Medium short
1t010 -sec Short

<1 :sec Very short

* Westinghouse Electric Corp, 1972.
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FIGURE 8. Persistence characteristics for a short (P24), medium (P43), and long
(P12) phosphor. (Westinghouse Electric Corporation, 1972)
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TABLE 2

CHARACTERISTICS OF STANDARD PHOSPHORS*

PHOSPHOR PHOSHORESCENT RANGE PEAK (S CLASS PERSISTENCE
NUMBER COLOR NANOMETERS NANOMETERS (10%)
1 Y dlowish-Green 492 to 577 525 Medium 24mSec.
2 Y dlowish-Green 435t0 612 535 Medium Short 36 - Sec.
4 White Note 1 Note 1 Medium Short 60 : Sec.
5 Blue 352 to 560 415 Medium Short 16 : Sec.
7 Y dlowish-Green 400 to 650 440 & 555 Long 0.3 Sec.
11 Blue 400 to 550 460 Medium Short 80 : Sec.
12 Orange 540 to 680 590 Long 0.21 Sec.
13 Red 580 to 800 640 Medium 50 mSec.
14 Y dlowish-Orange 390to 710 440 & 600 Medium 5 mSec,
16 Bluish-Purple 350 to 450 385 Very Short 0.5 - Sec.
19 Orange 550t0 672 590 Long 0.22 Sec.
20 Y ellow-Green 495t0 672 560 Medium Short 0.35 mSec.
22 Note 3 412 to 702 3 Peaks Note 2 Note 2
24 Green 432 to 630 510 Short 1.5 = Sec.
25 Orange 53210 715 610 Medium 45 mSec.
26 Orange 545 to 665 595 Very Long 1.8 Sec.
27 Reddish-Orange 582to 715 631 Medium 27 mSec.
28 Y ellow-Green 465 to 632 548 Long 70 mSec.
31 Green 417 to 597 722 Medium Short 30 = Sec.
32 Y dlowish-Green 385 to 655 554 Long 0.7 Sec.
33 Orange 545t0 — 587 Very Long 0.38 Sec.
34 Y ellow-Green 390 to 680 529 Very Long 100 Sec.
36 Y dlowish-Green 47510 670 550 Very Short 0.25 - Sec.
37 Blue 390 to 560 470 Very Short 0.16 - Sec.
38 Orange 530 to 680 600 Very Long 1.05 Sec.
39 Y dlowish-Green 488 to 580 525 Long 150 mSec.
40 Y elowish-Green 650 435 to 560 Long 0.55 Sec.
Greenish 540 to 660 590 Long 0.2 Sec.
41 Ydlow Very Short UV 0.12 - Sec.
42 Y dlowish-Green 451 to 592 520 Medium 8 mSec.
43 Y dlowish-Green 540 to 560 542 to 545 Medium 1.2 mSec.
44 Y dlowish-Green 540t0 554  5421t0545-547 Medium 1.2 mSec.
45 White — - 545 Medium 1.8 mSec.
Many Peaks

* Westinghouse Electric Corp., 1972.
Note 1. P4 isavaladlein various mixtures.
Note 2. Persistence varies per component.

Note 3. Tri-color pattern resulting in white appearance.



The last phosphor characterigtic to be discussed is usable lifetime. As the phosphor
accumul ates excitation time, its luminescent efficiency decreases (Levi, 1968). This decreaseis
generaly continuous and asymptoticaly gpproaches some find vaue that is only asmall fraction of
theinitia value. No definite law of deterioration has been developed since operating conditions and
preconditioning greetly affect the long-term performance (Larach, 1965). Life times (to haf-
brightness) can range between 1000 and 10,000 hours.

IMAGE QUALITY

The factors which affect the qudity of a CRT image can be both subjective and objective. In
Task's (1979) invedtigation of display system "figures of merit" (FOMs) which can be used to
indicate image quality in CRT displays, he subdivided CRT display system parametersinto three
categories. geometric, eectronic, and photometric. Table 3 shows the didtribution of the various
parameters into these three categories.

TABLE 3

TELEVISION DISPLAY SYSTEM PARAMETERS*

Geometric Electronic Photometric

Viewing Digtance Bandwidth Luminance

Diglay Sze Dynamic Range Gray Shades

Aspect Ratio Sgnd/Noise Contrast Retio

Number of Scan Lines Frame Rate Halation

Interlace Ratio Fied Rate Ambient llluminance

Scan Line Spacing Color

Linearity Resolution
Spot Size and Shape
Modu_l ation Trandfer
Function
Luminance Uniformity
Gamma

* Task, 1979.
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Even abrief discusson of each of these parameters would require more space than can be
alocated in this paper. Discussion will therefore be limited to those parameters which bear more
directly on the subject of image quality. These parameters include luminance (brightness), contrast,
frame rate, field rate, resolution, spot Size and shape, and modulation transfer function (MTF).

Brightness

Recommending an optimum brightness for an imageis difficult. Typica pesk brightness values
range from 30 to 100 footlamberts with a minimum of 10 footlamberts recommended under even the
best viewing conditions (Goldmark, 1949), eg., low ambient lighting, no glare sources, and high
contrast.

Contrast

The use of the term "contragt” in CRT work refersto theratio of the maximum to the minimum
luminance on the screen. Contrast ratios of 50:1 to 100:1 are typicaly adequate for effortless viewing
(Goldmark, 1949). The gresater the contrast ratio of a CRT, the greater the number of quantized levels
possible. These levels of luminance steps are referred to as "gray-scale’ steps, generally accepted as
equal logarithmic steps which increase by afactor equal to /2 between each step. The number of
gray-scales possible introduces a concept known as the "dynamic range’ of the system. For example, a
system having 14 gray-scales would possess a dynamic range of ( /2)'* = 128. The contrast
capability of the system can be measured by the number of gray stepsthat can be reproduced.

Frame Rate and Field Rate

Theframerae of a CRT system is the frequency at which the video pictureisfully updated,
whereas the fidd rate is the frequency at which afull picture is written on the screen. The continuity
of the picture is dependent on the field rate which must be high enough to represent motion in an
"gpparently” continuous manner while avoiding the presence of flicker.

A field rate of 60 per sec is considered to be sufficient to fuse discrete movements of an object,
providing the object does not move across the frame at too excessive arate. It can be pointed out here,
however, that a sdlected field rate does imply a maximum object/sensor relative velocity above which
motion may be marked by visible jerks in the progress of the object across the screen.

Resolution

Spatid resolution is perhaps one of the most important parameters in determining the picture
quality of an imaging system. Asthe size of the picture e ements decreases, the sharpness of the
picture increases to some limiting vaue determined by pixe sze (Seyrafi, 1973). The ability of an
imaging system to represent the fine detail in a scene is referred to as the resolution of the system. In
television the resolution is measured by the maximum number of adjacent pardld lines which may be
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produced in theimage. Theterm "TV lines of resolution” generdly refers to the maximum number of
horizonta lines which can be accommodated within the vertical height of the display. Thisis, of
course, dependent on the number of scan lines being used in the imaging sensor. Current industry
standards provide about 490 scan lines. For reasons which are not relevant here, this number is
reduced to gpproximately 350 vertical resolution lines (Farrell and Booth, 1975).

Next we congder the horizonta resolution. We will start with the smple statement that a
measure of horizonta resolution is the maximum number of parale verticd bars which can be
accommodated within the width of the display. More precisdy, we can say that since the lines (or
bars) represent changes in voltage gpplied to the electron gun during a horizonta scan, the horizontd
resolution can be measured by the maximum number of voltage changes which can occur during a
sangle line scan. The frequency with which this maximum number of voltage variations occursis
cdled the "bandwidth.” Figure 10 shows a bar pattern and the relationship between the voltage
variations and the picture e ements (pixdls).

A i SIS L wWHITE
YOLTAGE | 1 —GRAY
: , L = BLACK
| me> |
EREEASEEN
| ¥ | | i | | 2 |
DISTANCE ACROSS SCREEN —
A B
FIGURE 10. (A) Bar pattern on display face and (B) rdationship between voltage variaions and
picture element.

The horizontal resolution as noted above can be stated as the maximum number of vertical lines
(or bars) which can be produced on the display. Since each black and white (dark and bright) line or
bar pair can be regarded as afull cycle of the Sgnd voltage, the term "spatid frequency” is often used
to represent the number of bright and dark pairs of bars present on adisplay (see Figure 11). The
spatia frequency can be expressed in terms of cycles per display width or cycles per unit distance
acrossthe display (eg., cyclessmm or cyclesinch). A typica maximum value of spatia frequency for
CRT displaysis 400 cycles/display width.
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FIGURE 11. Definition of spatia frequency.
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Spot Size and Shape

Related somewhat to resolution is the size and shape of the spot formed on the phosphor screen
by the dectron beam. In anayzing the anatomy of the CRT spot, both the current distribution in the
electron beam and the spreading of the light on the phosphor screen are points of congderation { Levi,
1968} . The current is highest in the center of the spot and decreases in the manner shown in Figure 12.
Thisdigribution isa Gaussan curve and is plotted as afunction of distance in standard deviations (0)
out from the center of the spot. Since in a Gaussian distribution the current never decreasesto zero, it
is customary to choose some point on the curve to serve as an arbitrary measure of the spot's diameter.
One commonly chosen vaueis the 50% point on the curve.
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Figure 12. Spot size and shape (Zworykin and Morton, 1940)
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The lack of afinite diameter for the light distribution of a oot on the phosphor screen raisesa
question concerning the obvious overlgpping of Gaussan scan lines. The luminance value a asingle
point, even without consderation of scattered or ambient light, is the mathematica summation of the
contributions of every scan line above and below it. A full treatment of this topic can be found in
Jenness, Eliot, and Ake (1967).

The term "spot Size" in the above discussion has been used to convey two digtinct, but related,
descriptions of the CRT spot. One refers to the geometric shape of the spot; the other refers to the
digtribution of the light within the spot. The latter is more properly referred to as the point spread
function (Farrell and Booth, 1975). So, more precisely, the CRT spot can be described as circular in
shape with a Gaussan point spread function.

Modulation Transfer Function

The last measure of CRT image qudity to be presented is the one which is currently most used.
It isthe modulation transfer function (MTF). For displays where the information to be presented is
ether rapidly changing or is of high density, it is advantageous and necessary to know how accurately
the CRT responds to the modulation of the eectron beam. As agpplied to CRTS, the MTF measures the
sine wave frequency response of the CRT systemn from electronic input to visua output (Spearnock,
1979). In more precise terms, the MTF of the display system indicates the system's capabiility to
transfer contrast from the input scene to the output image as a function of spatia frequency. The MTF
can experimentally be obtained by first modulating the eectron beam with a specific frequency
snusoida sgnd. The resulting Snusoidd spatia [uminance pattern on the phosphor screen isthen
scanned by a photometer and the amplitude of the luminance pattern recorded. The modulating sgnd
is progressively increased in frequency, repesting the measurements. The obtained amplitude vaues
are normaized to the low frequency values. (Note: the transfer factor is assumed to have avaue of |
a very low frequencies.) A plot of the normaized vaues as afunction of spatia frequency isthe
MTF. A typica MTF curveis shown in Figure 13. A detailed methodology for obtaining the
luminance praofile on the face of a CRT can be found in Virsu and Lehti6 (1975).

For an MTF to vdidly describe a system, the response of the system must be uniform throughout
thefield of view (homogeneous) and in dl directions (isotropic) and the response must be independent
of input levels, i.e., possessing the properties of alinear system (Cornsweet, 1970). CRT systems
approximate all of these properties except one; the CRT system is anisotropic (Keesee, 1976). The
imagery presented on the CRT isthe result of continuous sampling in the horizonta direction but
discrete sampling in the vertica direction. This departure from alinear system dtrictly means that two
MTFs (one vertica and one horizonta) are required. However, the horizonta MTF is the more
commonly utilized FOM.
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FIGURE 13. Typica Modulation Transfer Function curve.

IMAGE DEGRADATION

This section will provide a brief introduction to the types of image defects inherent in CRT
digplay systems. These include flicker, ripple, and interlace pairing.

Hicker is defined as a visud sensation produced by periodic fluctuationsin light & arate less
than afew cycles per second. It has long been known that the human eye does not generdly perceive
discontinuity in amotion at frequencies above approximately 15 cps. Motion pictures make use of this
characteridtic by projecting pictures of achanging scene a arate high enough to achieve an illuson of
continuous motion. Thisilluson is possible due to the ey€e's "persstence of vison." Above a“critica
fusion frequency,” dependent on luminance, color, duty cycle, and retind position of the source, the
eye fusesthe light variation into a steady perception (Cornswest, 1970). CRT's attempt to eliminate or
reduce flicker by operating at afield rate that is above the critical fuson frequency dictated by the
operating range of the digplay.

When a Gaussian spot sweeps over a phosphor screen at a constant velocity, it generates a scan
strip across which the phosphor brightnessis aso Gaussian (Jenness, et d, 1967). The mathematical
derivation of thisfact points out the presence of aripplein the resulting vertica brightness profile.

This ripple appears as an unwanted modulation on the display. The amount of ripple present will
affect the maximum contrast with which the display can produce atest pattern of minimum-width
sripes pardld to the scans.
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Asmentioned in an earlier section, a CRT system normally generates a picture frame produced
by two interlaced fields. The odd numbered lines are scanned in one field and the even numbered lines
are scanned in asecond fidd. 1dedly, the even numbered linesfdl exactly hafway between the odd
numbered lines (Figure 3). If such isthe case, the CRT system is said to be "perfectly interlaced.” If
the odd and even numbered lines do not fal exactly between each other, the sysem is said to be
pared. A completely paired system, one in which the even and odd lines are superimposed, has
effectivdy only haf as many scan lines asit should. Thisresultsin only haf the resolution capability.
Various lesser degrees of interlace pairing will result in corresponding degrees of lossin detall
response. A full discussion of this type of resolution degradation and methods of measuring it can be
found in Hurford's (1967) article.

MATHEMATICAL DESCRIPTION OF CRT DISPLAYS

SCANNING THEORY

The mathematica derivation of scanning theory is quite complicated. Therefore, this discusson
will make use of intermediate results first presented by Mertz and Gray in 1934. A more recent
presentation can be found in Levi (1968).

Levi (1968) presents the CRT system as a case of discrete imaging. Actudly, araster scan
system is continuous in one direction and discrete in the transverse direction. A one-dimensiona
sampling system (the raster scan) maps atwo-dimensiond object into a one-dimensiona image, an
electricd sgnd.

The scanning e ectron beam on the photoconductive surface acts as a scanning aperture with
transmittance distribution go (X,y), traversing the image of the object with a horizontal speed v in a set
of scan or raster verticd lines ay gpart. The sgna produced by examining the scene S(y) can be
written as

SO =118, Y)(X-X, y-j A y) dx'dy’, Eq. 1
where x is the origin position of the scanning aperture in the object plane coordinate, j isthe ragter line
number referenced to the origin of the object coordinate system, and X’ and y' represent the aperture
coordinate system.
The required transformation into the time coordinate is made using the reationships
x=vt* and Eq. 2

i=[t/ A Eq. 3
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where 2 tisthe period of asingle line scan including retrace, v is the scanning speed, and the brackets
indicate only the integer portion of the result. Thetime t* is defined as

tr=t- At[t/A ] Eq. 4

and represents the time el gpsed since the beginning of a distinct line scan. The resulting expression of
thesgnd is

s() = 11s(x,y) g(X-vt+tv At [V At], y*- [t/ At] Ay)dx ‘dy'. Eg5

The signd s(t) will be operated upon by signa processing dectronics having a response of
a(t), resulting in athird representation of the object expressed as

s (=5 C 9. Eq. 6

When s'(t) is combined with a synchronized display raster scan (velocity, V', and vertical line spacing,
DY), aluminance pattern is recongtructed in the image plane. Levi (1968) gives the resultant intengty
a any point (x",y") in theimage plane as

(Dt

(X" y")=S m s"(Hg(x"-t*v', y"-j Dy')dt Eq. 7
i Dt

wherej Dt, (j+) Dt represents the start and end times for the scan, respectively, t*V' represents the x-

coordinate of the position of the scanning spot origin at timet, and g,(x,y) represents the spread
function of the image scan spot.

In aCRT the image spot is formed on a phosphor screen, a medium, which for display
purposes, has a finite memory. For this reason the term go introduced in Equation 1 must incorporate
the concept that the ingtantaneous spot luminance vaue is dependent on the luminance history of the
phosphor pixel. This dependency isthe subject of later discussion.

FLAT FIELD

Perhaps the smplest target to "look at” with a sensor is one of uniform luminance, one which
is both isoplanatic and time irtvariant. Such a target, when scanned, would result in amodulation of
zero on the recongructing display eectron beam. Thiswill produce an image which, neglecting noise,
would be equaly isoplanatic and time invariant, at least as measured by a photometer which has an
integration time severd times greater than the field rate of the display. However, if we consder times
shorter than the field rate periods, and the display to be composed of small areas (pixels) equal to or
smdller than the eectron beam spot sze, then, as we have seen from the previous discussion of
phosphors, the intensity of the phosphor in the region being investigated varies over time. The
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intengty of the pixel will rise rgpidly during excitation and then decay towards zero until re-excited. If
avery fagt photometer (short integration time, less than the vertica field period) is mapped onto a

pixd, then the photometer output as a function of time will be smilar to that shown in Figure 14.

From this picture of the intengty of asingle pixd, as afunction of time, the interaction between the
display field rate and the phosphor's persstence cdls attention to itself. For short persistence

phosphors the pixe's intensity will decay gppreciably before re-excitation occurs. But, with long
persistence phosphors, the re-excitation occurs before the pixel can decay appreciably. (See Figure 15)

If we assume the decay to be exponentid, as afirst order gpproximation, then the intensity of a
sngle pixd after asingle excitation can be expressed as

I()—Le™
Eq. 8
where t is measured from the end of the excitation, and ** is related to the 10% persistence, J by the
following expresson,
ot =23/t
Eq. 9
So, Equation 8 can be re-expressed as
I(t) =1 exp(-2.3t/>
t) =1, exp(-2.3¢7) fo 10

We will make note of the fact that a pixe will require a period of 2 J to decay to 1% of its maximum
intensity. A decay period of 5J will be chosen to represent atime after which the intengty is

essentidly zero.

Asmentioned earlier, aparticular pixel in araster scan digplay isre-excited a the vertical
frame rate frequency. Current standards use a frame rate of 30 Hz, therefore each pixd is re-excited
every 33.33 msec. This means that unless the phosphor pixel under investigation has a phosphor
persistence (10%) of less than 6.66 msec (1/5 of 33.33 msec), the pixe has residud luminance from
the nth excitation when it is excited for the (n+)™ time. Actudly, the pixd'sintendity a sometimetis
asummeation of the resduds of dl past excitations until saturation is reached. In other words,
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1H) =1 exp ((-23 ©) (t-4,)) + 1, exp((-2.3 7) (t-t,+ )

+ Iexp ((-2.3T) (t-t_+ 2TH) + ..
Eq.11
where T isthe vertical frame period (33.33 msec) and tg isthe time a which the particular pixe,
located at point X", y" on the display image, is excited referenced to the beginning of the la fidd
scan. Thefirst term represents the contribution due to the most recent excitetion. Thisis added
to the residue of the preceding excitation, represented by the second term, and so on. A concise
expression of Equation 11 can be written

I(t) = Z I, Bxp(( 2.3/ )(t—tn-i-NT)) Eq. 12

Using our assumption that the residua luminance after aperiod of 5 J following an excitation
isnegligible, then it is obvious that the expresson in Equation 12 can be truncated after afinite
number of terms which is dependent on the phosphor's persstence. For short phosphors (J< 10 - sec)
5J or 50 : secisthree orders of magnitude smaler than the frame rate period, and the first term of
Equation 12 will suffice. Even for long persistence phosphors (J . 100 msec), aperiod of 5 J, 500
msec, only requires fifteen terms.

IMAGING OF STATIC TARGETS

A datic target will be defined here as one where there is no relative motion between the target
and the sensor. The luminance profile of the target can be represented by a purely spatia function. The
scanning of the target and the digplaying of the video image of the target resultsin aluminance
function on the display which is the luminance profile of the target after having been operated upon by
the transfer functions of the detector, processing electronics, and display phosphor.

Since there are no tempord variations in the luminance of any point in the target, the intengty
of any display pixel mapping onto thet target point will vary temporaly due only to the excitation rate
(scan rate) and persistence of the phosphor. The intensity of the pixe as afunction of time can be
expressed by Equation 12 if the notation 1 for agiven pixd is replaced by the value |X0 having the
vaue which is dependent on the modulation present in the mapped target point and the
aforementioned transfer functions. Such an expression may then be written as

L7 (=Y I, “exp((-2.3/t)t-t,+N\T)) Eq. 13a

N\

This expression can be shown to be equivalent to

1”7 (1) — expl((-2.3/0)(1-1) )(1/(1-exp(-2.3/1))) Eg. 130
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wherel , 3 (t) isused to remind the reeder that the maximum intensity of a pixel will depend upon
which target point image is being studied.

This notation may be darified by writing a pixel intengty function which incorporates the
spatia variation in the display image of the target and the tempora characteristics of the scan rate and
the phosphor's persstence. This function can be written as

I(t) — I, [1-SINBx "+ 81 Y exp ((-2.3/7)(t-1,-NT)) Eq. 14
2 N A
where for analysis the target is chosen to be asine wave pattern. The distance X”  is measured
horizontally across the display, and a represents a reference angle rdative to the origin. A more in-
depth discusson of the Snusoidad modulation term is provided in Appendix A.

In gatic imaging the display image maps point-for-point onto the target. Each image point
maintains aluminous intensity value of 1,5 in Equation 13. Because the tempord variation in the
pixel intengity is due only to scan rate and phosphor persistence, it is common to use a detector whose
integration time is severd times greater than the eectron beam scan period. This resultsin a detector
output which represents the average intengty of the pixel over the integration period. A measure of the
quality of a gtatic image can be obtained by arather sraightforward technique requiring only a
microphotometer and a modulated video source. The microphotometer is moved horizontally across
the display in discrete steps, taking luminance measurements of the digplay modulation. Such a
technique is more completely described by Virsu and Lehtio (1975).

Asdiscussad previoudy, the modulation transfer function (MTF) is most effectivein
describing the ability of a sensor/diplay system to "faithfully” reproduce target modulation. As seen
in Figure 13, the low frequency content of atarget is normally reproduced with no measurable lossin
modulation. However, for higher spatid frequencies, severe modulation loss occurs due to the limited
bandwidth of the display and the effects of spot Size and backscatter from the display faceplate. The
MTF obtained by use of snusoidd patterns is awidely used figure-of-merit for CRT displays.

IMAGING OF DYNAMIC TARGETS

A dynamic target Stuation exists when there is relaive motion between the target and the
sensor. The three cases of relative target/sensor motion are (a) sensor at rest, target in motion, (b)
target at rest, sensor in motion, and (c) both target and sensor in motion at different velocities. In the
first and second cases cited, the magnitude of the relative target/sensor velocity will be the target's
Speed or the sensor's speed, respectively. In the last case, the relative velocity will be the difference
between the individud velocities of the target and sensor. In addition, within each of these cases, the
direction of target travel across the sensor isimportant. For the type of sensor/display system
discussed, vertica motion and horizonta motion must be examined separately. Psychophysical
investigations by Williams and Borda (1964) have noted that optimum performance for target
recognition on CRT displays occurs when target motion is vertica rather than horizonta. Noting thet
the andyds of horizonta and vertical motion is based on different principles, this preiminary andyss
will be confined to horizontal maotion only.
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Turning again to the use of Snusoidd patterns to modd image degradation, we will represent a
horizontally moving target by a Snusoidd input with a continuous phase variation to the display
phosphor. Varying the frequency of the sinusoidd input will result in varying spatid frequencies on
the display. The continuoudy changing phase of the input modulation is respongible for the drifting of
the snusoidd pettern on the display. The rate of the drift will be directly proportiond to the rdative
target/sensor velocity and can be changed by varying the rate of phase change on the input
modulation. For agiven pixel, location X » its response to the modulation is given by the expression

1) : 1/2 S [T+SIN(KX"-TNT+*] exp ((-2.3/T)(t-to+NT) Eq. 15
N=0

Introducing the spatia frequency variable (seeAppendix) will change this expresson to
1) =10/2 S [1+SIN(2BSX"-TNT+*)] exp ((-2.3/J)(t-t,+NT)) Eq. 16
N=0

In both Equations 15 and 16, the term m is related to the target's horizonta velocity by the geometry
of the sensor's viewing system.

Equation 16 contains the following physica parameters: (T) angular speed of bar pattern
across display, (S) spatid frequency of bar pattern, (T) scan period of display, and (J) persistence of
phosphor. The angular speed (T) can be more appropriately replaced in terms of the linear speed
across the display in the following manner. A pixd responding to a spatid frequency S moving across
the screen at alinear speed V isbeing driven at atempora frequency of

f=9V. Eq. 17

Therefore,
T=2Bft =2BSV. Eq. 18

This permits Equation 16 to be expressed as

1(t)=lor2 NS_0 [1+SIN(2BSX"-2BSVNT+*)] exp ((-2.3/)(t-t,+NT)) Eq. 19a
or
1®)=lo/2 Ns_o [1+SIN(2BS(X"-VNT)+*)] exp ((-2.3/J)(t-t,+NT)) Eq. 19b

The signd expresson of Equation 19b isvalid, asin the Satic caseg, a any vaue of t > t.
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IMAGE SMEAR

Theimaging of moving targets on CRT displays can result in image qudity degradation most
gpparent as smearing or blurring of the target's borders and loss of interna detail. While severd
sudies have investigated effects of image motion (e.g., Farrell and Booth, 1975), none has
satisfactorily investigated these effectsin CRT digplays. CRT displays, however, do have
characterigtics which degrade moving target image qudity. The most dominant contributor to dynamic
image degradation, which is sometimes caled "smear," is the phosphor's persastence and its
interaction with the sensor/display system'’s scan rate. The periodic nature of the CRT system's
sampling process aso introduces artifacts in both the spatia frequency content and the contrast of the
image.

In order to facilitate our understanding of dynamic imagery, let usfird review the CRT
imaging of a gtatic target. In this case an object point is repestedly mapped to the same image point on
the display during each sampling period. If the target itsalf has no temporal modulation, then the
image point intengty will vary as depicted previoudy in Figures 14 and 15. The maximum intengty
reached during each excitation will be a congtant related to the luminance of the object point.

Noting thet a Sationary target with asnusoidd varying intensity of frequency (ft) would
produce the same response a the detector asthat of atarget having a patia frequency (S) and moving
with ahorizontal speed (V) equd to ft/S, we shall therefore treat periodic dynamic targets as being
equivaent to sationary targets undergoing periodic tempord variaionsin intendty. SnceaCRT
system has a characteristic sampling period (T), the phase difference on the modulated sgnd, a~,
associated with two successive samplings of amodulated target point can be expressed as.

YN=2BT/T,, Eq. 20

where T, isthe target intensity modulation period (1/f,), and for the moment, T,>T. Using the
equivaence moded, Ty, can be replaced with

Tm= 1SV Eq. 21
and Equation 20 can be rewritten as
IN=2BSVT Eq. 22

This phase difference is a determining factor of the image intendty profile, providing
information regarding object to image trandfer.

The object-to-image amplitude transfer is strongly influenced by the phosphor's persistence (J).
For example, if the persstence is of the order of T or greeter, then the pixel intengity will contain a
substantia resdual phosphorescence from the previous excitation. The amount of resdud
phosphorescence depends upon the amplitude of the previous excitation and theratio of J to T. Thus,
the object-to-image amplitude transfer is not significantly affected for J<<T. However, for J of the
order of T or greater, the amplitude transfer degrades until, in the limit, no amplitude modulation can
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FIGURE 16. Word case amplitude modulation transfer for the frame rate of 33 msec and the
field rate of 17 msec.

be perceived. For a given phosphor persistence (J), we can examine worst case amplitude transfer by
assuming that two successively sampled intensities are produced as aresult of a 1800 phase
difference. Thus, the target's minimum intengity will be transferred as being the residud intengity of
the maximum (I,). The expresson for the tranferred minimum intensity, 1., iS

lmin= 10 [exp(-2.3T/J)+exp (3(-2.3T/J))+...] Eq. 23
The corresponding transferred maximum intengity, I, IS

I max= 10 [1+exp (-2(2.3T/J) + exp -4(2.3T/J))+...] Eqg. 24
Using Equations 23 and 24 and the definition for modulation which is

M = —: ma " Eq.25

+ |
max min
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the worst case amplitude transfer function for agiven T can be shown to be

_1- exp(-23T /t)
~1+exp(-23T /1)

Eq.26

A plot of thisfunction is given in Figure 16 for two vaues of T corresponding to the frame rate
period of 33 msec and the field rate period of 17 msec. The fied rate isincluded herein as much as
optical systems often do not resolve asingle pixd.

Included in Figure 16 are typica phosphors whose persistences vary from medium-short to
very long (see Table 1). It can be seen that P43 shows no significant amplitude modulation loss. P1, a
medium phosphor, shows some loss, and the example of along persistence phosphor, P28, exhibits
extensve loss of modulation. Table 4 shows the maximum persistence alowable where a specific
minimum modulation transfer is desired.

TABLE 4

PERSISTENCE SELECTION

DESRED MAXIMUM ALLOWABLE PERSISTENCE (10%) IN MSEC
MODULATION TRANSFER T: 17 msec T: 33msec
99 7.4 14.3
.98 8.5 16.5
97 9.3 18.1
A 96 10.0 195
.95 10.7 20.7
A90 13.3 25.8
.85 15.6 30.2
A 80 17.8 34.5
A75 20.1 39.0

To examine amplitude modulation transfer for an arbitrary )N, one needs to develop the
expressons for the trandferred minimum and maximum target intengities! The minimum intengty isa
superposition of resdud phogphoresences which can be written as

I =142 S (1+SIN(3B/2-TNT)) exp(-2.3NT/J) Eq. 27a
N=1

=1,/2 S (1-COS(TNT)) exp(-2.3NT/J) Eq. 27b
N-1

This expression follows from Equation 15 by setting Kx" + *=3B/2 and t = t, where aminimum has
gppeared at the target. This causes the N=0 term to go to zero.
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The transferred maximum intengity can be derived aso from Equation 15 by setting
Kx" + *=B/2 and t=tg when a maximum has appeared at the target. In this case the N=0 term remains
and takes on the value of 1. The expression becomes

Ina= 10+ 1012 S (1+SINB/2-TNT))exp(-2.3NT/J) Eq.28a
N=1

=lo+lg2 S (1+COS(TNT)) exp(-2.3NT/J) Eq. 28b
N=1

Using Equations 27b and 28b and the definition of modulation given in Equation 25, we arrive a
the expression

1+G (COSTNT) exp(-2.3NT/J)
Eq. 29

V= N=1
1+ S exp(- 23NT /1)

Using Equation 29 and sampling periods of T=17 msec and T=33 msec, Figures 17aand 17b
show amplitude modulation transfer dependence on J for various values of )N. If, in Equation 29, m
takes on the value of zero, corresponding to a static target, the modulation transfer goes to one. This
verifies tha this expresson for modulation transfer represents the effects of velocity.

Figures 17 and 18 can be used as a guide for determining amplitude modulation transfer of a
specific phosphor, when )N isless than the worst case condition.

The object-to-image frequency transfer of the equivalence modd is dictated by the previoudy
mentioned function ) N. If the period between successive target samplings, which correspondsto a
phase difference on the target's modulation of )N = 2T/T,, , is greater than B, then the modd failsto
represent the true spatia frequency trandfer.

Thus, we will limit our discussion by consdering sampling of target modulaion with )N
being lessthan B. Figure 19 shows amplitude modulation transfer for specific phosphors as afunction
of )N for T=33 msec. Phosphorsincluded in the figure are P43 (J=1.2 msec), P1 (J=24 msec), and
P28 (J=70 msec). Thisfigureisaplot of Equation 29 where TNT is noted to be N )N.

Furthermore, we can examine the amplitude modulation transfer function for targets moving a
various velocities by plotting modulation transfer as a function of spatid frequency (S) for aset of
velocities using a specific phogphor. Figures 20 and 21 show such afamily of curves for P28 and P1,
respectively. The termination point of each curve is determined by the velocity and spatia frequency
combination corresponding to a )N=B and defined by the limits of frequency reproduction. For
)N >B the velocity information is distorted and visua perception dictates the object's apparent
velocity.
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At )N=B the gpparent motion of amoving bar pattern on the display will reverse directionin
arather discontinuous manner. At ) N=2Bthe bar pattern will gppear stationary. At this point N on the
target's modulation is changing a arate equa to 2B per verticd period. Thisresultsin the pixds
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Figure 19. Amplitude modulation transfer for specific phosphors as a function of
JN.
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FIGURE 21. Modulation asafunction of spatia frequency for sdlected velocities for P1
phosphor at the frame rate of T=33 msec.

continuoudy responding to the same phase point on the target. The target pattern image will appear to
"freeze" For JN>2B the goparent motion will again reverse direction but this time rather smoothly.
Thus, these display effectswill repest at intervals of 2B.

Another interesting effect of imaging moving bar targetsis atilting of the target bars on the
display. Thistilt is due to the change in the phase that occurs on the target during the horizontal scan
period of 63 psec. During thistime the target modulation will have changed by an amount
JN=2BSV(63: sec). Therefore the horizontal line scan immediately following will displace that phase
point in the resulting display image. The amount of tilt will be proportiond to the )N or the rdlative
target/sensor velocity.
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CONCLUSIONS

The derived expression for modulation transfer as a