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SECTION 1

DESIGN TRADE-OFF COMFARISON

1.0 EXECUTIVE SUN[MARY

During the course of the thecretu:a; and experimental portions of this study
program (which are descrited elsewhere in this report) various digital tele-
vision conipression techniques were evaluated. As determinations were made
of the most suitable techniques to be combined into the final compressed dig-
ital TV system, design studies were initiated to arrive at estimates of relia-
bility, size, weight, and input power for a prototype equipment versicn of-the
spacecraft portion of this system.. To provide the necessary input data for
~these estimates, digital logic and analog functional block diagrams wzre con-
ceived, prehmmary circuit 0es1gns were estabhshed,_ and componen: types and
quantxt'es were., estlmatea. : :

‘«Tb,pro‘vide standa.rds of comparison for the compressed digital TV equipfnent,
.-~ similar design studies were conducted on'noncoded analog TV, straight PCM
<~ - TV (four-bit encoding) and standard analog TV (anaIOg TV camera w1th six-bit

. encoding of the camera video signal and with PCM video ¢ ut)

o F Two b?s.c hardware 1mpI mentation techaiques were considered, These were:
” (1) the exclusive use of miniature discrete parts {all solid staie-except for the
' - wdlcon camera tube), and (2) the use of 3em1conductor integrated circuits com-
:bined with discrete pzrts where necessary, thus termed hybrid SC IC circuits.
In total, eight sepa.rat= equ).pment configurations were studied.

o Based on the parts (and SC IC circuit) counts obtained on each cozfiguration, and
on the latést available part ard circuit failure rate data, reliability analyszs
_were performed to obtair the estlma.ted mean-time-between-failure (MTBF) for

_each _spacecrait equipment design. MTBF's based sn mid- 1963 and pro;ected
1964 failure- rate estxmates were obtained. <

T~

R

Table 1-1 summarizas the results of these studies. The comparison of the com-
pressc.d digital TV estimates with those of the standard analog TV equipment are
“of particular interest and importance, since the video data compression ratios -
achievable, typically three to one, are measured relative to standard analog TV
-(see Secticn 2 for a detailed discussion of data “ompression). Note that the com-
. ‘pressed digital TV syatem achieves this information-bandwidth rcduction, with

“ the attendant savings in video transmitter power and weight, and still permits
reductions in spacecraft TV equxpment size,’ we1ght and input power relatwe to
the standard analog TV design. \

'

" Table 1 1 Also contams columns of data on a "3traight PCM TV" and on a ""Non-
coded Analog 'I‘V. " Although these systems appear to offer terminal equxpment

<




power and reliability advantages relative to "Compressed Digital TV' and to
“Standard Analeg TV, " they would both require more transmitter sower and
weight thac: the "Compressed Digital TV." The "Straight FCM TV" utilizes

a parametric value of four bits per picture element instead of the approxirnate-
ly two bits per victure slement of the "Compressed Digital TV." Therefore,
it will require approximately twice the bandwidth and twice the transmitter
power. The ""Noncoded Analog TV" will require some analog form of modu-~
lation (otherwise it becomes the '"Standard Analog TV" system.) This analog
form of modulation will probably be some variant of the FM technigque such as
irequency-compresaive-feedback FM cr straight FM utilizing a phase-locked
loop ae a thresheld-improving receiver. The efficiency of these analog modu-
lation systems in power and bandwidth requirements relative to optimum PCM
techniques fcr transmission of a given quality video signal has not been experi-
mentally determined as yet. Theoretically,* orthogonal systems such as Digi-
lock, coherent end possibly noncoherent phase modulaticn require 5 to 10 db

-less signal-to-ncise ratio (and hence less transmitter power) for a given trans-

mission bandwidth-to-bit rate ritio than do the ¥M, FM phase-locked, and
Enloe FM feedback systems. Therefore, it can be assumed, until proven other-
wise, that the apparent advantage of the "Noncoded Analog TV' shown in Table
1-1 is largely, if not completely, nullified by the increased transmitter require-
ments. -

Table 1-2 presents estimated savings m spacecraft prime power and weight%*

achieved by using the compressed digital TV system in place of the standard
analog TV system under the conditions spucified in Appendix II of the RFQ.

1.1.0 Compressed Digital Television System Design
i.l.1 Spacecraft Equipment

1.1.1.1 Summary of Equipment Operation

An over-all diagram of the compressed digital spacecraft equipment ia shown in
Figure 1.1-1. Summaries of the principal functions of each system unit are pre-
sented below,

* Keenan, R. K,; Mannex, H. R,: "Spacecraft Communications Systems, '

' SpafcelAeronautics, Part 2, Aerospace Electronics, November, 1962,

*% The above estimates of apacecraft weight savings are conservativ2 since the
reduced prime power requirements were not considered as contributing to re-
ductions in the weight of the prime power source. Presently there are insuffi-
cient data available on specific mission profiles, video equipment operating
duty cycles, and spacecraft prime power gource characteristics, to permit
meaningful estimates to be made in this area.




ININLINDT LAVIDOADVAS AL TV LIDIA AFSSTHINWOD B EIN0I13

Buryuey jesnxap duy uondayyaq dury uonoayyag
pUE 103RIPUST puC 10IBIBUIN)
LEPESE ISR ETN ﬁ.tsm 1 2juo0z130H '
Buiyue[g [eIU0ZTIOH
/
e
3er 0 27 Ag — e
2 ub. dRPOIPONAG adueapy da. A —e
sukg
T r [ RET TN
“ . ioaiuon
vI21 TR
4 | wms
ey’ RERE N areny
I3j8uURL § aaysrday Hed 18 Ipdwieg 1 N
v y A \ L A £
) ' _ L9poouyy
mding 22pOdUL I ey
- - aqoy 12y dury pue
WO 1easg uewyngg N Lepodnn o ﬁ EOL3lYe} apduirg 1ch=..cU UODIPIA U
p—)

P U



8¢ 0¥0 ‘2 €00 ‘000 ‘€S
8 0e1 000052
(q1) ButAes (s330Mm) (zoTx 9I1n338)
1y8tom 33ex>soedg | s8uiaes xamod suwatadg a2uey (DY ut) uonIpuo)

LHDIZM ANV ¥IMOd INIEd LIVIDIDVAIS NI SONIAVS gAIIVNILSE 2Z-1 T4Vl
*A3111qeded pasds xamof
10 aayB1y I3Y3Ie JO SWIISLS I0J JXIJUOD JO 1D psjonb aq jor pynoys pue ‘puod3s xad

sjuswald® 2INn3d1d

01 S® yons ‘er1931xd> uSisap jo 3os reinonyred ® 103 dre soan8iy 9sayl A LON

9
005 ‘09| 006°‘1¥| o001'161 00% ‘ss1| o00s‘98| oo1°‘1Ll 000°68 | 00T ‘%S (sanoH) AGIN
(#961-PIN) A3IIqerioy
ooo‘te| o0o0g€‘z2t] 00Z ‘%01 008 ‘L€ 00S ‘s¥| 00z‘91] o00s°‘sy| 008 ‘11 (sanoH) AGIN
(€96 1-PTIN) AtrIqerisy
Q., ‘9 €8 ¥ 6z °2 €6 °1 ¥E ¥ 18 °2 €6 °¢ 26 °2 (*qT) uSrom
TBINIONIISUON
9061 G 'Pel 1°€9 L°1s ¥ 921 8°LL G°LOT ¥°18 (*ul 'nD) awnjop
9°LS 0°0% 0°LT ¥°81 8 "c¥ 0°9¢ £ 92 0¥¢€ (s13em) I9mod
sized D108 gired DIDS sjred o) 1o 1) sjred 210
a3axas1q | prigdy |eraids1d praqhH |eisassia | prIqdH |e301081d | PIIG4H VILINVEVA
AL DOTVNVY AL DOTVNYVY AL AL TVIIDIA
QaIvaNv.is AIAODONON WOd LHDIVULS aIsSSTIIWOD
STLVNILST ACQNLS NDISId INIWJINOE LAVIDIDOVAS IJALOLOYd JO AIVININAS I-1 ITLVL

1-3

e




2.

3'

TV Camera

a.

Je

Generates the basic analocg video signals.

Shapes video frequency response characteristic and provides
necessary signal amplification to permit coupling of the signal
to the Roberts encoder.

Re-establishes \he DC components of video signal by a clamping
technique.

Incorporates automatic gain control (AGC) to maintain a uniform
peak video output level with variations in scene brightness.

Camera Sweep Generators and Deflection Armplifiers

a.

Generates variable-length horizontal and modified-vertical stair-
step scannirg waveforms as a function of sweep-advance pulses
from the system synchronizer.

Furnishes line and {rame syn: (blanking) pulses to the synchro-
nizer to achieve proper line and frame synchronization of the
compressed video data.

System Synchronizer

a.

Serves as the timing reference for all time-dependent system
functions.

Controls the TV camera beam dwell time on each target element
as a function of the "'fullness' of the bit storage register in the
Huffman encoder,

Roberts Encoder

a.

b.

Generates a pseudo-random sequence of variable amplitudes
occurring at the element scanning rate of the camera.

Performs an analog addition of these levels to the basic video
data (to "randomize' the transitions bztween video quantization
levels).

Sample and Hold

Discretely samples the camera analog video signal level associated
with each scanned element, and holds each sampled level constant
during the video quantizing process.

1-4
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6., Quantizer

Quantizes the video (plus pseudo-random noise signal) to the desired
digita' bit level.

7. PE Encoder
Converts the PCM signal from the quantizer unit into previous ele-
ment (PE) and not-previous-element (1-PE) signals. These signals

have the proper format for optimum encoding.

8. Huffman Encoder

a. Optimally encodes the FPE and (1-PE) signals to prcduce a serial
Huffman pulse train of minimum constant bit rate for transmission
to the ground staticn.

b. Generates sweep advance sync signals as new data are required
in the Huf{man shift register.

1.1. 1.2 System Design Concepts and Operating Parameters

One unique feature cof the system is that an asynchronous digital camera scan is
employed to facilitate Huffman encoding of the videc data without employing a
buffer store prior to trensmission of the Huffman bit train, To accomplish this,
the Huffrnan encoder generates control signals which are fed back to the synchro-
nizer; these control signals allow the syuchronizer to generate '"'sweep advance"
signals only when new data are required by the Huffman coder.

The system is designed for a resolution of 256 x 256 elements and 3-bit quantiza-
tion following Roberts encoding. Although the use of an actual Huffman code
would depend on picture statistics, a !'flat distribution' code is assumed in this
system design for the sake of best performance in the face of unknown picture
statietics. The assumed code is as follows:

Previous element -1
Intensity level 0 0111
Intensity level 1 0110
Intensity level 2 0101
Intensity level 3 0100
Intensity level 4 0011
Intensity level 5 0010
Intensity level 6 0001
Intensity level 7 00001
Horizontal sync 000001
Vertical sync 000000
1-5
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Tl = constant output bit rate of the Huffman encoder is set by the synchronizer
at .wo megabits per second. With a total of 256 x 256 = 65, 500 elements per
TV frame, and an average of two data bits required per element (based on the
three-to-one compression ratio) the average TV frame rate approximates 15
frames per second.

1.1.1.3 TV Camera Operation

Figure 1. 1-2 illustrates a two-feed-back-loop automatic gain controi (AGC)
camera unit employing a slow-scan type all-electrostatic vidicon tube. The
two loops allow for a very wide signal dynamic range in conjunction with gain
stability. A signal from the vidicon target is amplified in the low-noise video
preamplifier. If the amplified signal is greater than the preset threshold of

the high-level AGCthreshold circuit, then the amplifiers and detector circuits
in the high-level AGC circuits act to reduce the Loop 1 gain. From the video
preamplifier, the signal is {ed to the gain-controlled video amplifier where sig-
nal clamping, frequency shaping, and additional signal amplification are per-
formed. The Loop 2 gain is controlled by the amplifiers and detector o1 the
low-level AGC circuits, Thus, the video output signal is a function of both
Loop 1 and Loop 2 gains. For small target signals, the output of the video pre-
amplifier will be too small to pass through the high-level AGC threshold circuit,
Thus, only Loop 2 will control the video output amplitude.

The camera control circuits contain circuits and adjustments for the several
vidicon operating potentials including electrical focus, beam, and target.

1.1.1,4 Camera Sweep Generators and Deflection Amplifiers

Figure 1.1-3 is a block diagram of the camera sweep generators and deflection
amplifierz. Sweep advance pulses from the system synchronizer are fed to the
horizontal binary counter chain, which consists of eight binary counter circuits.
The eight binary counter outputs are fed to the eight horizontal analog gates and
to the horizontal sync generator. Also, the reference voltuge is applied to the
horizontal gate circuits. Each horizontal analog gate is associated with one
input of the sweep ladder, and an analog gate either grounds or provides the
reference voltage to ite associated ladder input. Thus, as the binary counter
chain counts down, the output of the ladder increases by equal increments in
synchronization with the sweep advance pulses. Horizontal deflection amplifiers
are required to convert the single-ended sweep ladder output to the push-pull
high voltages required by the vidicon deflection plates, Essentially, the hori-
zontal sync generater is an eight-inpui "OR" circuit with an inverted output
which is used to sweep advance the vertical sweep and also to provide blanking
to the system synchronizer.

Operation of the vertical sweep generation circuits is quite similar to those
employed in horizontal sweep generation. One circuit addition is the scan
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modulator which generates pulses in synchronization with the sweep advance
pulses from the system synchronizer. They are combined wit.: the vertical
sweep waveform in the adder circuit shown in front of the vertical deflection
amplifiers. In conjunction with the sample and hold circuit, they parmit uni-
form camera signal generation at varying scanning rates. A separate reference
voltage supply is provided for the vertical analog gates so that interaction of the
two sweeps will be kept to a minimum,

1.1,1.5 Synchronizer Operation

Figure 1.1-4 is a2 functional block diagram of the synchronizer unit. The 16-
megocycle clock frequency is divided by eight in the three-stage binary counter
circuit, The five following "AND! gates produce the pulse trains identified as
Bg, By, Bgy By and B7; the time relationships of these pulse trains are as
shown in Figuvre 1,1-5. Bj is applied as a shift pulse directly to the Huffman
code shift register, thus establishing the PCM bit rate ot two megabits per sec-
ond, B, is utilized as the sweep advance pulse to the horizontal staircase gen-
erator; logic circuits are employed to inhibit this output excepi /hen new data
are required by the Huffman coder. This condition is defined by the presence
of a '"0" gate from the coder or by a ''1" gate from the coder during the sync
code readout interval.,

Horizontal and vertical sync code gates are created by setting flip-flop No. 1
with the '"end of line'' gate from the horizontal staircase generator and combin-
ing the flip-flop output with horizontal and vertical blanking gates from the sweep
generators.

Bg, Bg and By are combined to produce the '"ADD'" gate. This gate serves as
the Huffman register transfer pulse after passing through logic gates which
inhibit it except when the register is empty. Bg is utilized as the sample gate
and logic is included to place this output in proper sequence with the sweep ad-
vance pulse. B, is also used, in conjunction with the proper logic, as the PE
gate, which is used to transfer video data to the PE encoder storage register.

1.1. 1.6 Roberts Encoder Operation

The Roberts encoder is shown in Figure 1.1-6. This is an N-stage shift reg-
ister which is reset by the vertical synchronizing pulse. The input to the reg-
ister is determined by a modulo two adder connected to the appropriate stagas.
The resulting pseudo-random binary sequence is ihen decoded in the digital- -
to-analog ladder to generate a pseudo-random four-bit amplitude sequence that
is added to the video signal before encoding.

1-7




WAZINOUHONAS i
¥-1°1 JUNOIA .
Y
\) [ uw 0. 3
35Nd gnvs Sa
/L 35Nnd
L} 44 | g vii JO ON3
31VS 3007 "ONAS “L¥IA ——— /\
~ 3sNd
31D ,0, 84 4OLY: ININAIQ 1 0 a4 [ WIT 0BG
35Nd NIJSNVYL -
/ —“ le s
3LV0 300D ONAS ¥OH <@ \ « s
! 31v9 0, T
] 0 441 i o
135 3d - k) !
\ -
357Nd IINVAQY J33MS - -
3SNd LilHS —“w-————————e
ﬂm 2g mm Nm o
_
Far
P i
HOLVHINID i
o8 % ; EEE Jm.sﬁ. %701 .
b

e et e s - e



SWYOATAVM AL TV .iIDId AASSTUAINOD

S-1°13UNDIS

€£610¢

L L | u L] LIS
qr ._ E _I._ 3S7Nd ¥33SNVaL
l_l.w _ _ 3SNd 3TdWYE

_.I_ IONVAQY &usz

7] [ 31VD 3000 "HONAS -Lu3A ®0 - HOH

|

d04~-d 14 _ ANVHS JO ON3 ¥0 3NIT 30 ON3

r _ F : —l._ 31lvo ,0, _

1] LJ L L : 1] 35nd L3RS ||

o [

. )
[ g | Seu—— PR, . R st aemeei [ [ : . falﬂlmn_ _K!“L nczoeest [ l . ommsgh - #_. '



(Buryuerg (ed11424)
1989y

3ws

09pTA PopoduUy

‘

-

YIQOONI S1YIL0H ' 9-1 'V TENDIA

13pPY Z OTNPOW _

1938189y 370y 28vIg N

I9PpeT V/A

-

¢f




1.1,1.7 Sample and Hold

Figure 1.1-7 is a diagram of the Sample and Hold Circuitry. This circuit is neces-
sary to prevent the video level from changing during the encoding time. During

the application of the sample pulse, the sample gate acts as closed switch. This
charges the holding capacitor to the video voltage present during the sampling

time. At the end of the sample pulse, the sample gate opens. The lolding ca-
paciiwur voltage remains essentially unchanged, assuming a high inpu: imped-

ance in the amplifier stage, until the next sample pulse charges or discharges

the holding capacitor to the new video level corresponding to the next scanned
element.

1.1.1.8 {Quantizer Operation

This unit (shown in Figure 1. i-8) utilizes seven parallel decision circuits to
produce one "hot'" wire out of eight; the hot wire indicates the intensity level of
the signal from the sample and hcld unit. The eight output wires are routed to
the PE encoder. -

1.1,1.9 PE Encoder Operation
The PE encoder is shown in Figure 1.1-9. A PE gate transfers the incoming

hot line into the appropriate flip-flop in the eight stage register. When the next
element is generated, it is compared with the stored element in the comparison

' gates. If they are equal, the output PE line is hot. If not, the appropriate level

line 18 enabled by the {1-PE) gate. The register reset gate clears the store.
Tke PE gate then reads in the present element and the cycle repeats,

1.1,1.10 Huffman Encoder Operation

This unit is shown in Figure 1.1-10. The "OR" gates at the input of the unit
route the incoming hot line to the appropriate shift register stages. These inter-
connections are determined by the specific Huffman code used, The transfer gate
shifts this parallel Huffman word into the register. Each Huffman word hae been
modified by the addition of a 1" to the end.

The FHuffman word is shifted out serially by the shift ~ulses., Two "AND" gates
are used to recognize the two states of interest of the shift register; namely,
when there is one bit remaining and when there are no bits remaining. When
all Huffman bits have been shifted out the additional "1'" remains in the last
register and all other registers contain '"0"', This condition is recognized by

" the 10" gate. The '"'1" gate recognizes when the shift register contains only one

Huffman bit. This condition is identified by a ''1" in the second stage and "'0"
in all higher stages.
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1.1.2

1.1.2.1

Ground Equipment

Sumimary of Equipment Operaticon

Figure 1.1-11 is an cverall diagram of the compressed digital ground equipment.
The principal function of each system unit is summarized below:

1'

5.

Huffman Decoder

a. Converts the received serial Huffman pulse train back to the PE
and (1-PE) signal forrmat.

b. Generates necessary system timing pulses (sweep advance, dis-
play pulse, (1-PE) shift pulse, and vertical and horizontal syn-

chronization pulses).

Video Digital4o-Analog Converter

Converts the Huffman output into the original analog video plus pseudo-
random noise signal. This process includes PE decoding.

Roberts Decoder

a. Generates a pseudo-random sequence of variable amplitude, which
is synchronized with and identical to that produced in the Roberts
encoder,

b. Performs analog subtraction of this sequence from the combined
video plus pseudo-random noise (effectively increasing the number
of quantizing levels, thus reducing contouring effects in the dis-
played image).

Display Deflection

a. Uses element, line, and frame synchror- :ing pulses from the Huff-
man Decoder to generate variable-length horizontal and vertical
stairstep waveforms synchronized with the camera scan waveforms.

Display
a. Displays the final low-frame-rate analag video signal.
b. Incorpcrates special erasure techniques to minimize brightness

flicker effects normally associated with low-frame-rate TV sys-
tems. (Assumes multimode Tonotron display.)

1-9
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¢c. Operates in an asynchronous scan mode to eliminate the need
for a buffer store,

1.1.2.2 Design Concept

The entire ground station operates asynchronously. The system receives only
the serial Huffman bits, at a constant rate, and four synchronous timing wave-
forms (which are assumed to be generated in the ground video telemetry re-
ceiving equipment). These ' aveforms are shown in Figure 1.1-12.

1.1.2.3 Hutfman Decoder Operation

Figure 1.1-13 is a diagram of the Huffman decoder. The input to this unit con-
sists of the four waveforms shown in Figure 1.1-12 plus the serial Huffman bit
stream. The first Huffman L % applied to the flip-flops can set only FF; or FF,.
All others are not enabled because the flip-fiops preceding them are set to
""one's.!" If the first bit is ‘'one,!" FF, is set and this enables the PE hot line.

If the first bit ig a 'Y'zerd," FF2 is set, which enables FF3 and FF4. If the sec-
ond bit is a '""one," FFj is set, enabling FFy and FF6' This sequential decoding
continues until one of the hot lines is enabled,

The coincidence of an enabled hot line and pulse R resets all flip-flops to ''zero"
to ready the decoder for the next word.

The Huffman decoder also generates a sweep-advance pulse used to advance the
sweep counters and to shift the Roberts register, a vertical synchronization
pulse used to reset the vertical counter and the Roberts register, and a hori-
zontal synchronization pulse used to reset the horizontal counter,

A (1-PE) shift pulse is gener-~ted to read new data into the digital-to-analog con-
verter., A display pulse is also generated to display the video for the proper
length of time on the CRT face.

1.1,2,4 Digital-to-Analcg Converter Operation

This section is shown in Figure 1.1-14. The incoming hot line is converted to
a binary code in a matrix and read into a three-stage reg:siecr by the (1-PE)
shift pulse. This level will remain stored until the occurrence of another level

which is not PE, thus decoding the PE signal.

The stored binary level is converted to an analog signal by a conventional re-
sistive ladder.

i-10
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1.1.2.5 Roberts Decoder Operation

The Roberts Decoder is shown in Figure 1.1~15. A pseudo-random sequence
generator identical to the one in the spacscraft equipment gencrates an identical
sequence, The start of both generator sequences is synchronized with the verti-
cal blanking pulse. These binary data are converted to an analog waveform and
subtracted from the video signal.

1.1.2.6 Display and Sweep Circuit Operation

The display sweep is generated by counting the sweep-advance puises in a binary
counter and converting this count to an anaing-sweep voltage. It is necessary to
reset the sweep counters with the vertical and horizontal synchronizaiion pulses
to ensure synchronization of the display raster with the spacecraft camera scan.

The display incorporates circuitry which transforms tie analog video signal into
) constaFnt—width, amplitude-modulated pulses, and then displays these pulses at
the appropriate element scan times. :

ERS
~

1.2 STANDARD ANALOG TV SYSTEM .

The '"standard analog TV' considered in this study is by Manned Spacecraft
Center definition* an analog TV Camera whose output feeds a 6 bit analog to
digital converter. Thus, the complexity of the defined system is somewhat more
than one would.expect for an ordinary analog TV system. T[igure l.2-1isa
block diagram of both the spacecraft and ground equipments.

N

1.2.1 Spacecraft Equipment .

The camera tube, camera contrcl, vidéo amplifier, automatic gain control, and
- the sample-and-hold blocks are essentially identical to those corresponding biocks
in the compressed digital TV. - The quantizer is a high-speed, parallel analog- = _
to-digital converter with a six-line output. These six parallel lines are fedto '
the PCM output unit, The synchronizer provides a system clock, sample pulse
for the sample and hold, sweep advance pulses for the sweep generator circuits,
and gating and synchronizing signals for the PCM output unit. These synchroniz-
 ing signals,and the quantized video signals are serialized in the PCM output unit
_and fed to the PCM link. Horizontal and vertical sweep generators and sweep
ampliiiers are conventional analog sawtooth scan circuits,

1.2.2 Ground Equipment

Serial information from the PCM link is decode.d/i»nté synchronization-and video
digital signals in the PCM decoder. The synchronization signil is gent to the
- horizontal and vertical sweep generator circuits. The digital-to-analog con-

"‘Parégra'.phs‘iI-B and-II-C of RFP (See Appendix A) Telecon: Knight/Engert and -
Stanwood, 6-12-63; Eollowiup:.Bi-Weekly Technical Report No, 12, 6-19-63,
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verter performs the inverse operation of the spaceborne analog-to-digital con-
verter. Deflection amplifiers drive the deflection plates or coils of the display
tube and the display control supplies other voltages required to reproduce the
images received from the camera systen,

1.3 NONCODED ANALOG AND STRAIGHT PCM TV EQUIPMENT DESIGNS
As in the case of the two previously discussed systems, logic and block dia-
grams were prcpared on the spacecraft porticns of both the above designs to
accomplish the required circuit design and reliability studies.

To permit direct equipment comparisons, the TV-camera scanning parameters
selected were the same as those used for the compressed digital and standard
analog systems; that is,

Horizontal resolution = 256 lines

Vertical resolution = 256 lines

Frame rate 15 per second

Since the previously discussed standard analog system is essentially a composite
of the noncoded analog and straight PCM systems, it would be duplicative to in-
clude design details in this section.

1.4 CIRCUIT DESIGN STUDIES

Currently, it is both possible and practicable to implement a system design in a
number of ways using solid-state active devices in conjunction with either diffused
or more conventional passive devices. The limitations of the various electrenic
devices are well understood in all areas with the possible exception of particle
radiation, particularly protons. For low-power circuits, a wide variety of form
factors for the various electronic devices is available. Also, most circuits may
be implemented in several different ways. Thus, the implementation of any sys-
tem design is quite readily made to favor any prime requirement, i.e., size,
weight, reliability, etc.

Initial logic design (digital system design) usually is made without consideration
of circuit implementation. Thus, a literal circuit implementation of an initial
logic design stands little chance of functioning properly. Initial logic designs
are intended to verify that a system concept is practical and to give some idea of
the relative magnitude of the system. The logic designs generated in the MSC
study are initial and are not intended to be optimum insofar as a particular cir-
cuit implementation of the logic designs is concernad.
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A complete logic-design-circuit-design loop, required in the creation of func-
tioning equipment, is beyond the scope of the MSC study. However, it is of in-
terest to comprehend the limiting equipment parameters of several of the TV
systems considered. Thus, the criteria of high reliability, minimum size, and
reasonable cost were established as a basis for the circuit selection.

For highest reliability, without recorting to redundancy techniques, miniature
discrete parts were considered for the circuits of the several TV systems esti-
mated. Miniature parts in this instance mean smali transister cases, small
glass diodes, standard-size metal film resistors, and small-size capacitors.
For minimum-size, hybrid semiconductor integrated circuits were considered
for the several TV systems estimated. It was necessary to use hybrid semi-
conductor integrated circuits instead of total semiconductor integrated circuits
(SCIC), since, in some of the subsystems, either speed or high voitage require-
ments obviated SCIC circuits. There are a number of manufacturers of SCIC's.
The estimates in this study were made primarily around Westinghouse SCIC's
since these units are representative of available logic elements and also since
Westinghouse has the widest available line of analog circuits. One penalty of
using Westinghouse's circuits in place of, for example, Texas Instruments is
that the latter company's circuits require less volume.

Hybrid thin film circuits are certainly applicable to building the considered TV
systems. This approach would fall between the two estimated approaches in
terms of equipment size. It may be logically and quite sirongly argued that
hybrid thin film circuits are more reliable than hybrid SCIC's. Actually, neither
apprcach can be supported on the basis of extensive reliability testirg, but there
is more reliability history available on the SCIC's than on thin films. On this
basis, the SCIC approach was selected for this study. Should one of the con-
sidered TV systems be implemented in the future, hybrid thin film should strong-
ly be considered and not eliminated on the basis of the estimates avpearing in
this study.

Reasonable cost is considered cnly insofar as not using quad redundancy tech-
niques in the logic circuite. The cost of quad redundancy is more than just a
factor of four for several reasons: First, transistor specifications for quad
circuits generally have to be more constraining than for single circuits; second,
fan-out and speed of quad circuits are degenerated; third, on a per-function
basis, quad circuits require more power than the single circuits; fourth, build-
ing and testing of quad circuits are time consuming and the testing is particularly
difficult.

Table 1-3 is a tabulation of the parts estimate for both implementation approaches
estimated for the four considered TV systems,

The volumes of various parts shown in Table 1-4 were used in the estimates of
Table 1-3. The TO-5 transistor-case volume was used for SCIC BC's, F,F,'s
and NAND's. It should be noted that the volumes given allow for projectingleads
from the parts. Power estimates used are given in Table 1-5. Resistor power
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TABLE 1-4

VOLUME ALLOWED FOR PARTS ESTIMATE

[tem Volume (cubic inches)
SCIC amplifier 0.004
TO-18 transistor case 0.02
TO-5 transistor case 0.04
Diode 0.005
Resistor 0.014
Capacitor 0.03
Potentiometer 0.2
Crystal 0.2
Vidicon 13.0
TABLE 1-5
POWER ALLOWED FOR PARTS ESTIMATE
Item Power (milliwatts)
SCIC Amplifier 36
SCIC Binary Counter 75
SCIC Flip-Flop 24
SCIC NAND 10
Amplifier Transistor 60
High-Speed Switching Transistor 69
Low-Speed Switching Transistor 10
Dicde 1
Vidicon Filament 106U
1-15
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is considered in the transistor power allowed excert in the few cases where
resistors are used without transistors. In these cases, the resistor power is
considered separately.

Table 1-3 data relate only to actual parts, power, and volume. To arrive ata
realistic prototype equipment estimate, correction factors were applied to the
Table 1-3 data. These correction factors were arrived at on the basis of pre-
vious experience. For example, consider volume. A known high-reliability
discrete-parts circuit module consists of 16 TO-size transistors, 16 glass
diodes, and 32 resistors. Using allowed volumes in Table 1-3, the estimated
parts volume is 0. 85 cubic inch., However, the measured volume of the mod-
ule is 2.5 cubic inches. Thusy a multiplication factor of three is required to
get equipruent volume. In addition, the vidicon volume was added. Also, power
corrections and weight computations were made on all units. The factors used
were:

1. Power--Prototype power equals two times
parts power,

2. Volume--Prototype volume equals three times
parts volume plus vidicon volume.

3. Weight--Prototype we.ight equals 0.5 ounce per
cubic inch for electronic parts and vidicon plus
one ounce per cubic inch {or the power supply.

Table 1-6 is a compilation of summary data from Table 1-3 and prototype data
derived from applying the foregoing factors.

1.5 INFLUENCE CF EQUIPMENT DESIGN ON SPACECRAFT PRIME POWER
AND WEIGHT

The results of the preceding circuit design study show that the compressed dig-
ital TV equipment is smaller and lighter and requires less input power than a
comparable standard analog TV design. Also, it has been pointed out that the
three-to-one reduction in information bandwidth afforded by the compression
techniques results in savings in video transmitter power and weight. To deter-
mine the total savings in spacecraft prime power and weight, it is first neces-~
sa1y to estimate the weights and efficiencies of the associated video transmitters
operating =zt their required output power levels,

Table 1-7 presents estimates of weights, efficiencies and input-output power
levels for four video transmitters operating at the 2. 3 kmc frequency specified
in Appendix II of the RFQ. For defined Condition 1, it is assumed here for
comparison purposes that the siandard analog TV system will require the speci-
fied transmitter average output power of 25 watts. Under equivalent conditions

1-16




0s €€ 000 ‘¢ 000 ‘1 €°2
62 €€ 000 ‘1 ogg £°2
€1 81 0% 1 52 £z
8 91 0S 8 €°¢
*(qr) (%) (s13em) (s23em)} (o)
juSiom Aouaro1yye Jomod zamod 3o
1e101 wa3s g jndur jejo] mdino a8exsay Kousnboz g
SOILSIMALDOVEVHD d A LINSNVYL OFIA AILVINILSA L-; ITIVLI
£€L°9 £8 % 62°2 €6°1 e v 18°2 €6 °¢ 26 °¢ _ (spunod) 3ySre.m
Il TRInIORIISUCN
9°061 G HE1 129 L°1S ¥ °921 8°LL §°L01 ¥ 18 [[(ur 'nd) swnyoa
1eINIONIISUON
9°L9 0°0S 0°L1 V81 8 'S¥ 0°9¢ 892 0°%c || (sizem) zomog elep
adAfjojozg
S
Z°6S S 0% L°91 6°21 8°LE 9°12 S°1¢ 8 °2Z ||(ur 'nd) sutniop
8-¢¢ 0°62 ¢°8 726 6°22 081 bret 0°L1 ] (s33em) zomog elep sjxed
sized DIDS sjred 2IDS sjzed o108 sjzed 2108
93210510 | P1IgAH j 23210s1g | P1IqAH | 8321081 | prIgiH || e3ea0s1a | PraqAH| WIIIANWVIEVA VIVd AdXL
AL DOTYNY AL DOTYNY AL AL "TV1IDId
QYVANVIS AIAODNON WOd LHDIVYLS aESSAAINOD
SNOSIYVAWOD INIWdINDA-VIVA XIVININNS 9-1 ITIVL

1-17

e



e mesr WAy @G

3

I NN RN men e e peeee

(equal receiver input signal-to-noise ratio and equal TV scanning parameters,
etc.) the compressed digital TV system, achieving a three~to-one handwidth com-
pression, will require approximately eight watts of r. f. power., For Condition 2,
assuming that the standard analog TV system requires the specified 1,000 watts
transmitter output power, the corresponding figure for the compressed digital TV
system ie 330 watts,

Under *he assumed conditions, the compressed digital TV system, compzred to
the standard analog TV system, achieves the following total savings in spacecraft
prime power and spacecraft equipment weight.

Condition 1 (assuming discrete parts design).

(a) Spacecraft prime power saving = TV equipment power saving + video-trans-
mitter power saving £ 40 + 90 = 130 watts,

(b) Spacecraft weight saving = TV equipment weight saving + video-transmitter
weight saving ¥ 3+ 5= 8 1b. *

Condition 2 (assuming discrete parts design)
(a) Spac:craft prime power saving = 40 + 2000 = 2, 040 watts.

(b) Spacecraft veight saving £ 3 + 25 = 28 1b.*

* Ar mentioned in the Executive Summary (Paragraph 1.0), these estiinates of
spacecraft-equipment weight saving do not include any reduction in the weight of
the prime power source permitteu by the reduced prime power requirement. In
an actual system, somne reduction should be forthcoming; however, this is very
muck a function of the prime power source characteristics, the length of the
mission, the operating duty cycle of the video transmitting equipment, and the
nature »of the other spacecraft equipment loads,

If the video equiprnent operation ic intermittent, it is possible that a time-sharing
arrangement with other spacecraft equipment could be arrived at, such that the
video equipment would not require a significant increase in prime sovrce power
capacity. Under these conditicns, it would only be necessary to assure that suf-
ficient additional energy were available from the prime source to accommodate
the totai energy requirements of the video equipment. In the case of solar-powere:
and nuciear-powered sources, their sizes are dictated primarily by total power re
quirements rather than total energy requirements.

It is certainly beyond the scope of this study program to attempt to define overall
spacecraft equipment and operational requirements. Rather, the above discussion
is included only to show that the ‘etermination of total spacecraft weight savings
achievable by use of video data compression techniques is considerably influenced
L uther system considerations,
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1.6 PACXAGING CONCEPTS AND CONSIDERATIONS

An optimum spacecraft electronic package can only he designed with detailed in-
formation of the number and type circuits, expected mechanical stresses, re-
stricting component sizes, maximum dimensions, and many other inputs. It is
not the purpose of this study to give the details of a mechanical design. However,
it is of interest to consider some of the factors that would influence an optinum
package design of the compressed digital TV and standard analog TV using both
Lybrid SCIC and discrete parts approaches.

The TV systems considered may be divided logically in‘o three functional units:
camera and video, digital, and power supply. It is reasonable to consider the
camera and video unit as a separate entity connected via a cable to an electronic
package containing the digital and power supply units. The vidicon tube and its
shielding restrict tne minimum dimensions of the camera and video unii to a width
of two inches and a length of eightinches. Only the power supply imposes dimen-
sional limits on the other electronic package, since it is approximately cubic in
form factor. With allowance for the foregoing dimensional limits and the calcu-
lated protctyne equipment volume plus 10% for structure, the dimensions of the
packages shown in Figure 1.6-1 were derived. It is articipated that the digital
unit and power supply unit may be easily separated to facilitate replacement of 2
defective unit. The construction lends itself tc shielding against RFI and radia-
tion, urethane foam potting, minimum connectors and connections, welded sub-
modules, tension-membered cover, and flexibility in using the camera 2* = gepa-
rate location from the other clectronics.

Any desired optics may be externally attached to the camera unit. The drawings
of Figure 1, 6-1 do not include optics.

The details of the modular construction would cepend upon the equipment relia-
bility and main*ainability requirements. For instance, if standby redundancy is
desired, replaceable plug-in modules would be preferred with the portion of the
equipment that exhibits the highest probability of failure (i.e., the analog circuits)
grouped in one r=placeable module.

The-usc of either soldered or welded construction would bz satisfactory. However,
for optimum reliability, welding is preferred since the ccmponent parts are sub-
jected to less thermal stress during production. This is not meant to imply that

a welded connection is more reliable than a soldered one. Conversely, if the nec-
essary orecautions are taken to protect parts from thermal stress during solder-
ing, a soldered assembly can equal or even surpass the reliability of welded con-
struction since less stringent process controls are required for soldering.
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" Because of thei newness of integrated cii'cuits, relatively'litt"e test tirne was ac- .. . .

]

’ thJ.ch the failure rates were derived was actyally the total umt test time mu1t1p11ed
by the number of equxvalent discrete parts which would have been necsssary to-per-

“up’ by consuierably more test hours, than the average. The analysis of these test

sanly reflected in ‘performance. Therefore,

1.7 EQUIPMENT RELIABILITY STUDIES

1.7.1 Introduction

The reliability analyses were made frc™n part counts of each of the eignt space-
craft equipment configurations previously discussed. No detailed stress analyses
were performed. -

All available sources of failure rates werez investigated in an effort ‘o arrive at.
realistic, up-to-date estimates. Among these sources investigated were Minute -
man Failure Rate Goals, RADC Reliability Notebook. Martin Company Failure
Rates, and vendor test data. Vendor test data were the only available sources
f_r integrated circuits. : : "

After evaluation of each individual failure rate source and the application of EMR's
own ‘experience with high-reliability parts, failure rates were derived for mi.d-
1963 and mid-1964. These failure rates are listed in Table 1-8. The mean-time-
- between- fallure (MTBF) of each system- was calculated using these denved fallure
‘rates. :

p . - - N R . - ~

. . - B -

1.7.2 Analyéis of I.ntegrated Circuits ~—
Most of the vendor data ava11able on integrated circuits were published in late
1962 and included the results of testing during that year. The failure rates that

cwere achieved at the end of 1962 varied considerably from vendor to vendor. . After

evaluation of each failure rate and the test data, several reascxns can be givenfor
these variances

“cumulated and the samples were too small-to obtain a fallure rate comparable to
-discrete parts with a h1gh degree of confxdence. ) : : . o .

I ~

- - p

“Some published failure rates were much lowey than the average and weré backed

detta Tevealed that-the failure rates were misleading. The total test time from

form the" same functmn ars was perforrned by the 1ntegrated circuit,- - . .

AN < . . i

“For cxample, 1f an mtegrated c1:cu1t perir»rmed a logxcal funcnon tl\at tequired’ - -
20 dlscrete parts, the’ total number of unit test hours was multipliad by 20., ‘Th1s
total numbe:; qf hours is actually “the total.équivalent discrete part test time.” How-
ever, the’ des:gn of the integrated circuits dictated that only the entire cu'cmt be -
momtored during test, ‘and a failure of an equzvalent discreteé part is not’neces- ;
tiie data uged to desive the faﬂure -

rate per umb ccmpnsed the total equwa}ent partstest txme and the total c:.rcult i

4y
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failures. The calculated failure rate is then a meaningless number and was not
considered in the estimated failure rates used in this analysis.

The integrated circuit failure rates used in this analysis were derived by statis-
tically projecting the actual failure rates achieve in 1962 tc mid-1963 and mid-
1964. A significant improvement in reliability from mid-1963 to mid-1964 is
expected, and the faiiure rates used for mid-1964 are based on the assumption
that integrated circuits will be available on a mass-production basis by 1964.

Because of the limited amount of test data available on integrated circuits, the
failure rates should be considered a relative number to be used for comgaring
the four systers and should not be considered a precise numerical estimate of
reliability.

1.7.3 Analysis of Discrete Parts

The failure rates derived for discrete parts were taken from several sources
which are widely used in aerospace applications. In addition to these published
failure rates, consideration was given to EMR's past experience with components
in high reliability programs.

The failure rates derived for mid-1963 were statistically projected to mid-1964.
These numerical estimates for mid-1964 were based on the assumption that the
present reliability improvement trend will continue through mid-1964. An im-
provement of about 2:1 was predicted.

1.7.4 Reliability Analysis Discussion

The MTBF of each system was calculated by taking the reciprocal of the summa-
tion of the individual part and integrated circuit failure iates. It is stressed that
the iotal equipment failure rates jor the discrete part designs are based on the
assumption that a frilure of any one part causes total equipment failure. The
failure rates for the integrated circuits are derived from failure rates of entire
circuits. (A failure is defined as either catastrcphic or an out-of-tolerance condi-
tion). In many cases a discrete part could alsc drift out of tolerance without caus-
ing a circuit failure. To make a more realistic comparison of discrete vs SCIC
designs, a detailed parts application study would be required.

Because of the unavailability of statistically valid vidicon tube reliability informa-
tion, it was not included in the reliability estimates.. The same vidicon would be
used in each system, so the omission of this part f{rom the analysis does not affect
' the compezrisons between systems. Based on the performance of vidicona ernployed
in the TIROS satellitc series, acceptable reliability should be achievable with a
generally similar pick-up device in the MSC camera equipment,
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Redundancy and other reliability improvement measures were not considered in
the equ’~ment for this study. If higher reliability should be desired in operationai
hardware, these reliability enhancement meacnres should be considered,

1.7.5 System Comparisons and Discussion of Results

Table 1-9 lists the calculated failure rates for each equipment design on a func-
tional block level. Both mid-1963 and projected mid-1964 estimztes are included.
The reciprocal of the total failure rate for each equipment, expressed as MTBF,
is presented as a histogram in Figure 1.7-1. .

From these data, it is concluded that the exclusive use of discrete parts will re-
sult in higher equipment reliability. Using the mid-1963 failure rates the ratio
of predicted MTBF of designs using discrete parts to designs using hybrid inte-
grated circuitry is on the order of three to one. Using the projected failure rates
for mid-1964, the reliability of hybrid integrated circuits begins apvroaching dis-
crete circuit reliability. However, if integrated circuits do not reach a mass-
production basis by 1964 and a substantial number of test hours are not accumu-
lated, the expected improvement in reliability from mid-1963 to mid-1964 may
not be achieved.

Comparing the spacecrait TV equipment on the basis of similar design approaches,
it is concluded that there are no significant reliability differences between com-
pressed digital TV, standard analog TV and straight PCM TV, As would be ex-
pected, noncoded analog TV, because of its greater simplicity, is the most re-
liable equipment.
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SECTION 2
CODING TECHNIQUES

2,0 EXECUTIVE SUMMARY

In this section the field of picture compression is broken down intoc four consti-
tuent parts (1) general considerations of philosophy of coding, definitions of
pictures to be coded, grade of pictorial rendition, and special bibliography;

(2) types of redundancy elimination such as those involving element-to-element
line-to~line, frame-to-frame and other correlations; (3) optimum encoding of
the reduced redundancy source, including a consideration of the effects of error,
and (4) a brief consideration of the storage requirements generated by the fore-
going coding systems,

The redundancy reduction and optimum encoding effort coutinued throughout the
coursa of this study; however, since the major output of this study is a system
recommendation, that coding system (Roberts with PEC) which was decided
upon during the midterm of thic study has received the majority of the investi-
gation effort. Nevertheless, the relative position of seven different video coding
systems can now be summarized. This summary takes thz form of Table 2. 0-1.

The recommended system (Roberts with PEC) is seen from Table 2. 0-1 to yield
an expecied power saving of about 3,7 db relative to stra‘ght PCM and an ex-
pected bardwidth saving of about 3:1, also relative to straight PCM. For these
tenefits one must pay the price of median (five out of eigiit) relative complexity
and a picture quality judged acceptable. Systems exist with greater complexity
and greater savings, but detailed knowledge of them is less complete. Relatively
simpler systems exist that do not offer quite the expected savings. The expected
trade-off between relative complexity and compression savings does indeed
occur, Compression ratios of two to six can be forecast with reasonable
certainty.

Two systemns exist which are relatively farther out in development and yet
which offer the potential of large (> 6:1) compressions. These are split-band
and area encoding. One is terrpted to add run-length encoding to this list
since its potential compression is greater than 6:1, but actual video statistics
on run-lengths have been disappointing and the split-band system itself makes
use of a form of run-length encoding of the high band.

In summary, currently foreseeable systems can be expected to yield experi-
mental picture compressions of 3:1 by the end of 1963, Future systems probably
can c¢xhibit compressions of about 6:1 by the end of 1964, if study and develop-
ment proceed at the current pace.

2.1 GENERAL CONSIDERATIONS
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2.1.1 General Remarks on Coding

Bandwidth reduction of a digital video source by coding is extremely desirable
and is also feasible under certain conditions. The coding techniques should

take advantage of the signal redundancy or cleverly degrade the information in
such a manner that the obser-rer does not notice the degradation. The position
taken in the coding analysis is a unified viewpoint which regards the television
system as an information scurce in the Shannon sense. The redundancy elimina-
tion techniques which are considered result in the original information source
being changed into a new source, the entropy oi which hopefully becomez less than
that of the origianl source. To rneasure the etfecliveness of this approach,
gtatistics are required on both the original and the rnodified sources. The
statistics will vary depending upon both the coding technique znd the basic
pictorial content as modified by the television sensor. ‘the redundancy reducing
techniques to l e discussed will be classified as wither information-preserving or
information-destroying techniques.

Information-preserving techniques are completely reversible processes as far

as the encoder and decoder are concerned and the only error introduced in the
system, assuming a noiseless channel, is the quantizing error in the digital con-
verter. The efficiency of an in{>rmation-preserving technique that utilizes
redundancy elimination depenas upon the statistics of the digital source.

Statistics are necessary to determine the correlation between adjacent elements,
successive adjacent elements along a line, adjacent elements betweer successive
lines, adjacent elements in an area, and adjacent elements between successive
frames. The statistics that-are required to calculate these correlations are the
first-order and second-order probabilities p(i, j). Although it is possible to obtain
the remaining statistics from these probabilities, certain other probabilities can
be defined and measured on EDITS that will be extremely useful for analyzing some
coding techniques. Fc= instance, the previous element probability is cefined as
the probability that a picture element is at the same intensity level as the immedi-
ately preceding one. This probability, designated PE (previous element probability)
is necessary to determine the efficiency of previous-element coding (PEC) tech-
niques,

Extending the previous-element probability concept to many successive picture
elements requires obtaining the transition-probability distribution pi(j), the prob-
ability that a given picture element is at level j given that the immediately pre-
ceding picture element is at level i. This probability enables the efficiency of a
ccding technique that uses the correlation between many successive elements,
such as run-length coding, to be determined.

To evaluate the efficiency of coding techniques that utilize line-to-line correlation,
it is necessary to determine the statistical relationship between adjacent picture
elements on successive lines; that isg,

. P+ 1)
Py,l() L

elements the probability that an element in the kth position of line y + | is at level

j» given that the element on line y is at level i. This probability wiil be used in a
coding technique that utilizes previous-line correlation such as the previous line-
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previcus element (PEPL) coding techn’que, Although the correlation between
successive elements along a line or between lines is high, the correlation between
elements in an area is even higher. Hence, it would be necessary to determine
the area correlation tc evaluate an area coding technique.

The final statistic necessary to evaluate the eificiency of the information-preserving
techniques is the correlation between succes_ive frames. Given the probability
that an element at point x, y is at level j; that is,

Py.y, £,1 0yh{(E+1)5 .

A system thai would utilize the majority of the statistics mentioned would be an
elastic system that onh a short~-term basis, matches the coding technique to the
source statistics, This would then be an optirnum information-preserving coding
technique,

Although the statistics are not as well defined for the information-destroying tech-
niques, the addition of certain information-preserving coding schemes would
enable the over-all efficiency c¢f the techniques to be improved. For example,
Roberg's technique of nonlinear amplification with the addition and subtractior of
pscudo-random noise use< the nhysiological aspects of the viewer and the picture
redundancy to obtain an efficient digital system. However, it is possible to apply
any of the information-preserving coding techniques to Robert's video source in
expectation of imprnving the elficiency.

Another information-destroying technique is delta modulation which uses the
correlation between successive elements indirectly. Since the correlation
between successive elements is high, only the difference between adjacent
elermments is to be transmitted in a delta system. The efficiency of this system
could also be improved by statistically determining the correlation between

the delta approximation of the original and the origi=xl itself. Possibly this
correlation would lead to an increase in efficiency; that is, by applying an
information-preserving technique to a delta-modulztion source the over-all
system efficiency could be improved. Other inforraation destroying techniques
could utilize information-preserveing coding techriques. One of these is the
split-band coding system ia which the original v:deo signal is separated into its
low and high spect~al components. Both comporents may be regarded as infor-
mation sources possessing both statistics and rec:.ndancy to be removed by an
information-preserving coding technique.

Statistics will enable an evaluation of each coding technique; however, to compare
the many different coding techniques it is necessary to compare all techniques on
a common basis. For example, the average number of bits per element (coded
entropy) is one common pararneter that could be used since compression is
related to the coded entropy; however, the compression also must be relative to
some basic video system with a basic number of bits per element. With the
statistics specified it is possible to apply optimum coding to all the previously
mentioned coding techniques. An optimum coding technique with the prefix
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vroperty that is quite efficient i the Huffman code. The Huffmar code depends
directly upon the statistics of the source. Should the source statistics vary, the
Huffman code should change to remain optimum. Therefore, it is necessary to
determine a Huffman code that is optimum for a specified set of source statistics
and near optimum if the source statistics should change. Such a code can be
determined and the resulting ccde fortunaiely simmplifies the error analysis
considerably. The combination ot parameter reduction, redundancy eliminations
and efficie it (Huffman) ccding results in an extremely efficient digital television
system.

2.1.2 Definition of Scenes

For a typical manned spacecraft mission it is possible tc classify the events or
scenes that may be viewed with a television sensor into four categories., These
are:

1. Interior scenes in the spacecraft
2, Exterior sceizes of the spacecraft
3. Discovery or exploration scenes
4, Standard scenes or test patterns

For each category some typical or expected scenes that may be encountered are
given below, The first categery mayv include scenes such as (1) a full-face view
of a control panel, (2) an oblique view of a control panel with an operator, (3) a
wide-angle view of the cabin, (4) a close-up ¢f a crew member, (5) a view of
systems within the spacecraft, (6) a view of experiments performed, and (7)
microscopic views,

Ir the second category of scenes s»me possible views are (1) an exterior view of
"ie spacecraft. (2) monitoring of a reactor on a boom, (3) antenna and sensing
-quipment orientation, (4) damage assessment of th. spacecraft, (5) monitoring
of repairs to exterior of spacecraft, and (6) rendezvous o.ecrations,

The third category may contain scenes such as (1) planetary approach, (2) orbital
reconnaissan::, (3) re-entry, (4) landing, (5) countryside surveiilance, and
(6) crew member exploring the planet,

The scenes for the fourth category are the standard test patierns for adjustment
and zlignment. However, this category will alsc contain '"standard' scenes used
by previous investigators in determining system performance. Included ia this
latter classification will be typical scenes such as the "MIT Girl" and "crowd"
pictures and the Bell Laboratory stondard scenes.

In view of the vast number of scenes that could be processed, several scenes from
each category were chosen for the analysis, Included in these were interior
scenes of an existing spacecraft, mockups of proposed spacecraft, exterior view
of a spacecraft, planetary scenes, and several standard scenes. These were
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processed on EL)ITS in the forrn of either positive prmt 3, positive transparencu-s,
or live scenes. The nornenclature and classx.flcatwn of the scenes are summarized

in Tabl=z 2.1.2-1.

- Table Z.l

2-1 N
SCE\ES FOR STATISTICAL AND SUBJECTIVE ANAL YSIS
Scene Category . Description Type
i 1 Apollo i Positive transparency
2 1 - Apollo 2 Positive transparency
3 1 : - Cooper 1 Pcsitive transparency
- 1 Cooper 2 Posilive transparency -
5 1 " Cooper 3 _ Positive print :
b 1 Laboratory scene | Live ‘
7 - 2 Celescope Positive print
-8 e 3 Emission nebula Positive print B ’ =
9 3 i¥1on Half-tone reproduction
16 4 Test -f_hart Positive print )
11 4 Girl Positive print

These scenes are shown in the photograpnc sectlon of 6. 2 anad the results <{ the
sub_]ectwe and statistical analysis are giver in Sectxon 4. 2.

2.1.3 Grade of Service

In gzreral a '"grade" is a simpiifi>d designation representing a more detailed
specification. For instance, a system or object may be specified by n para-
If all the parameters p1

’meters p], pz. coay p p .

parameter Py is allowed to take on values

v <
Yk-min -

v

k"~

k, are held fixed and

<
, then this range of

Vk-max th

para*nea‘c values may bz broken up into G regions and each system whose k
parameter falls within a particular region G .is seid to be a ''grade j'" system.
Another grading systen is conceptually possible where a value trade-off among

the parameters P, is iustifiable.

Let such system value S be a function Vs

(pl, Pyr voes pn) of the n system parameters and let it also be restricted in

rarge V v &

s-min -~ 8 s-max’
and a system k whoga system value Vsk

This range rnay be divided into G regions also

falls within region Gj is also said to be

2 Y'grade j" system. Finally, it is emphasizec that a "erade' is a simplification
and that if the original parar.ciers are available then there is little use in
Nevertheless, the concept of a simplified system
grade is uscful wheu it is necessary to designate in an approximate manner
manry systems which are to be considered simultaneously.

specifying a system grade.
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With respect tc digital television, a system is defined largely by spemfy.ng scan
resolution R, quanti*iation Q) ard irame yate ¥, There exists no simple system-
value function V  which relates trade-offs between R, Q and F. Thereiore, the

~approach has'been taken here to "grade' a system on the basis of individual

grades for each of the parameters R, Q and F. The basis for starting the grading

‘syotem is approximately commercial standards: R = 512 lines per picture,

= 6 bits, and ¥ = 30 {rames per second. These three parameiric values are
given the grade A and L.z systern is graced AAA, which is possibly more familiar
in concept than 512-6-30.: Another rule, rather arbitrarily chosen, but borne
out approximately in experiments on EDITS, is that a factor of two degradation
is recuired to be a "really noticeable' degradation. Thus, grade B is 256-1'ne
resclution, or 4 bits guantizat’en or 15 frames per second. Normally if ¢ bits
is taken for grade A gaantization, then 5 bits should constitute grade B. However,
there appears tu be a just barely noticeahle difference in five- and six-bit quan-
tizatior so that actually four-bit quantization is about one-half the noticeably
maxirmum quantizaticn. Grade C 1s 128-line resclution or 3 bits quantization or
7.5 frames per second. Note that these grades AAL through CCC could apply
to systems of arbitrary R, Q, and F if the definition were made that a svstem
parameter grade is determined by that grade point paramcter value to which it
is closer. For instance, a system with R = 460, Q= 3, F = 10 would be a grade
AAC system. The parameters R, Q and F have not been carried below 128, 3,
and 7.5, respectively, as these are considered to be approximately the lowest
useble values for any system which claims to be a mcving-target, half-tone
television system. For certain special pictorial cases (e.g,, sun spots} involving
nigh-brightness, high-contrast detail, two-bit quantization may suffice. However,
for general pictorial materiz] this quantization is so coarce as to cause loss of
resoluticn because the optics/camera system modulation transfer function falls
below a small fraction of the quantization interval, i

Table 2,1, 3-_ lists the 27 conceptual digital television systems from grade AAA
through CCC. Although there exists mc useful system value function V_ therec
certainly exists a meaningful system cust function CS given hy i

C, = rR%orF, (1)

where R. Q and F are as defined previously. The units of C are bits per second
and, given an appropriate signal-to-noise ratic, represent the communication
charnnel capacity necessary to transmit the requisite picture grade. Tkis is
tabul *2d in Cclumn 5. This systern cost function Cs is for an uncompressed
system. Another system cost function C o’ listed in Column 7 and given by
Equation 2, is defined for a compressecd algltal TV system,

2
_RQF (2)
sc ¢
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R, Q and F are as before and C is the "average' compression of the system.
Within certzin assumptions C can be defined by

Q

) CPEr (@r ) \I-PE ° (3)

where (Q is quantization and PE is the probability that a picture element is like
its previous neighboring picture element to within one quantization level. It can
be readily appreciated that icr a given picture-oplics-camera combination PE
will be a furiction of both O and R with the expected relation being that a decrease
in PE should result from either a decrezse in R or an increase in Q or both in
combination. Algebraic simplification of Equation 3 results in

Q

C=ira-PH o

(4)

Combining Equations 4 and 2 gives

¢ =R°F [1+(1—PE)Q]. (5)
sC

Considering PE functionally, Equation 5 becomes

CC=R2F {1+E1-PE(R, Q)] Q}, (6)

s

with the function PE (R, Q) being experimentally m=asuxred on EDITS (see Table
2.1.3-2 for an "averagc picture, that labeled '""Cooper 2" iu Section 6. 2.

Table 2.1.3-2

PE MEASUREMENTS ON THE PICTURE '""COOPER 2" FOR VARIOUS
R AND Q VALUES

RZ 16,384 65, 53¢ c62, 144
R 128 256 512
6 5, 680 27,200 120, 480
4 10, 800 50, 75C 221,570
3 12, 840 57, 250 241, 980

Number of elements per frame like th:ir previous neighboring
alement,
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The ‘fﬁnction PE(R, Q) is tabulated in Column 6 of Table 2.1.3-1 and the resulting
Csc is tabulated in Column 7.

Another comprassion function Co may be defined. C:) is the ''"cver-all compression'
of the given system plus its PE encoding when its Csc is’compared tc the C of the
: 8

AAA system. In this definition "cempression!' is considered to come about by
informat-on degradation in combination with true "scientific, ! or bits-per-element
type compression., C 1is given by

o

_ 47,185,920

o C {7)
sc

C

This function is tabtulated in Column 8 of Table 2, 1. 3-1. Values of Co rann~e as

high as 232, 8; and it is just possible that for some restricted uses a CCC television
systern miay be adequate at a saving of 232.8 to 1 over a straight AAA systern, It
is t¢ be emphasized again the Co does not represent true compression in the

scientific sense. Anv compression claims in excess of about six to sne should be
very closely scrutinized to ensure that such claims are not including picture-
pararmneter degradation as part of the compression claims. :

Column 9 of Table 2, 1.3-1 lists a few comments which speculate on the areas of
possible utility for some of the graded TV systems. It is seen that tae system
recommended to MSC is the ''median" or BBB system. 'The resoluticn and frame=
rate of this system are not far from these of the Apollo 278-line, 10-/rame-per-
se:ond system.

It is interesting to place the 27 graded TV systems of Table 2. 1. 3-1 in decreasing
crder C_ and CS . This is done in Figure 2.1.3-1., Frocm this figure one 1nay
choose an availible channel bit rate and then locate all those digital television
systems, compressed or uncompressed, that will operate within the available
channel bit rate. Notice that many of the uncompressed systems have bit rates
identical with bit rates of one or two other systems. Even in the compressed
case several systems of diverse parameters have relatively the same bit rate
requirement. From Figure 2, 1. 3-1 the system designer may obtain ver onic¥ly
a feeling for the R, Q, F trade-offs possible within a given bit rate, By reference
to the right-hand column, he may also assess very quickly the utility of a simple
(PE) compression sysiem,

2.1.4 Coding Bibliography
A rather comprehensive survey of the field of digital video data corapressicon techniques
has beenconducted as part of the EMR company-sponsored digita’" / program. These

results are presented here because of their currentirterest. The fechniques were class-
ified as either a digital compression technique or a digital comoression technique
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wzth analog techniques. Table 2. 1.4-1 lists 54 digital video-compression techniques
that have beewn either theoretically proposed, esperimentally determined, computer
simulated, or actually implemented. The table with its associated bibliography is
intended to allow a quick look at the fieiu of digital video data compression.

Some of the more promising techniques will be discussed in detail in Sections 2.2
through 2. 6. The table does not attempt to normalize the comprescion ratios
claimed to some common parameter, but merely lists the compression ratic
claimed. In general, the compression ratios listed are the gross amount; that

is, the effects of noice and synchronization were not consid .red. Certain compres-
sion techniques may reauire a rather sizable increase .. signal-to-noise ratin,

thus reducing the gross compression considerably. Synchronization also has tue
possibility of decreasing the gross compression such that thc net compression is
considerably less than the gross compression.

2.1.5 Bibliography for 2.1

i. Gouriet, G. G.: "Bandwidth Reduction in Relation io Telzvision. " _.I
Television Soc., Vol, 8, 1956, pp. 103-108,

2. Gouriet, G. G.: Bandwidth Compression of 2 Television Signal, IEE
Paper No. 2357 R, May 1957,

3. Graham, R. E., Method and Apparatus for Reducing Television Bandwidth,
U. S. Patent 2,921,124, 12 January 1960,

4. Schaphorst, R, A.; Remm, R, L.: "An Image Coding System Which Reduces
Redundancy in Two-Dimensions, ' 1962 Nat, Conf. Proc, Aerospace
Electronics.

5. Gabor, D,; Hill, P, C. J,* Television Band Compression by Contour Inter-
Rolation. IEE Paper Nc. 3507 E, May 1961, pp. 303-315,

6. Maurice, R, D, A,; Monteath, G. D,: '"Current Television Research: 3Some
- Coutributions by the BBC Research Department, " Brit, Comm. and
Electronics, December 1961, pp. 902-909,

7. Glues, B,: "A Line Segment Curve-Fitting Algorithm Related to Optimum
Encoding of Information.'" Information and Control, Vol. 5, No, 3, September
1962,

8. D.bren, S.: '"A System of Narrow Band Visual Communications." SMPTE
Convention, 1962,

9. Cherry, E, C,: "An Experimental Compression System for Facsimile and
Television.' Int. Television Conf., London, May 1962,
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2.2 ELEMENT-TO-ELEMENT

2.2.1 EE Coding

Relatively few systems proposed for the compression of a television source can use
efficient coding of the digital data. Previous-element coding uses efficient encoding
to take advantage of the correlation between ad’acent eléments along a lina. The
system will transmit the absclute magnitude of an element only if it is not exaccly
equal to the magnitude of the immediately preceding element, If the magnitude

of the =lement is exactly equal to the previous element, a unique symbol, designated
Pii, is transmitted, If the source that transraits the PE and remaining sigrals is
efficiently encoded with an optimum code such as the Huffman (1) code, a com.
pression of the data can be achieved. To encode the source with an optimum code
for maximum efficiency, the probability distribution of the source must be known
zince the Huffman code depends upon the probability distribution of the source,

The Huffrnan code ic an optimum, variable-length code that has the prefix property.
The prefix property enables the set of code words tc be decoded since no longer
word can be zn extension of a shorter word. ftis op‘imum because no other coding
technique with the prefix property can have an entropy less than the entropy of the
Huffmar. set of code words. Since the correiation between successive elements is
high, the PE probability will also in general be high; therefore, it is zssigned the
shorte:t word in the Huffman set. To illustrate the coding technique, aasume that

a signal is quantized to n levels and converted to an N-bit PCM signal,

The previous-element encoder with the Huffman encoder operates on the PCM
source to reduce the entropy by converting the PCM scurce into a PE signal and
a PCM signal for those elements which are not PE, The two signals are then
encoded with the optimum code to reduce the entropy.

The Huffman encoder assigns code words according to the probabilities of the
source. The amount of reduction depends upon the PE and (1-PE) P(j) probabilities.
It ia not possible to obtain a general! expression for the probabilities ol the varicus
levels since the probabilities depend upon the picture being scanned, the resolution,
and number of quantizing levels, However, if the resolution and quantization are
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fixed, it is possible to determine an efficient code for a majority of the pictures
that may be encountered. This code can be determined by assuming that the
{1-PE) levels have a flat distribution. With this assumption it is only necessary
to measure PE to obtzin the efficiency cf the system whare the efficiency is de-
fined as the maximum coded entropy divided by the comprcessed coded entropy.
The maximum coded entropy is the entropy of the PCM source. The coded
entropy is given by

n

H = 2 P(i) L(i) (8)

¢ it

where P(i) is the probability of obtaining level i and L(i) is the number of bits
used to digitally code level i. The maximum coded entropy of the PCM source
is N; that is, Hmax = N. Therefore, the efficiency or compression of a system

is

C=N/H_ . (9)
The coding technique must minimize Hc for maximum compression,

A lower bound on compression can be obtainec by assuming that the (1-PE)

levels have a flat distribution. Under this assumption the coded entropy is
merely a function of the PE probability if N is specified. In general, the (1-PE)
levels will each be assigned N + 1 bits by the Huffman coding technique while PE
will have a single bit code word. The statistical entropy or the minimum number
of bits per element mathematically achievable is

n

H = -) Pl log,, P(i). (10)

i=1

This entropy is always less than or equal to the coded entropy; however, the
Huffman coded entropy is the minimum entropy for a decodable set of code words.
For the flat (1-PE) probability distributior the coded entropy

H =N+1-NPE (11)
cf

The gross average compression is

H
C =—-2% . N/(N+1-NPE). (12)
£ H_
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Figure 2.2.1-1 plots the average compression as a function of the number of
quantizing levels in bits parametric in PE while Figure 2.2.1-2 plots the average
compression as a function of PE parametric in the number of quantizing levels

in bits. To achieve a compression of 2:1 for a 3-bit PCM source requires a
minimum PE # 0. 833, while to achieve a compression of 2:1 for a 4-bit source
requires a minimum PE = 0.75. Therefore, for the two cases considered, 83,3
and 75 percent of the picture must be redindant.

Although this gives a lower-bound on compression, higher values of comprescion
can be achieved if the (1-PE) probabilities do not have a flat distribution,
Deriugen(z) experimentally determined that the probability distribution of a
quantized television source followed a Gaussian distribution. Assume that the
brightness-amplitude-probability distribution is Gaussiz.n where levels N/2 and
N/2 + 1 are most probable, The probability of level n can be determined by
using the normal probability integral,

4.5
) n -tZ (13)
P(n) = ——m——- e > dt
AAL
-4,5
n

If the normal distributicn is divided into the appropriate number of intervals, the
probabilities for a Gaus.ian distribution can be obtained. For n = 8 the coded
entropy focr a Gaussian distribution is given by

Hg = 3,207 - 2.207 PE. (14)

Figure 2.2.1-3 plots the average compression as a function of PE for a Gaussian
distribution for the (1-PE) levels and N = 3 and N = 6.

To achieve a 2:1 compression for 8 levels with a Gaussian distribution requires

a minimum PE of 0.773. The Gaussian distribution requires PE = 0. 773 and for

this value of EE and flat encoding, the compression is only 1.79:1 or a 10.5%
decrease in compression by assuming a flat distribution when the actual distribu-
tion is Gaussian. For the Gaussian distribution assume the probabilities and PE that
are given in Table 2.2.1-1.

The Huffman coding tree is given in Table 2, 2. 1-2.

To determine whether or not a coding technique will be useful, it will be necessary
to determine the range of PE experimentally as a function of the picture material.
A simplified block diagram of the previous element encoder is given in Figure
2.2.1-4. Since the operation of the camera, video processor, and analog-to-
digital converter are described elsewhere, only the encoder and decoder will

be considered. The encoder compares successive words and tranemits a

PE signal to the Huffman encoder wher two successive words are identical.
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TABLE 2.2.1-1
PROBABILITIES FOR A GAUSSIAN DISTRIBU TION

Level Probability Level Probability
PE 0. 848 5 0.05244
1 0..0005 6 0.02037
2 0.00304 7 0.00304
3 0.02037 : 8 0.00015
4 0.05244 l

TABLE 2.2.1-2
HUFFMAN CODING WORDS FOR GAUSSIAN DISTRIBUTION

ProbaBility Huffman coding tree Code words

: PE © 0.348 1
(1-PE}P(4) 0.05244 01
(1-PE)P(5) | 0.05244 001
(1-PE)P(3) | 0.02037 0001
(L-PE)P(6) 0.02037 00001
(1-PE)P(2) 0.0030< 000001
(1-PE)P(7) 0.00304 0000001
(1-PE)}P(1) 0.00015 00000001

) (1-1$E)P(8) 0.00015 00000000

If the second word is not like the first word in store, then it is transmitted to

the Huffman encoder as an absolute magnitude. The Huffman encoder merely
assigns the appropriate Huffman word to the PE and (1-PE) signals. The
appropriate Huifman word to the PE and (1-FE) signals. The Huffman encoder

has been investigated by Novik 7/, Gilbert{4), and others. The encoder's
function is to receive the original data at some rate r, and transmit the data to

the channel at a rate r_ where r_( r, for r, a constant. Since the codi.g technique
is an information-preserving technique, thé decoding operation is merely the
inverse of the encoding. '

The preliminary results from EDITs indicate the potential of the PX coding )
system. For the 11 standard pictures described in Section 2.1,2 {Table 2.1.2-1)

and assuming that a 4-bit PCM signal is to be compressed, the average entropy
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of thc compressed soarce with flat encoding is 2, 31Z bits per element with the
maximur: and minimuin entropies 2. 562 and 1. 496 bits per element, respectively.
If it is further assuvmcd that subjectively the picture quality 3f a 4-bit picture is
accegtabie, then the average compression relative to a 6-bit TM source with
flat previous element coding is 2. 982 for the 1! pictures with the maximum and
minimum compressiong of 4. 211 and 2. 343, respectively. A general analysis

of the Hufiman coding teciinique and some preliminary effects of errors on the
Huffman code is given in Section 2. 6. Present indications are that for reasonable
error rates and real-time transmission the effects of errors in the pre rious-
element coding system will not appreciably degrade the displayed picture. The
effects of errors are quite similar tn errors in a deita-modulation system where
a single error will cause streaks versus the single error in a PCM s, stem causing
a Ysalt-and-pepper' effect in the displayed image. Hewever, compressions in the
order of 2:1 are reasonable for the coding technique and the system can be imple-
mented.

2.2.2 Run-Length Coding

The upper-bound on compression for previous-element coding is log_n where n

is the number of quantizing levels. However, for certain probabﬂity‘ distributions
the statistical entropy is less than one indicating that compressions greater than
log,n exist. To achieve these higher compressions the coding technique should

take advantage of the correiation between rnany adjacent elemente. Run-lergth
coding is a two-dimensional coding techunique that encodes both the amplitude of

an element and the number of successive times the clement at the particular
ainplitude repeats itself; therefore, it can be considered as an extension of previous
elernent coding.

Several investigators have postulated that television is a higher than a first-order
process; hence, it will be assumed that for run-ilength coding. the source is a
second-order process. Using this assumption with the appropriate second-order
probabilities, a lower-bound on compression can be obtained. Fcr the coding
analysis a run-length will be defined as the number of successive elements at a
specified amplitude immediately preceded and followed by an element not of the
samne amplitude as thc successive elemconts. To obtain the compression for run-
length coding it is necessary to know the statistics of the source.

Although it would be possible to measure the run-length probabilities directly and
obtain the compression, it is also possible to obtain the compression by measuring
the transition probanilities and apply these to a model of the source. For the model
the measurements necessary are n(n +1) while for the direct run-length probabilities
the measuremenis necessary are nR where n is the number of quantizing levels and
R is the maximum run-length. For a typical system where n = 8, R is in the order
of 103, Therefore, by using the model, there are 7.936 x 103 fewer measure-
ments required; however, using the mcdel does require a rather lengthy evaluation
of the compression expression, but this can be eliminated by solving the expres-
sion in general with a computer and obtaining the compression as a function of the
transition probabilities,
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Although it appears that run-length coding “ill result in rather Jarge compressions,
this in general is not valid for muitibit -oding dve to the large number of code
words required to specify all the possible runs of each amplitude level. However,
the technigue is extremely useful for a twc-level source where long runs could and
do exist. For example, consider a two-level source wherc runs to 512 could exist.
Here, 1024 code wnrds are required to speciiy runs 1o 512 of each level; there-
fore, each run-length will be described by a 10-bit coGe word. Consider now a

rua of 256, This run would require a 10-bit code word and a 256:1 compression
would result for that portion of the picture. Unfurtunately, a run of one also
requires a 10-bit word and results in a 10:1 inci'ease in bandwidth. For the system
to effect compression, ii is necessary to have an average run-length greater than
10.

However, sirce there exists the possibility of obt.ining '"large’ compressions,
consider a derivation of the compression for a model for run-length coding.
Although a general derivaticn for an n-level video source will be presented later
for illustrative purposes. assurne that tke picture is composed of black and white
elements.

From elementary probability theory, the following probabilities can be defined:

P{w) = first-order probability of obtaining = white element

P(b) = first-order probability of obtaining a black element

Py{w) = transition probability of obtaining a white element given
the immediately preceding element is black

Py(b) = transition probability of obtaining a black element given
the immediately preceding element is black

Pwib) = transition probability of obtaining a black element given
that the immediately preceding element is white

Pw(w) = transition probability of obtaining a white element given
that the immediately preceding element ig white

P(b,w) = joint probability of obtaining a black-and-white element in
succeasion

P(b,b) = joint probability of obtaining a black-and-black element in
succession

P(w,b) = joint probability of obtaining a white and-black element in
succession (15)
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A run-length of level black y elements long will be defined by the joint occurrence
of a white element followed by y black elements followed by a white element. Let
this sequence be defined by the variable RbY‘ Similarly, a run-length of level
white y elements long will be defined by the joint occurrence of a bitack element
followed by a y white element iollowed by a black eiement. Let this sequence be
defined by the variable RWY.

The run-length probability of a run-length y elements long of level black is then
given by:
P(RY) = P(w, b, ..., b, w) .
b oo o (16)
y

This can now be rewritten in terms of the first order and transition probabilities
using Equation 15.

P(R,Y) = k [P(w) Py(b) Py(k) ... Py(b) Pb(w?l ' (17)
LW -}
/g

y-1
where k is a constant to be evaluated.

Equation 17 can now be written in as:

PRY) = k E(w) P (b) P, (b)) " Pb(wﬂ : (18)
However, »
Py(b) + Pylw) = 1. : (19)

Therefore 17 becomes

P(R,Y) = k{P(w) Py (b) pb(b)y’lE - Pb(b)]} . (20)

The expression for the run-length probability of a white run can also be derived
which is .

P(R,Y) = R{P(b) Py (w) PW(W)Y-I[i - PW(W):n. (21)

In order to achieve the maximum possible run-length, assume that y varies
from one to infinity,

Therefore
21 I:P(Rby) ¥ P(RWV)] = 1 (22)
Y:.‘
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Substituting 20 and 21 into 22 the constant k can be evaluated.

[—d

lf‘
k Z {P(w) P, (5) Pb(b)y‘ 'ﬁ-Pb(b)}r P(b) Ppiw) P (w)¥! [i-Pw(wﬂ}z 1.
y=1

(23}
However, for the two-level video
P(b,w) = P(w,b) ; (24)
that is,
P(w) P_(b) = P(b) Py (w) . (25)

Applying this to 23 it becomes

-
KkP(w) P_(b) > LPb(b)V‘IE-Pb(bﬂ+ Pw<w)Y‘1[1-Pw<w)]}= L (26)
y=1

It can be shown that

Yy _ a .
) - am ¢ <t (27)

Therefore,
k P(w) Pw(b) E {pb(b)Y'lﬁ - Pb(b)] + Pw(w)y'l[i-Pw(w}:|}=
y=1

k P(w) P (b){B'Pb(bﬂ Pp(b)  1-Pylw) Pylw)
w . .
Pyp(b) 1-Pyb) P, lw) 1-Pylw)

\

Kk P(w)[pw(bﬂm =1 (28)
Solving fov k,

k = 1 . (29)

2 P(w) P_(b)
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Equation 27 and 36 below can be applied to 35,

Z _ al-a)  a<t .
= ya¥ "~ (1-2)2 (36

Therefore

C = —_—

2-P,,(b) 1-P, (b) [2-F 1-P 3 (37
— 5" 10g, Pyb) + logy =2 ] + ] log, P (w) | log 2Pyt
1-P_(w) wiTh o+ T2 2P (w)

1-P,(b) 2Pp(b)

Therefore, the average compression as given by 37 is defined by the transition
probabilities Pb(b) and Pw(w).
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Since this expression is a function of only the transition probabilities Py(b) and
Pg(w), it is possible to obtain a family of curves to obtain the expected compres-
sion as a function of Py,(w) for constant Pp(b}. These curvas as shown in
Figures 2.2, 2-1 and 2. 2, 2-2 show the possible compressions available using the
model. The compression is at least upper-bound since the statistical entropy
implies an upper-bound and it is the least lower-bound since runs to infinity were
agsumed, '

The assumption of runs to infinity is rather impractical since the maximum run
length is determined by the resolution of the system; however, it is used as a
mathemati 1l tool. For the practical case, assume that the maximum run
length is limited to some value, A£. Consider now how this effects the compres-

sion expression previously defined. From Equation 20 and 21 the probability
of obtaining a black-and-white run-length y is

P(Rby) =k [P(W) wa “"Pbb) PbbY'1] ; (38)

If it is assumed that the maximum run length is £, the constant k can be evalu-
ated from

£

Z [P(Rby) + P(RWY)] =1, (4€)

y=1

Expanding 40 out, it takes the form of

a+ax+ ax2 + ... (n terms), (41)

which is equal to

(1-x) . (42)

(1-x)

; [P(Rb"’) + P(Rw‘/)]
y=1

k [ Pw) Py, (1-Ppp2) + P(b) Pyy, (1-Pyny 4]

Therefore,

-
i

(43)
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C Average Compression
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FIGURE 2.2, 2-1 PLOT OF AVERAGE COMPRESSION AS A FUNCTION OF THE
TRANSITION PROBABILITIES P, (w) FOR CONSTANT Py (b)
FOR A TWO-LEVEL PICTURE
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However,

Therefore, solving for k

K = ! (45)

P(w) Py [ 2-Py,2 - Pow ] '

Substituting this into 38 and 39,

P(R,”) = (1-Pbb) Py’ (46)
(2-Pyp £ - wa[) Pbb
and N
P . Y {1'PWVI} 7] y
(Ry,) = Py (47)
(2-Ppp £ - P2 Py

Since the bracketed terms of Equations 46 and 47 are constants, the proba-
bilities become

Y

and

\r
i

PR,V =k, P (49)

ww

It is now possible to obtain the run-lenath probabilities for any value of.z )
Ppbs Pyws andy.

Assume that the transition probabilities are specified, therefore enabling calcu-
lation of the run-length probabilities. In the past the average run-length
compression has been obtained by a.a’?ming or measuring an average run lengtn.
However, if a maxiranum run length, £, is assumed, the probability set norma-
lized to one(by truncating the run length to same value less thanZ), higher
values of compression can be predicted. '
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,Ass‘ume that lhe normalization process has been performed for a maximum run
iength of / .- Gonsider the eifects on compression if the equipment is designed
uch“'that ~hre maxlmum run lengih allowable is ~£{2. Thereiore, for a run
greater’ 2 &/Z say k units long where //2 < k ¢ £ , this will be counted

ag a run of #/2 and azun of k - 1/2 It is now possible. to take the original.
nroba.bxhty set for runs to & and convert it to a new probat: ility set, normalized
//2.', It is posmble then to truncate the runs at any value of
! . The _compression available is a function of k and there exists a
suc.h that a maxunum caompiession exists. Using this technique the data from
uITS‘ were operated on and applied to Equation 22 to obtain the lower bound for
s

mp essmn as a function of the truncation length

= a =

~—~ >

%_!;ww g s_alﬁred that runs to 256 could exist and the data from EDITS were used
22t ﬁﬁhpute the compress ion for truncatmg the run-lengths at values less than
obab1ht1es for the c‘ldsen p1cture are g1ven in Table Z 2.2-1.
- FIR» -ORDER AND TRANCITIONAL
-f:- ' ., PROBABILITIES OF LINEARITY RETMA
CHART TAKEN ON EDITS

P?b.(b)' = 0 869 Pw(w) = 0. 943

Pylw) =0.431 - P(b) = 0.057

LOWER BOUND ON COMPRESSION.
. K OR VARYINC- TRUNCATION LENGTHS

256 |" 128 64 16 8 4 2

W
o~

- 4.34 14.50°| 1.67 |1.78 [ 1.76 | 1.53| 1.23]0.99 |

[y C - -

2y

7 1,e}:‘termma.tmg at. 16 the mode predwted a compresslon of 2. 09 for
'e?EE;'dxng of the lmf.anty -RETMA chart while the actual value obtained
gtati tic s wasg, 2. 40... Truncating the. maximum runs at 8, the model
1393 wfule the actual vaiue was 1.96. The prebabilities obtained for
la.hons ’are tabula.ted in Table 2. 2.2-3.
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TABLY. 2.2.2-3 RUN-LENGTH PROBABILITITS
; FOR MODEL TRUNCATED AT EiGHT

Run Length Level

Black White

1 0. 04844 0. 03492

2 0. 04124 0.03464

3 0. 03582 0.03272

4 C. 03113 0.03084

5 0. 02680 0. 02906

6 0. 02351 0. 02740

7 0. 02043 0. 02582

8 0. 13449 0. 42068

Therefore, for the values of k chosen the model proved to be quite successful

" and illustrates the point that the maximum possible compression for run-iength

coding is a function of the terminating length. From the flat encoding it appears
that for the linearity RETMA Chart, the maximum compression would be ob-
tained if the run-length truncation is between 16 and 32. However, this value
would vary as the picture statistics change. It would be possible to use the
model by writing a computer program and plot compression as a function of
terminat. .g length for various values of transition probabilities. Such a

plot would enable an elastic encoder to choose the optimum truncation length

for maximum compression. As a further check on the model the encoded
entropy and the mathematical entropy were compared. For the linearity RETMA
Chart and truncating at 8 and 16, the mathematical and encoded entropy were

£0. 001 of eack other. One other check was performed on the model to check its
validity, The first-order probabilities were measured and were 0.304 and 0. 696
from the raw data. The mod.i reduced these probabilities to 0.3114 and 0. 689,
respectively.

Although the model is exir:mely useful for a two-level source, the majority of
the applications for space transmission require an n-level source. Therefore,
the model will be extended and an expression for compression will be given using
the first-order and trans tion probabilities.
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Consider n events Ey, B,y .., En with individual probabilities a,, Ay cvey
a, and transition probabﬁities Pij' The joint probability of any two events ig
given by P(Ei, Ej) where

P(E;, Ej) = a; Py (50)

This concept can be exterded to the joint occurrence of as many events as
required, that is

P(E;, E;, ..., Eg, E)=2; P

g P (51)

ij-n. st

Define a run length y units iong of event Ej as the joint occurrence of y succes-
give EJ's immediately preceded and followed by any other event other than Ej.
Consider a run-length of one and let R1Yi be a random variable that describes
a run length y4 units long of Ej' Therefore,

1
P(Rj )= P(E4, E E1 or E; or ... Ej-1 orEj+1or... orEn)+

jn

P(E,, Ej’ Ejor Ejor... orEj_i orEj=1or... ox E )+ ... +

P(E,,, Ej’ Ei or Ep or ... or Ej-i or Ej+1 or... orE)).
(52)
This can be rewritten as
n n I
: > p
= d . . P, PR
k=1 k#j k=1 k#j
n
2, Pnj . E ij ,
k=1 k# (53)
where m is a coastant tc be evaluated. However,
n —
P = (1-P,) . (54)
Z_ jk ( JJ)
k=1 ik#]j
2~35
s ”"‘ff".k e -
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Therefore,
n
1
P(R.7) = P, (1-P..).
( ; ) mZE 2y ,ZJ( JJ) (55)
=1
Now consider the case of obtaining a run length of Ej Yy units long.
n
vi Y1’1
P(R. = P . P 1-P..) .
(Ry" ) mZ VA ji (1-Py;) (56)
A= 1 L4t
The constant m can be evaiuated from
¥4 max
> > p(Rj") _ (57)
Yy =

Assume that ¥4 max iz infinite in order to obtain a least-upper-bound, therefore,

P n n

P(R }___ m; apPy.
Y1=1 J=1 : = '_1//']/#)
yq-1
ij (1-ij) . (58)
For (P..) <K 1,
D
z -1
Yi - . -P..
ij ij (1 PJJ) , (59)
yq= 1
and P n
5; _S_ P(R”)—i-m; E ,ZIZZJ
yi=1 j=1 j=1 L+
(60)
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Solving for m,

I 1 , (61

%1 ;1ajpjj -/aﬁj

Therefore,
n
asPy . .V ap
v A 3 3
P(R.’ 1) = “£= . (62)

J n

> 2 (1-Py)

i= 1

To obtain the average compression it is necessary to obtain the average run
length (RT) where it is deifined as

= n

KL = 5_ T yy P(RYY) (63)

yizi j=1

The compression for obtaining the least-upper-bound for run-length coding is

Cx = N RL , (64)
H([P (Rj”i)]

which reduces to

o> n
C. = N § -T vi PRH (65)
REN 22 a[ P (RID]
yp= 1 =1 i
However,
L ad n
y
H [p (Rj”)] = - E E p(RJ.“) log; PIR, W (Y3
y4= 1 j=1
2-37
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Therefore, Equation 65 becomes

oo n
N D2 oy P(RjY1

= yg=1 i=t
CR* —== et (67)
- Y4 y
E E P(R.”1).10g, P(R,71
ye=1 j=1 J B2 PRy

Therefore, given the necessaxy transition probabilities, it is possible to obtain
the least-upper-bound on the compression for run-length coding of an n-level
video source,

The expression for run-length coding is quite involved; however, by considering
run-length coding of the PE and (1-PE) source, the expression iz simplified
soinewhat. Previous-element-run-length coding (PERL) is related direccly to
run-length coding. Consider a run of level j, y elements ilong. In this 1un
there are y - 1 PE elements or a run length y elements lcng is a PE run length
of y - 1 elements long. However, the analysis of the PERL truncated syttem is
different from the truncation process of conventional run-length coding.

Consider a run length of 2ny j, y elements long. A PE run-length y - 1 elements
long would be the summation of all the possible values of j. However, this
would require sending first a level, then the PE run length. This system does
have the advantage that since the previous-element encoder has been implement-
ed, the PERL system could be implemented with very few modifications to the
existing system.

To define the compression available with PERL coding, it is necessary to make
the distinction between PE run-lengths and the remaining elements. Lct the
least-upper-bound for compression be given by CPERL where

k, (log,n k, (log,n) RL
1(g2) + 2 (logy,n) (68)

c =
ERL
P H (message set) H (message set)

and k, is the percentage of the elements only requiring one code word. The

value of ky will then be the number of times an element is not a2 PE signal.
From previous -element coding this is the equivalent of the (1-PE) statistic and

is computed by
1|
R
k,1 = (1-PE) = P(;) .
j=1
Therefore, k2 is merc'y equal and equivalent to the PE value, or
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n
. ppl. 1
k, = PE'= 1 - PG
j=1

1
where P(j) is the probability of obtaining level j after PEC has been performed.
Let the average previous-element run length be PERL. Given

P(RpY),

the probability of obtaining a PE run of y elements, the average PE run-length is

m

PERL = E y P(RPEY) . (69)
y=1
The apper-bound on average compression is given by éPERL and is equal to
n n 1
g P+ |1 - E P(j) | PERL
j =1 j =1

C . (70)

PERL ~ 198" °

oo
Yy .
> npeeg] > wlew]
=1

y=1

The lower-bound for PERL can be obtained by flat encoding. The total number

of ccde words necessary is the s(m+tn) since each run requires both a magnitude
and PE run length, but not all require two code words and s is a constant for
this. Therefore, the number of bits required is log2 s{m+n) = log, s + logz(m+n).

The average compression for flat encoding is

n n
E 1 _>- WA ===
log2 PG+ 1 - P(j) | PERL
— _ j=1 ji=1 . (71)

PERL ~

long + log2 (m+n)]

1
It would be extremely useful to relate the P(j)land 1-P(;) to the well-known PE
and (1-PE) statistics. Consider now Equations 68 and 71 . The number

ipu)
j=1
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is equal to ky, or

(72)

s weRn mEEN WER
~
—
it
M
3
.-’l

If k1 + kz = k, then the probability of obtaining the original 1-PE statistics
n
[ . K
: P P(j) | = — = 1-PE ., (73)
j=1
The new value of the probability from the original P(j) can be found. Now
{ | < ‘, ky k, PERL
[ P Zi P(j) = -._——-—k_ki = k1 SERL T =9 . (74)
: i= E—
‘ 1 k, *PERL
Dividing numerator and depominator of 74 by ky, it becomes
ki PERL
= k
_ P E P(J) i o= ¢ (75)
3* 1 k1 — k,
; = 2 R ..
" PERL =
n
However, kilk = (1-PE) = :5___ P(j) and 75 can be rewritten as
i=1
) n
r (1-PE) PERL
| P P@) | = — : (76)
=1 (1-PE) PERL + PE

It is now possible to rewrite Equation 70 in terms of the average PE run length
and the PE signal. Thcreiore,

= log, n PERL
CPERL =
H (PEEL; (1-PE) PERL + PE

(77)
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The upper-bound on PERL coding can be found by taking the limit as PE ap-
proaches one; 77 now becomes

_ e logzn
lim C = PERL e (78)
P
ERL H (PERL)

PE->1

Run-length coding is a Lighly efficient system for a small class of pictures.
Compressions of 2:1 to 1”7:1 can be shown for a black and white picture, but at
the expense of a highly complex system. Compression of an eight-level sou.ce
is in the order of 2:1 to 4:1 for a small class of pictures.

The compression that can be realized by PERL ceding i3 less than the amount
by conventional run-length coding, but the PERL system is much easier to
implement, thus less complex., The transition probability model for run-length
coding is a valid and extromely accurate model for predicting compression. In
general, the model verified that there exists an optimum truncation length for
compression since the compression is a function of the truncation run-length.
The compression for truncated run-length coding in general is higher than
conventional run-length coding. This is valid not only for a two-level scurce,
but for a maltilevel source also,

In general, if complexity is traded for compression, run-length coding is pro-
bably not as efficient as PEC. This is valid for both conventional, previous-
element, and truncated run-length coding due to the buffer store requirements
on run-lengtic coding.
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2.2.3 Roberts Encoding

Previous attempts at bandwidth compression have attempted to either utilize the
statistical properties of the video signal or to eliminate redundancy. Robert' (5, 6)
technique o bandwidth compression does not utilize either of these properties
directly, but takes advantage of the viewer's eye and presents the video data in
such a manner as fo best take advantage of the redundancy and statistics.

The systern is a conventionzl PCM system with a digital pseudo~-random noise
generator and asscciated circuitry at the transmitter and receiver, The digital
pseudo-random noise is produced by a pseudo-random number generator and is
added to the video signal prior ‘o quantization. At the receiver, the same noise
(synchronized with the transmitter) is subtracted after the digital video signal has
been converted to an analog voltage. Effectively the psevdo-random nois ' addition
and subtraction randornizes the average videco and quantizes it to several inter-
mediate levels instead of only one icvel. As a result, the normal quantization

noise of a three-bit, analog-to-digital converter is effectively reduced and the
subjective results indicate that the three bits can represent the tonal scale,
Therefore, the continuum of pseudo-rand>m noise, limited in maximum amplitude

to one basic PCM quantization level, added to the signal before quantization, reduces
the tonal error but at the expense of increasing the total mean-square error. There-
fore, an improved picture is obtained by trading noise for annoying contours. Sub-
jectively, the noisy picture is more pleasing to the eye than the coarsely quantized
signal with contours since the eye tends to average out the noise.

Although the addition and subtraction of the psuedo-random noise effectively
reduces the contouring effect, a further refinement is added to take advantage of
the visual process. Since the eye is more tolerant of errors in bright areas
than errors in dark areas, the video signal is companded prior to the addition of the
pseudo-random noise, An improvement will result if the majority of the errours
are concentrated in ti.e bright areas since the eye responds mere nearly to per-
centage of errors than to the absolute errcr. Thus by employing, a nonlinear
amplifier with a square root transfer fuaction, an improvement will result since
the eye responds to the square root of the intensiiy; therefore, if x is the video
output, the output of the nonlinear device will beV x. The companded signal is
then added to the pseudo-~random noiseol,

The pseudo-random noise has rather precisely defined properties. Assume that
the video is quant1zed to n levels and that the total number of elements in the
pucture is m%, (See 2.z.3.} for discussion of pseudo-random numbers )

The meximum amplitude of the pseudo-random noise is 11m1ted to one quantizing
level, The maximum amplitude is then divided into p = levels where, &5 a
function of time, the p levels are generated in a pseudo-ra-ndom manner. If the
pseudo~.random noise is generated by a shift-register with linear modulo-~two
feedback, the number of stages required is S where S must satisfy the relation-
ship that if (25 - 1) is evenly divisible Ly P, then the quotient must equal m2,
However, if (25 - 1) is not evenly divisible by P, S must be chosen appropriately
in conjunction with P, This vill ensure that the P bit sequence generated by the

2'. - 4.‘.
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pseudo-random number generator will not repeat itself in on- frame, be random
.n time, ~nd have 1 flat distribution. The companaed video with pseudo-random
noise is then quantized to N bits where N = logy n.

The signal to be quantized will be y = f(\/_)_c—+o()‘ 1f a perfect char 1el is assumed,
the signal y can be converted back to an analog voltage ai the receiver. From

this analog voltage the same noisepsynchronized with the transmitter, is subtracted,
Finally this voltage must be squared to reconstruct a close approximation to the
original waveform. Figure 2.2.3-11is a diagram of a typical pseudo-random nrise
transrnitter.

The receiver has the same pseudo-random noise generator ~. the transmitter
and the two are synchronized. The signal from the tr-.asmitter, y, quantized to
3 bits is pasced through a digital-to-analog conv._rter where the pseudo-random
noise with a maximum amplitude of one bzsic quantization level and variable is
subtracted. This noisc subtracted {rom z effectively increases the 8 levels going
to the display to 64 levels since each quantization level may be broken up into 8
additional levels., Tbhis signal is then squared to return the voltage to a good
approximation of the original video. Figure 2.2.3-2 shows a block diagram of
the recciver,

A block diagram of the complete Roberts system is given in Figure 2.2.3.3, The
physical operation of the system imposes no problems with regard to implementation.
The Roberts technique has been built into EDITS as an optional feature and allows
experimentation of combining Roberis technique with other coding techniques.

Before discussing combining Roberts and previous-element coding, a short
graphical analysis of Roberts technique will be given to illustrate how the
technique performs. Figure 2.2.3-4 shows a ramp function to which eight levels
of pseudo-random noise is added. The ramp fu.action plus pseudc-random noise
is quantized -+ ight levels and is shown in Figure 2.2,3-5. This waveform is
then transm.. Jd over the channel and should be compared to Figure 2.2,3-6
which is the ramp function encoded to eight levels by conventional PCM. From

" the PCM with Roberts waveform quantized to eight levels the same pseudo-random
nuise added at the transmitter is now subtracted as shown by Figure z.2.3-7.
Figure 2.2, 3-8 plots the displayed waveform for the PCM and PCM with Roberts,
From this figure it can be seen how the techunigne has reduced the effects of
contouring, For example, consider the time interval between 5 and 10. For

the conventional PCM the value of the signal is one, whereas with Roberts the
value varies from 0.7, 0.2, 1.1, 1,4, and 1.6. Therefore, the contour has tcen
broken up into five levels instead of only one. In theory, it is possible to display
a maximum of 64 levels with three-bit PCM and three-bit Roberts, whereas with
conventioncl PCM only eight levels can be displayed. However, inis is at the
expense of having a larger total mean-square error which can be seen from
Figure 2.2,.3-9, Probably one of the most interesting aspects of the system is
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that the system requires the same signal-to-noise ratios and synchronization as
conventional PCM.,

The compression for Roberts technique is approximately 2:1 if the subjcciive
results of using three bits of quantization with four bits of zseudo-random noise

is judged subjectively acceptable.

Some preliminary results on subjectively judging the eifects of Roberts and
decreased quantization can be obtained from the comparison of EMR-developed
EDITS I of two subjective reproduction compression systems shown in Section
6.2.5. This figure presents pictures obtained from EDITS of conventional PCM
and PCM with Roberts for varying resolutions. It is apparent that the normal
annoving contours present for three-bit quantization are not present with the
Roberts technique; however, the six-bit PCM is subjectively preferred to the
PCM with Roberts. There are, however, applications where the Roberts
technique with the 2: 1 compression would be highly desired.

The Roberts technique can bz combined with other coding techniques to increase
the compression by considering the output of the Roberts ercoder as an information
source. Although it appears that applying previous-element cnding, to the

noisy Roberts source would defect the purpose of previcus-element, experimental
results have proven otherwise. For six-bit quantization the previous-element
signal is approximately 0.5: however, for three-bit quantization the PE is
approximately 0.8. When Roberts is added to three-bit quantization, there does
exist a slight decrease (about 15 percent) in PE, but there is already the 2:1
compression of the Roberts technique to begin with. The only change in the PE
signal is due to the pscudo-random noise addition, but since the maximum change
in quantization level that can be effected by the addition of the pseudo-~-random
noise ir limited to a maximum of one quantizing level, and the probability of
obtaining any intermediate level is the same as the probability of obtaining a
maximum change, the signal statistics do not change drastically for the relatively
coarse quantization to 3 bits,

First order, (1-PE), PE, and run-length statistics were taken on EDITSE at 256
resolution of the "'girl picture'. These statistics were used to calculate the
various values of compression available, Three values of compression will be
used to predict the compression for the various coding techniques., %he upper
bound is found by using the statistical entropy of the message set, the lower
bound by flat encoding, and the actual compression by using the ercoded entropy
from Huffman encoding the message set.

The encoding techniques to be used are truncated run-length and PEC with and
without Roberts techniqgue, For PEC and assuming a 2:1 compression for Roberts
technique, the results are tabulated in Tables 2.2.3-1 and 2.2.3-2.
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TABLE 2.2,3-1

PEC COMPRESSION FOR GIRL PICTURE

Compression
Coding Upper Bound Actual
Without Roberts 3.26 2.18
With Roberts 3.37 3.18

TABLE 2,2, 3-2

ENTROPY OF GIRL PICTURE

Entropy
Coding {inimum Actual—
Without Roberts 0.92 1,38
With Roberts l 1.78 1.59

Although basic PEC gives a 2: 1 compression without Roberts, this decreases to
1.59 wh'n used with Roberts. However, a 2:1 gain is obtained with Roberts;
therefore, a net compression of 3. io results,

Truncated run-length coding was discussed carlier and Figure 2.2,3-10 gives a
plot of average run-length as a function of the truncation length. The black-and-
white model predicted compression as a function of truncation length and this

was verified for the 8-level picture also as shown by Figure 2.2.3-11, The
probabilities were plotted in Figure 2.2.3-12. If the probabilities are considered
it is possible to relate these to the average run-length, The average run-length
can then be used to predict the compression. Notice how compression varies
with truncation run-length. Table 2,2.3-3 tabulates the entropy of the girl
picture as a function of the truncated run-iength., For analysis the run-iengths
were allcwad to vary from 2 to 64,
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TABLE 2.2.3-3

ENTROPY (BITS PER ELEMENT)

Maximum | Minimum | Actual | PE Actual || Maximum {Minimuin | Actual| PE Actua
H, 2.16 1.73 (1 1.77 1.38 2.41 2.24 2.26 1.59
Hy 1.59 - 1,28 |1.29 1.38 2.10 1.94 1.95 1.59
HS 1.26 1.04 |1.05 1.38 2.07 1,76 1.81 1.59
H, 1,14 0.92 c. . 1.38 2.24 1.74 1.59
H32 1.11 0.85 S 1.-38 2.52 1.72 .. 1.59
H64 1.18 0.83 1.38 R ce Coe 1.59

Figure 2.2.3-11 summarizes the results of truncating the run-lengths with and
without Roberts and compares the results to PE coding. From this figure the
following statements can be made. PEC compression with Roberts technique is
slightly less than truncated run-length with Roberts (3.2 to 3.4), but it is far
easier to implement PE than run-length coding.

" Truncated run-length coding compression without Roberts is greater than

truncated run-length with, but subjectively the picture is unacceptable due to

" contouring.

The best over-all system at present considering coraplexity compression and

picture quality is PEC with Rcberts.

Compressions of 3:1 are possible for PEC with Roberts.

'An additional amount of compres sion may be possible by combining PEC and

Roberts with the split-band technique.

U .
i . -

Z 2. 3.1 P;seqdo-Random Number Genérat{dn ~‘

; -

- Pseudo. .random number generatlon has progressed rapidiy to a state-of the.art -
status over the past few years, mainly through the matheriatical efforts of -
Colomb’ ‘) and other invesgtigators, (8 - 15} The practical application of
~pseudo-random number- generation has follewed the theoretical development

rather closely in guch fxelds as erro*-correctmg codes, {16 - 21) modulation (22)




(23) (24)

bandwidth compression, secure commulications. and scanning. The
generation of pseudo-random sequences can be accomplished through the use of
binary shift-registers with feedback. The number of sequences that can be
generated and their length depends uporn, among other factors, the type of feed-
back emplecyed which can be either linear or nonlinear.

Before going into the actual properties of pseudo-random sequences, it will be
advantageous to discuss the mechanization elements necessary. One possible
method of generation is through the use of re-entran: shift-registers with
modulo-two addition for feedback. A shift-register is composed of a series of
bistable memory elements with the ability tu transfer the contents of each ele-
ment into the next element when interrogated by a shift pulse. Normally, the
shift pulse returns each element to the zero state with an appropriate delay ‘or
the transferring signal. The outputs of the appropriate shift-registers are
connected with the appropriate logic stages such as modulo-two adders, wh.ch
can be described by the truth table of Figure 2.2.3,1-1.

The outputs of the modulo-two adders are then fed back to the {irst stage of the
shift-register. When the shift-pulse arrives, the time output of any one of the
shift-registers forms a digital sequence with properties depending upon the
initial condition of the registers, the type of feedback used, and the number of
modulo-two adders,

The shift-register jenerator can be best described by Figure 2.2.3,1-2. The
Fj‘s are flip-flops connected in series to form an m stage shift-register. There
are m switches Cy,..., Cm, which can either be opened or closed depending upon
the desired sequence. Asscciated with each switch are the modulo-two adders
with the properties of Figure 2.2.3.1-i. The final portion of the generator is
the shift-ciock pulses. The sequence of pulses generated by this circuit will be
a periodic sequence of period 2™ -1 where m is the number of stages. The
time structure of the sequence will be determined by (1) the original sequence
set into the shift-register, (2) the type of logic used to combine the output of the
last and intermediate stages to the first stage, and (3) the nurmnber and location
of the intermediate stages used,

Two types of sequences can be obtained; these are: (1) a maximal sequence
where m is the number of stages, reierred to as m seuuences, and (2} non-
maximal sequences where a sequence is defined as noniiaximal if the period of-
the sequence is less than 2™@-1, For the masima! or m_sequences the total
number of sequences can be determined frora [Q) (Zmol)] /m, where @ (2Mm-1) is
the Euler function equal to the number oi integers (one includeil) smaller tivan
(2™.1) and coprime (no common factor) with (Zm-l}. An m sequence ccontains-
one run of m consecutive ones, one run of {m-1) zeros, a run >f ones of length
(m-1), and one of zeros of length (m-2). In general, taere are 2! runs of ones
end 2 runs of zeros of length (m-i-2) for O $3i% m-2; h.,wever, a run of m
zeros does not occur. If the digits in each m consecutive positions of the shift-
register are considered as an m-place binary numher, a vequence of (2™.1)
in-place binary numbers are generated. Each of these binary nimbers occui's
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once and only once with the exception of all zeros, and the sequence repeats itself
after the generation of the complete sequence. Such a sequence will be called

an M sequence., Although in general it is possible to generate an M sequence

ot any length, sometimes it is necessary to generate a sequence of period

2M-1, but length S where S<M. It is possible to use the m-stage generator

to generate the S sequence., Consider now an m-~stage generator where only s

of the m stages are used to genevate the S sequence as shown in Figure 2.2.3.1-3,

Assume that the period of the S sequence must be greatc s than 25-1. This can
be accomplished provided that (2™.1)/s is not evenly divisible, and that m and
s are chosen appropriately. If, for example, (2™M-1)/s is evenly divisible, then
the length of the S sequence will he (2™ -1)/s,

Thereijore, it is possible to generate M sequences of length 2M -1 or S sequences
of length greater than or equal to (Zm-i)/s, and each of these sequences have
definite special applications.

Although these sequences generated look random in nature, no finite sequence can
ever ve truly random. However, the seguences generated by the shift-register
generator technique will have ccrtain properties which can be associated with
randomness. For example, if the output of any stage is taken as a time sequence
composed of zeros and ones, the total number of zeros is nearly equal to the
total number of ones with the maximum difference being one. Stated in terms of
conventional probability terminology, the first-order probability distribution
must be flat. This of course implies that the total number of runs of zeros .
must equal the total number of runs of ones. Finally, the autocorrelation furction
of such a sequence is two-valued, which gives another mathematical too. to
analyze generated sequeinces to determine whether or not they can be classified
as pseudo-random in nature. '

Although the earlier investigators spent much time and effort determining the
proper connections for generating m sequences, such an analysis for linear feed-
back is not necessary for M sequences less than 20. Fortunately, it is possible

to relate the feedback stages to the roots of irreducible polynomiale for specified
m lengths. Marsh (9) has tabulated these characteristics for not only m sequences,
but for nonmaximal sequences also, Therefore, given the sequence length, it is
only necessary to refer to the table to obtain the propesr linear feedback connections,
It is also possible to generate nonmaximal sequences of K bit numbers and have
these K bit numbers presenced in time in a pseudo-random manner. Theyefore,

it can be concluded that pseudo -randomnumber generation has achieved such a -
state-of-the-art status that generation is relatively simple to implement and
prediction of the statistical properties of the sequence can be accomplished

without too much difficulty.

2.2.4 Split-Band Coding

Split-band coding is an efficient bandwidth-reduction-coding technique that uses
the statistical redundancies in video signals and certain characteristics ¢ f human
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vision to reduce the transmission bandwidth. The system attempts to match the
video system to the information channel by reducing the information rate to some
lower average value. A television picture consists basically of two kinds of
picture detail: (1) sharp tonal transitions or picture edges, and (2) gradual
changes in tonal scale between the edges. The eye mairly perceives the edges

of objects and has little success in judging the absolute brightness of any large
area: therefore, sinr.: there are only a finite number of edges in an average
picture and they are cortained in the high~frequency components of the video, it
is necessary to sample them at a high sampling rate. The highs can be quantized
coarsely, stored, and transmitted at » slower, uniform rate.

However, the low-frequency components require 1acre levels of quantization to
prevent contouring. This signal is sampled at a much 'ower rate because it is
composed of the low-frequency components. Therefore, it is possible to reduce
the bandwidth required by separating the video signal into its low~ and high-
frequency components and requiring the average information transmission rate
to be much less than the conventional systzm. Kretzmer {25] in 1056 proposed
such a system where the low-frequency components or the ""lows" were obtained
by low-pass filtering the original video signal. The high-frequency components
or the "highs' were obtained by subtracting the ''lows" from the original signal
with a delay equal to the delay of the low-pass filter. However, this system
exhibited spurious edge effects,

The spurious edge effects were eliminated in the system proposed by Schrziber(26)
in ]958. Schreiber's system used s2parate channels for the '"lows' and "highs,"
Since the '"lows'" were transmitted in *he analog mode, there was no contouring as
there is with coarsely quantized FCM. However, the eye is extremely critical of
edge position and will not tolerate edge displacement; therefore, the digital edge
information requires a high signal-to-noise ratio and the edges require both a
brightness and position code word. This system requires an elaborate buffer
store to transmit the edge information 2t a uniform rate since the edges appear

at a nonuniform rate. However, the average compression for such a system is

in the order of 4: 1. This system did exhibit a picture whose subjective appearance
was inferior to the original picture.

As a possible improvement to the split-band system, Schreiber (27) in 1959 pro-
posed the "synthetic highs' system. The system is a basic split-band system,
but the '"highs'' are synthesized from a waveform of pulses carrying the edge and
amplitude information only. The leading and trailing edges of the '"nighs' are
artificially generated and the original waveform can be reconstructed by adding
the '"lows' and ""synthetic highs.'" However, the system still requires two chan-
nels for operatior along with the buffer store problem. A system was built and
average bandwidtk reductions of 4: 1 were obtained where the ovenall picture
quality was acceptable. To locate the "highs,' a form of run-length coding called
""run-end positioning'' was erployed to obtain the average compression,

Newell and Geddes (28) jn 1961 conducted tests of the last two systems described
and the results were startling. The test assumed that the basic operation for the
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""quantized-highs' and for the "synthetic-highs'' systems was the same as just
described. A 2:1 bandwidth reduction was reported but at the expense of reduced
accuracy in reproduction; thus, the bandwidth reducticn wae not due to reduction
of redundancy entirely., The reduced.redundancy pictures of both syetems were
compared to a conventional system after reducing the bandwidth by means of
only a low-pass iilter anc simple "crispener' circuit, The split-band systems
were subjectively inferior to the low-pass system. Both the brightness and
position code words required a higher S/N ratio than the conventional system,
Neither system considered the subjective effects of noise, which will ke a limit-
ing factor., However, it was concluded that the split-band system could possibly
result in a 4: 1 average bandwidth compression.

In September of 1962, Pratt (29 presented a system utilizing the split-band-tech-
nique, but the over-all system is a hybrid of many compression techniques. Vari-
able-velocity scanning, split-band, delta modulation, run-length coding, and the
synthetic highs were all combined in one system. Although a 7:1 bandwidth re-
duction was claimed, this figure was not verified, However, if the system could
be implemented, an average 7:1 bandwidth reduction seems entirely feasible.

The final split-band system was reported by Giccal30) in 1962. This system as
with Pratt's system was a combination of several compression techniques. The
system combined the compression techniques of variable-velocity scanning, split-
band, Roberts pseudo-random noise modulation, and multiplexing of the ""highs"
and "'lows" for single-channel operation. A block diagram of the system is given
by Figure 2.2.4-1, I- view of this accomplishment, split-band, PEC, Roberts,
and run-length coding could result in a feasible compression system. However,
before considering these systems, consider the general results of split. bhand
coding.

Split-band coding requires separation of the original video into the "lows'" and
"highs;" however, there is no general agreement as to what percentage of the
original will be called the '"lows.' Instead of assuming a definite percentage, a
general expression for split-band coding will be derived. The following definitions
are necessary for the derivation.

Le!

x = the number of horizontal elements pes line,

y = the number of lines per frame,

-y
H

the number of frames per second,
e = average number of edges per run-length,

¢ = the number of bits necessary for quantization of '"highs",
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e

£ - percentage of the video low passed, and

the number of bits necessary for quantization of ''lows."

P

¥rom the above definitions it is possible to calculate the '""lows' and '"highs"
digital bit rates. Consider the ''lows'' digital bit rate.

Let
xy = total elements per frame,
Axy = total elements per second,
Aixy = low-pass scan rate,

low-pass filter cut-off frequency, and

1]

(Axy)/ 2
Loixv

Therefore, since the total number of elements per recond is a fixed quantity,

the "lows' digital bit rate depends directly on #p, the low-pass cut-off perc :ntage
and the ""lows' quantization. No specific statement can be made for the low-pass
percentage since this point is a function of the picture detail; however, the maxi-
mum quantization for the lows is six bits. To calculate the savings in band-
width for the split-band technique, it is necessary to calculate the '"highs' digital
bit rate.

"lows' digital bit rate,

The ""highs' digital bit rate can be calculated after determining the average edge
run-length. Assume the element rate is fixed and is equal to fxy., Therefore,

fxy element rate,

]

u

e average edge run-length,

efxy = average number of edges per second, and

erfxy "highs't digital bit rate,

The quantization of the '""highs' will depend upon the average edge run-length

and the amplitude quantization of the edges. Therefore, with the '"lows," element
rate fixed, the digital bit rate will depend upon the average edge run-length and

) quantization. A genseral expression for the average compression can be found by

obtaining the digital bit rate for the conventional PCM system. The PCM digital
bit rate is 6fxy, If it is assumed that the split-band system incorporates the
necessary buffer stores, the average digital bit rate of the split-band system
will be the sum of the '"lows' and "highs'" digital bit rates, Therefore, the
average compression T can be found,
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Basicr PCM Digital Bit Rate ,
Split-Band System Bit Rate

Ol
1

= _“__.__6.252_____, which can be reduced to
erfxy + ¢gpixy

- 6
er +.Zp

This expression shows that the average number of bits per alemnent for the aplit-
band system is er - /p. Therefore, it is pnssible to plot ths average compression
as a function of the average number of bits per split-band elsment, which is pre-
sented in Figure z.2.4-2, Figure 2.2.4-3 gives a plot of the averadge compression
as function of the average edge-run-length, It is also possible to form a nomogranh
for obtaining split-band compression. The nomograph was constructed and is

given by Figure 2.2.4-4.

While thc average compression for split-band coding is relatively simple to
determine the split-band concept is quite involved to implement. The compression
expression was derived from the basic split-band concepts without regard to the
type of =ncoding and depends merely nn guantities that can be statistically
measured. However, Leiure cousidering a possible hybrid system, assume that
the channel is limited to one megabit per second. It is possible under this
condition to obtain the rnaximum frame rate for various resolutions and bits per
element. This is plotted in Figure 2,2.4-5.

Since the average compression is a functior of the average rumber of split-band
elements per second, decreasing this average could result in an increase in
compression., Therefore, several experiments were conducted on EDITS to
investigate the possibility of combining split-band coding with Roberts and PEC.
Among the points of interest is a determination of tue cifects of the low-pass filter
cut-off frequency onthe PE signal. Previcus investigators have determined

that the ‘ow-pass cut-oif frequency should be between 1/16 to 1/10 the bandwidth
of the video signal, In this region the PE value varied from 0.910 to 0.880 as

compared with a PE of 0.843 without low passing the video signal and without the

Roberts technique, However, when the Roberts technique is added, the PE
varied from 0.910 to 0.875 as compared with 0.87C without the low-paes filter.
Figure 2.2.4-6 piots PE as a function of the low pass filter cut-off. Although
tig indicates that there is not a substantial increase in PE in the ''lows,' the
increase is sufficient to warrant further invesiigation of split-band with

Roberts and PEC, Consider the expression for split-band compression.
Combining Roberts and PEC with the ""lows" can effectively rec.ce the average
number of bits per '"lows" element by 1/2, However, this decrease does not -
imply that there is a 2:1 additional increase in compression. In fact, assuming
the average edge run-length is 1 edge per 10 elements, using PEC oa the '"lows"
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results in only a -1, 15: 1 increasc in compression over conventicnal ilat encoding
of the "lows." Even if the average run-length is assumed tc be 1 edge per 32
ciements, PEC with Roberts would only result in a 1.4: 1 increase in cormpression.
Therefore, the added complexity of Roberts and PEC must be weighed guite care-
fully before considering the addition of these techniques to split-band coding.

It can be concluded the compression for split-band coding for average pictures
is in the order of 6: 1. Combining split-band coding with Roberts could increase
the compression approximacely 20% to 30%. Combining split-band coding with
Roberts and PEC does not appear to be too feasible when comparing the increase
in compression with the increased complexity. For example, a 2:1 increase in
compression coald result by combining split-band with PEC and Roberts, but at
the =xpense of a 4:1 increase in complexity as indicated by comparing the
addition of boxes in Figure 2.2.4-7 to those in Figure 2.2.4-1,

2.2.5 Delta Modulation

Delta modulation is a digital technique similar to pulse code modulation; how-
ever, the delta system takes advantage of the information previously sent to
reduce the numpbex of bits per eiement. Delta modulation had its concegiion in
France in 1946'”°’ and since that time many investigators 32-48) pave applied
the technique and modifications thereof to the transmission of videc and speech
signals. The basic idea of delta modulation can be obtained by considering the
single-bit system. The single-bit system block diagram is given in Figure
2.2.5-1 and its operation is quice similar to a servo loop.

The input analog voltage to be transmitted digitally, e;, is compared to an ap-
proximation of the input voltage fed back, e through an integrator. The
difference voltage between these two signals, e, is applied to a pulse modulator
which generates a pulse whose polarity depends upon the polarity of the difference
signal. This pulse is sent tc the transmitter and to an integrator to form an
approximation of the input waveform. During the next sampling interval, the
input and the approximation of the input are compared and the new difference
gignal is sent tc the pulse moinlator. Therefore, the time output of the pulse
modulator is a sequence of posgitive and negative pulses whose polarity

depends upon the difference signal. If it ie assumed that the receiver conditions
the tranamitted pulases, the single-bit encoder consists of merely an integrator
and low-pass filter.

The single-bit delta system can be modified to optimize the performance by the
appropriate trade-off of system parameters. The integrator could be a simple
linear integrator with a long time constant in comparison to the sampling
period; however, it has many undesirable characteristics. For example, a
nuise pulse in the data link can cause an error to propagate over many elementa
until the integrator is reset. Also, the total number of levels possible is
limited by the integrator characteristics. Both these problems can be reduced
by employing either double integration or an exponential integrator.
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One of the major limitations of the delta system is the high sampling rate
required to obtain a subjectively acceptable picture. Unless the sampling rate
is high enough cumpared to the highest frequency component in the video, the
advantages gained by going to a nonlinear integrator are lost, From this it ia
apparent that a delta system is slope-limited rather than amplitude-limited.
The rnaximum slope or rise time that can be reproduced is dependent upon the
delta step height and the sampling rate. This maximum value can be increased
for a fixed sampling rate by a multi-bit delta _.ystem., However, as the numbér
of delta quantizing bits 13 increased, the system complexity increasss, thus
defeating somewhat the main advanisac of the delta system, simplicity., An
alternate method would be to use Aa modulation. Here, the steps are weighted
in increasing amplitude provided the difference signal maintains the same
polarity. This system has a better siep function vesponse,

In the multibit system the difference signa! is quantizers into several discrete
positive and negative levels. Figure 2.2.5-2 gives a block diagram of an N-bit
delta modulation system. If the delta step height is h and the sampling period
is k for a single-bit system, the maximum slope that can be reproduced is h/k.
However, if the difference signal is quantized to n levels where N = logan, the
maximum slope will be greater than h/k. The subjective performance of an
N-bit system increases, but at the expense of the increase in complexity and
aa increase in the output bit rate by N for the same sampling frequency as a
single-bit system. A compromise must be reached between the step height
size, sampling rate, fidelity, and bandwidth for the correct integrator.

A linear integrator definitely places rather severe restrictions on the system
performance. The number of reproducing levels is limited and constant be-
cause of the relatively long time conetant of the integrator. With a finite
number of possible levels, a aingle-bit system will display a certain amount of
contouring. To decrease the contouring a smaller stcp height could be used but
this limits the maximum slope that could be reprodvced. It is necessary to
compromise between fidelity and contouring. The noise performance of a linear
integrator in the system is rather poor since a transmission error will smear
along an euntire line instead of effecting only one element as the PCM system.
These particular features of the linear integrator can be reduced by enploying
an exponential inte:rator.

If the response of the integrator is related to the sampling period, the compro-
mise between the step height and sampling period can be reduced. Contouring
is reduced because of the nunlinear characteristice of the integrator, that is,
the integrator rarely decays to the same intensity value for two successive
steps. Therefore, the number of intensity ievels for the exponential integrator
is almost infinite and a continuum of intensity levels is produced. The noise
performance of a delta system with an exponential intagrator is increased
considerably since the integrator has a finite response; thus, transmission
errors could propagate to only a few succeeding elements. However, if the
sampling rate is too low in comparison to the video, an annoyiag oscillation
occurs. It is then necessary to compromise between th: sampling period and
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- ’-‘,thé tlme?con'atant of the integrator. Fortunately, an optimum relationship can
. be achieved between these two quantities. The advantages of the exponential

- f:"-ntegrator for the delta system are: reduced contouring since the number of

L poas1‘\1e reproducmg levels is nearly continuous with variable steps, good noise
o Ammunity since the time constant of the integrater is finite, and advantageous
“.; - use of the statistical properties c. the videc since the correlation between
succes3iv: elements is high.

PP Tl}e .fina}:_delta'system will represent a compromise between (1) image fidelity,
e {2} data link noise sensitivity, (3) transmission bit rate, (4) physical size,
~~ 7 {5) weight, (6).power, and {7) complexity. In general, a PCM system uses the
- bandwidth more efficiently than a delta system, but requires a sizable increase
N :f in complex:.ty to achieve this. The major limitations in the subjective quality of
the delta’ system are the magnitude of the minimum change in signal that can be
“detec.«ed and the time in which a change in amphtude can occur, Although a

= "To illustra. e some of 'the previoi).;aly mentioned characteriastics of a delta system,

Lo graphlcal a.nalysls of a typical waveform is performed The fidelity of the

g o 'd1sp1ayed waveform can be improved by incr easing th= sampling rate. Figure

f Lo E 2.2.5-3 plots the displayed waveform for a single-bit system sampled at fg and

% T2y and assuming a linear integrator for graphical convenience. If, however,

. R Lithe sampling rate is fixed, the fidelity of the delta system can be improved by
; - 'employmg a multibit delta encoder, therefore, Figure 2, 2. 5-4 shows the

{ "~ -7 output. of a two-bit delta system! The quantization was accomplished under the

- assumption that the large stép should be logyn where n is the number of levels

E A_'~' required.. For the graph the small step was arbitrarily chosen to be E .. /29
&. -° which requires that the large step be 5E, ,/28. To obtain a better reproduction
». -7 .of the-waveform, the large step is taken if tiie diiference sigral is greater than or

E *>  equal to 4Emax/28 " Since there is an inherent r'_iay in the delta encoder, the
& " displayed ovtput waveform was advanced in time one sampling interval and plot-
u ted in Figure 2.2, 5-5 to illustrate the fidelity of the twu-bit delta system, Since
[ 7 - delta fmodulation will be compared to PCM, the waveform was encoded to three

5 . bits and is plotted in Figure 2.2.5-56. A three-bit PCM ayvstem will display
‘¢~ -contouring;. therefore, three bits of pseudo-random noise is added to the wave-

* form before quantizatior. and the waveform plus noise is quantized as shown in
Fi&ure 2.2.5-7. This is one-half of Roberts technique. Figure 2.2.5-8 shows

~the. .dispiayed waveform aftér the pseudo-razndom noise is subtracted. Therefore,
“for the g1ven waveforny, it is possible toc compare t o-bit delta and three-bit
Roberts.. The displayed waveforms for both systems are given in Figure 2.2.5-9.
From this figure the fidelities. of the two systems appear to be about the same,
However, the resu,lts obtained from EDITS do not agree with this assumption,

since the Roberts pictures are subjectively better than-the delta pictures at the
: t,a,me resolution. The average compression for the delta system is C = 3:1.
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The discussion of the delta system up to this point represents the basic concepts
of the system. In keeping with EMR's philosophy in coding, the delta encoder is
considered as an information source to determine whether further compressions
could be achieved. Normally the statistical properties of the source can be de-
fined from the first-order probabilities; however, the statistica for the delta
source must be determined from the difference signal and not the original video.
Without too much difficulty it can be shewn that the probability distribution of
the difference signal is given by Figure 2. 2. 5-19.

DIFFERENCE 51GNAL PROBABILITY
/ N‘x
|

D""/ N’

0 +V (VOLTS)
DIFFERENCE SIGNAL

-

FIGURE 2.2.5-10
DIFFERENCE SiGNAL PROBABILITY DISTRIBUTION

The type of distribution is well-svited for previous-element coding to decrease
the entropy of the source. For example, assume that difference signal is
quantized to four levels and previous-element coded. Assume that the large
step occurs with a probability of x. _ A good approximation tc the probability of
the small step would be kx where k= 1. 1f the probability ot PE is y, then from
probabilit; theory y + 2x (k + 1) = 1, Assuming the yz 2x(k + 1), it ie possible
to assign a Huffman code for the tive events and obtain the encoded entropy or
the average number of bits per element. Table 2.2,5-1 gives the Huffman code
for k = 2.

Unfortunately, the entropy of the delta source depends upon the Huffman code,
which in turn depends upon the probability of the event; therefore, a general
expression cannot be given. Figure 2.2.5-11 was constructed to show the re-
lationship between encoded entropy, delta probability, and PE probability. This
imposes some rather severe restrictions on the PE. To achieve a gross com-
pression with previous-element coding and delta of 3:1, the PE must be greater
than 0.5 for k = 2. In fact, to increase the compression from 3:1 to 4:1 with
PEC, it is necessary that the PE be greater than 0,75, For k> 2, the require-
ments on the PE are lessened somewhat, but a new set of Huffman code words
must be defined.
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TABLE 2.2.5-1

HUFFMAN CODE FOR PREVIOUS ELEMENT
CODING OF A TWO-BIT DELTA SOURCE

EVENT PROBABILITY HUFFMAN CODE
PE . 1
7 +1 2x 011
~ -1 | 2x 010
: +5 b4 001
? -5 x 000

If the sampling rate is high enongh, a two-bit delta system is subjectively
equivalent {0 a six-bit PCM system. At lower sampling rates PCM is superior
. to delta. It would be possible to increase the compression of a d 1ta syvstem

] by employing previous-element coding if the statistics of the difference signal
can satisfy the previously mentioned requirements. However, this increases
the comgpliexity of the over-all system by a considerable factor; thus eliminating

simplicity -- a major advantage of a delta system.
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2.3 LINE-TO-LINE CODING

Previous-element coding takes advantage of the redundancy that exists between
adjacent elements along a line. Previous-element previous-line (PE PL.) zoding
extends previous element coding in the vertica! direction to take advaatage of
the correlation between adjacent elements in successive lines. Thus, PE PL
coding is atwo-dimensional coding technique ‘hat uiilizes both elernent-to-
element and line-to-line redundancy.

The basic system operation will be briefly described. A picture will be PEC
coded into the PE and (1-PE) signals. Adjacent lirce wili be compared and if
the (1-PE) signals on the two adjacent lines are alil.e, a previous line (PL)
signal will be transrnitted. Although it would have been possible to encode the
PE signals on adjacent lines with the PL signal, experiments indicate this
would degrade the over-all system performance. Obviously encoding the PE
signals with the PL criteria would decrease the PE vilue, thus reducing the
effictiveness of the Hufiman code. However, it is possible to estima:e the
compression that could be achieved by assuming statistics for the video.

As a lower bound on compression, assume that the (1-PE-PL) statistics have
a flat distribution. Further, assume that the PL probability is greater than
the sum of the probabilities of the signals tha: ase neither PE or PL. For a
flat distribution of the (1-PE-PL) statistics the Huffman code words can be
determined. Each of these elements wil' then have N + 2 bits, the PL signal
will have two bits, and the PE signal! will have one bit. The encoded entropy
can be determined by

h

H= E L (1) P{i) ,

i=1

whkere L is the number of bits for event i and P(i) the probability of event i.
For the flat distribution the encoded entropy is Hy = PE + 2PL + (1-PE-PL)
(N + 2) which reduces to Hp = N+ 2 - (N + 1) PE - NPL.

The compressicn can then be determined from éF =N/(N+2-(N+1)PE -
NPL).

Two cases will be given to illustrate the effectiveness of PE PL coding of a six-
bit and three-bit PCM source. For certain applications the three-bit PCM with
Roberts will be subjectively acceptable. Therefore, assuming a three-bit

PCM source is to be compressed, the compression for a flat distribution is
CF3 = 3/(5-4PE-3PL). Since the compression is a function of PE and PL and
at present the statistical relationship between PE and PL has nct been deter-
mined, a plot of comp=ression as a function of PE parametric in PL was plotted
in Figure 2.3-1. Given the values of PE and PL, the compression can be
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determined. As an illustration, assume that ii is desired to havz a minimum
compression of 2:1. What must be the statistics in order to achieve thig?

As an approximation to an upper and lower bound, it has been experimentally
determined that for three-bit quantization, PE genarally varies from 0.7 to

0.9. Thercfore, for PE = 0.7, PL must be at least 0.233 to achieve the de-
sired compression; however, for PE = 0.9, PL must be at least 0. 033. That

P zsuits must be obtained from EDITS tc determine whether or not the system
will be feasibie.

Daring preliminary investigations, it was ncticed that the PE signal was
approximately the same regardless of whether or not the picture was scanned
vertically or horizentally. Therefore, if the correlation is reduced in cne
direction, then the elements that are alike in the other direction should be
related to PE. It seems reasonable that the approximation of PL = PE (1-PE)
could be valid. Under this assumptior it is only necessary to specify PE to
obtain an ~stimate of the comyuression. The compression is given by éFR =3/
{(4-5PE + 2PE%), This expression is plotted in Figure 2.3-2. To achieve a

2:1 c~mpression it is necessary that PE be gr=ater than or equal to 0. 69. The
value of PE does not appear to be tco unrealistic for three-bit quantization.

Although the flat distritution sets a lower bound on compression, it is possible
to increase the compression by making maximum use of the Huffman code.
Although the Gaussian distribution is nsi an optimum distribution, it does pro-
vide an improvement over assumirg a flat distribution. Several investigitors
have stated that the video statistics are Gaussian in nature. Therefore, he
Gaussian distribution was divided into eight equal parts and the associatec
probabilities were obtained. These probabilities were coded with the Huffman
code and the encoded entropy for a Gaussian distribution with the PE and PL
signals were obtained. The compression is given by C53 = 3/ (4.207 - 3,207
PE - 2.207 PL). For a 2:1 compregsion with PE = 0.7, PL must be at least
0.209. However, with PE = 0.9, the compression for a Gaussian distribution
is greater than 2:1 independent of PL.

For various other applications it may be necessary to compress a six-bit
gource. Jor a flat distribution of the {1-PE) statistica the compression is
Crg = 6/(8-7TPE-6PL). Figure 2.3-3 was corJtructed plotting compreasion
as a function of PE parametric in PL. To achieve a compression of 2:1 for
the six-Dbit source it is nacessary to determine the relationship between PE
and PL. Fortunately, for six-bits statistics the average value of PE was ob-
tained. Nine pictures were processed on EDITS and the average value of PE
was 0.519. The pictures and PE are tabulated below in Table 2. 3-1.
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TABLE 2.3-1 PE AS A FUNCTION OF PICTURE MATERIAL

Picture PE
MIT girl 0.509
Moon 0. 479
Inside view, Mercury capsule No. 1 0. 416
Inside view, Mercury capsule No. 2 0. 526
Interior view, Apollo No. ! 0.517
Interior view, Apollo No. 2 0. 544
OAC satellite 0.605
RETMA test chart 0. 466
Starfield 0. 609

Figure 2. 3-4 was constructed assuming that PE = 0,519 and PL allowed to
vary to a maximum oif 0.431. The restriction of 0.431 was impoused such that
the minimum number of (1-PE-PL) elements are five percent of the maximum
number of elements. For the flat distribution and a PE of 0.5, PL must equal
0.228 to obtain a 2:1 compression, while PL must increase to 0. 395 to obtain
a 3:1 compression.

Assuming that the (i-PE-PL) statistics are Gaussian, the requirements on PL,
will lessen. For the Gaussian distribution the entropy can be calculated, With
the restriction of PE + PL 2 0.95, the compression is given by C 6= 6/
(5.909 - 4,909 PE - 3.909 PL). Assuming the PE = 0,519, to achieve a 2:1
compressicn, PL must be at least 0. 118, while to achieve a 3:1 compression
PL must be at least 0. 374. The value of PL fcr a 2:1 compression for a
Gaussian distribution is less than the value required for a flat distribution.
This indicates that compressions larger than those that can be predicted from
the assumed statistics could exist; however, the flat distribution docs establish
a lower bound on the compression that can be achieved with PE PL coding.

A block diagram of the system  given in Figure 2. 3-5, Since the system is
an extension of PEC in the vertical direction, the system operation will not be
discussed.

PE PL coding was designed to fill the void left by PEC for lower values of PE.
At high quantization the value of PE decreases to approximately 0.5. which is
not extremely well suited for PEC; however, for this value of PE, the PE PL
system has tlie possibility of increasing the compression by a factor of two
over PEC, Experimental recults will ver.ly or disprove this later; however,
for PE = 0.519 and PEC, the expected compression is 1.8:i, but assuming

PE ¢ PL = 0.95, the PE PL compression would be 3.6:1, or there is a potential
increase in compression of 2:1 by using previous iine correlation,
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For three-bit quantization two pictures were processed on EDITS to determine
PL. These pictures were the Mcon Picture and the MIT Girl Picture.

aid to statistically determining PL, each level wasg displayed as a black and

white picture if successive elements were not PE,

manually count the number of PL's present in each level.

It is then possible to
Once these are
determine., 1t is possible to obtain the (1-PE-PL) statistics and PE statistics

and Huffman encode these events, Figure 2.3-6 shows the displayed results
for levels ( through 7 for the Moon Picture and Figure 2. 3-7 for the Girl
"The statistical results are tabulated in Tables 2,3-2 and 2, 3-3,

Picture.

TABLE 2,3-2 PE AND PE PL STATISTICS FOR GIRL PICTURE

As an

___ Event Probability Event Probability
PE 0.7820
PE 0.7820 PL 0. 0988
(1-PE) 0 0,0211 (1-PE-PL) 0 0. €079
(1-PE) 1 0. 0351 {1-PE-PL) 1 0. 0203
(1-PE) 2 0. 0332 {1-PE-PL) 2 0. 0165
{1-PE) 3 0.0318 (1-PE-PL) 3 0. 0191
(1-PE) 4 0. 0361 (1-PE-PL) 4 0. 0199
(1-E) 5 0. 0342 (1-PE-PL) 5 0. 0222
(1-PE; 6 0.01é5 (1-PE-PL) 6 0. 0106
(1-PE) 7 0. 0043 (1-PE-PL) 7 0. 0030

TABLE 2.3-3 PE AND PE PL STATISTICS FOR MOON PICTURE

Event Probability Event Probability

PE 0. 7320 PE 0. 7320

(1-PE) 0 0.0100 PL 0.1290
(1-PE) 1 0.0746 (1-PE-PL) 0 0. 0027
(1-PE) 2 0. 0960 (1-PE-PL) 1 0.0377
(1-PE) 3 0. 0459 (1-PE-PL) 2 0.0467
(1-PE) 4 0.022z2 (1-PE-PL) 3 0. 0266
(1-PE) 5 0.011¢6 (1-PE-PL) 4 0.0130
(1-PE) 6 0. 0064 (1-PE-PL) 5 0.0077
(1-PE) 7 0.0031 (1-PE-PL) 6 0.0037
(1-PE-PL) 7 0.0014

e

If these statistics are now encoded with the optimum Huffman code, the com-
pressions for a three-bit picture using PEC and PE PL coding can be tabulated.
These results are given in Table 2. 3-4.,
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TABLE 2.3-4 COMPRESSION OF TWO THREZE-BIT PICTURES
FOR PEC AND PE PL CODING.

Coding
Picture PEC PE PL
Moon 1. 81 i. 80
Girl 1. 86 .92 |

Although these results for three-bit coding do not appear tco promising, the
PE PL system could possib’y be extremely useful. For example, Figure 2.3-8
plots the upper and lower bounds on bits per element for PE PL coding of a
three and six-bit source.

It is apparent that PE coding is a lower bound to PE PL and implementation is
straightforward extension of PEC. The PE PL system uses both element-to-
element and line-to-line correlation and statistics can be obtained from EDITS.
PE PL designed to operate in regions where PE = 0.5 for 6 bit quantization where
PE PL has the potential to increase the compression by a factox of two over PEC.
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2.4 FRAME-TO-FRAME CODING

The correlation between successive frames is large because of the repetition

in time necessary to achieve continuity of vision. The bandwidth required for
real-time transmissior is directly proportional to the frame rate, therefore, if
the correlaticn between successive frames is by necessity high; then a con-
siderable savings in bandwidth could be achieved by transmitting only the
difierence between successive frames. A signal is transmitted when there is a
change between frames. The anly information transmitted is the new information
represented by changes in the picture; that is, the amount by which each frame
differs from the previous one. I only this difference is transmitted, the band-
width should be reduced consgiderauvly.

The previously discussed coding systems utilized only the short-term redun-
dancy such as element-to-element or line-to-line, whereas the frame-to-frame
coding uses the long-term redundancy. Therefore, the long-term redundancy
elimination techniques by necessity require cxtremely large buffer stores since
an entire frame must be stored. However, the size of the buffer store could
possibly be reduced by reducing or eliminating the short-term redundancy.

For example, consider PE coding where a 2:1 bandwidth reduction is achieved.
The size of the buffer store could be reduced by 50% if PE coding is used prior
to frame-to-frame coding. It appears that if frame-to-frame coding is to be
practical, it must be used in cascade with other coding techniques.

There are several pogsitle methods of frame-to-frame coding. The most
logical is an extension of the PEPL coding techniques that is, code the source
with the PEPL technique and then previous-frame (PF) encode the (1-PE-PLj
elements. However, tiais does not appear to be too practical or profitable.
For example, assume that a source is encoded to three bits, The value of PE
is approximately 0. 8 and PL imust be less than 0.2. Therefore, this implies
that at most only 20% of the total elements have the possibility of being PF
coded. In addition, by PF coding another code word is added to the code set
and one more digit is added to the /1-PE-PL-PF) words, thus, the coded
entropy could be increased if PF is not high enough. The coded entropy is given
by

t

Hc = N+3-(N+2)PE - (N+1)PL-NPF,
which must be compared to the coded entropy of the PEPL system, which is

H =N+2-(N+1)PE - NPL

C
!

For N = 3, Hc =6 - 5PE - 4PL - 3PF, and H,= 5 - 4PE - 3PL, and if it is
assumed that PE = 0, 8, then Hc = 2 - 4PL - 3PF and Hc = 1,8 - 3PL. Now
PL .+ PF<O0, 2 for Hc' while PL'< 0.2 for H_. To achieve the pinimum H!
and H_ for maximum compression, let PL = 0. 2; therefore, H, = 1.2 = H; or

the PF system doea not improve the maximum efficiency. In fact, if the
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additional size, weight, and power are considered, the PF coding would
actually decrease the net compression. Therefore, consider an alternate
approach to PF coding.

For this gystem assume that frames k and k + 1 are PE PL coded and then the
two frames are compared and PF coded. This system achieves the com-
pression of the PE PL on the two frames, but on the k + 1 frame additionai
compression is achieved. Therefore, it is necessary to determine the
correlation between frames k and k + i. Thia correlation in general is high,
but once again the maximum achievable compression is log,n since the PF
must have one bit to describe it. However, it is necessary to perform a
trade-off in assigning the Huffman code words to the PE, PL, and PF
probabilities. Therefore, it becomes quite obvious that frame-to-frame
coding using PF correlation in the same manner as PE coding doe¢ s not pro-
vide a sufficient increase in the amount of compreasion.

It would be advantageous to determine an entirely new approach tc frame-to
frame coding. The most obvicus choice is to transmit only the difference
between successive framcs, that is, both the coordinates and intensity of each
difference signal is transmitted, However, this imposes rather severe
restrictions on the -amount of redunduncy between successive frames. For
example, consider a picture composed of m2 elements where eachk element is
encoded to n levels. The total number of bits required to describe this picture
is Nm? where N = logzn. Further, assume that the PEC system achieves a
2:1 compression of the number of bits for PEC is Nm . The number of bits to

specify the location of each element is log2m2= 2M and 1intensity is N or each
element in the PF system requires 2M + N bits. Now, determine a value of
p, the correlation between successive frames such that

(1-p)(2M+N)m? $ _Nm?2

2
That is, (1-p){2M + N) g N/2. The minimum p is when the equality sign is valid;
thatisp . N . For N=3and M=8, p=1 -~ 3/2(19) = 0.921, which

2(2M + N)
implies that 92. 1% of the elements in the successive frames must be of the
same magnitude to achieve a 2:1 compression with previous-frame coding.
However, this is the same compression as with PEC. OUne desires that the
PF gystern have a compression greater than the 2:1 of PEC; thereifore it is
necessary to determine what percentage of the elements in frame k + 1 must be
the same as the elements in frame k., To achieve a 4:1 compression p = 0. 961
. or 96,1 percent of the information between successive frames must be
redundant. This may or may not appear to be a realistic estimate on
frame-to-frame redundancy. A system ~f this type is extremely sensitive to
errors and it is conceivable that if for example every T frames a new picture
is transmitted, that an error in frame T-k could totally destroy the remaining
frames. Therefore, an alternate possibility exists where, instead of every T
frames sending the complete frame, x percent of each frame is transmitted in
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real-time, thus at least x percent of each picture would not allow an error to
propagate through the remaining frames.

In general, it appears that frame-to-frame coding is somewhat unrealistic in
view of the large buffer store and error effects. Statistics are not now available
t» determine whether or not further investigation of frame-to-frame coding should
be undertaken.

2.5 OTHER
2.5.1 Area Coding

The correlation between n elements in an area or block of elements is much
higher than the correlation between n elements along a line or between n lines.
Therefcre, if this correlation is properly used, the compression for encoding
areas should be higher than the compression for line-to-line or element-to-ele-
ment coding. The results presented by Schaphorst 1, 2 6n area encoding appear
to be encouraging; however, closer examination of the experimental results
indicate that some of the results could be in error. The statistics are based on
a picture containing 3.2 x 10° elements; however, only 104 elements are actually
sampled and measured.

A picture was reduced to approximately 100 randomly located samples and each
sample was comprised of 100 elements. This means that only one out of every
320 elements was actually measured. This in general will not give a very true
indication of the actual statistics. Since the compression is based on these
statistics, it is debatable whether or not the compression ratios obtained are
valid. However, ignoring this, the system operation will be described.

The area-coding technique had as a design goal a 10:1 compression for pictures
of "average'' redundancy where "average' redundancy was not d-fined. The
coding technique utilizes both the horizontal and vertical redundancy in a single-
frame and achieves compression by combining variable~velocity scanning with
pattern-recognition techniques. The overall system employs three modes of
operation where the mode operation is determined by the intensity distribution
ina 5 x 5 area of elements. Block diagrams of a simplified area-character
encoder and decoder are given in Figures 2.5,1-1 and 2.5.1-2 respectively.

In Mode 1 the 25-element area is scanned and if all 25 elements have the same
intensity level, the area is rescanned at a rate 25 times the normal scanning rate
and transmitted in analog form in one Nyquist interval. In areas where the
conditions necessary for the operation of Mode 1 are satisfied, a 25:1 bandwidth
compression is achieved. If an intensity change occurs during Mode 1, the
system gces into Mode 2 operation., In Mode 2 operation the area is rescanned
at the normal scanning rate and 27 different area characters must be recognizcd.
If any one of the area characters is recognized, the information is transmitted
in six Nyquist intervals as amplitude-modulated pulses. This results in a 4:1
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bandwidth compression for Mode 2 operation. Hnwever, if none of the 27 area
characters are present in the scanned area, the system enters Mode 2 operation.
In Mode 3 each cf the 25 elements is transmitted in one Nyquist inte- val, but
s'nce the mode ‘pervation must be specified, there is an increase ir. baadwidth

by a factor of 1.12:1 for Moude 3 operation.

The compression was determined by manually simulating the modes of opr ration
for several pictures. The simulation consisted of measuring the intensity of
each element in the randomly selected areas. This made it

possible to tabulate the percentage of time each mode will be in operation. From
these peicentages it is possible to estimate the compression for each particular
picture. However, stressing once again that only one out of every 320 elemente
was measured, it can be inferred that this approach may yield results that are
only an approximation to the actual compression.

The manuai simulation was compared to experimental results by implementing
Modes 1 and 3. Unfortunate'y, experimental results were not obtained for Mode 2
operation, The experimental resvlts and manual simulation were in close agree-
ment; however, the reconstructed picture exhibited a certain amount of distortion
due to the interpraztation of slightly curved transitions as straight-line transitions
and thinning or broadening of transitions. Experimental results indicate that at
least one percent of the areas in Mode 2 wili be distorted; however, since the
video was quantized tc only 15 levels, this percentage of distortion may vary

with quantization.

Although the area-character coding technique is a combination of analog and
digital transmission, it is possible to analyze the coding technique by assuming
a true digital operation. Fortunately, the percent of operation of the three
modes for various pictures was given. Assume the area-character coding
parameters of a 5 x 5 elemental area, 16 brightness levelg, and 27 area-characters
for Mode 2. For a typical picture the percent occurrence of the three modes
are: Mode 1--40%, Mod- 2--40%, and Mode 3--20%. To descrikc Mode 1, eack
area-character requires four bits for intensity and two bits fo indicate the
operating mcde, or . bits per area for Mode 1. In Mode 2 operation, the
area-characters requ.re five bits, four bits for intensity, and two bits for the
mode of operation, or to describe each aiea in Mode 2 operation requires eleven
bits per area. In Mode 3 operation, each element in the area requires four bits
for intensity and two bits for mode operation or each element requires six bits
per element; therefore, each area for Mode 3 operation requires 150 bits.

Using wnese quantities, the number of bits per mode can be tabulated aud are
given in Table 2.5, 1-1.
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"?ABLE 2. 5 I- l PITS F “R MODE FOR DIGITAL AREA CODING

;/: = l Percentage of Picture Bits Per Mode
L w0  9.6x 104

- | 40 - ©17.6 x 104

20 1 120.0x 104 :

b3 -

penmental- resulta for area coding suggest that corupressions
5 exzst, 1t remams to be seen whether or not these compzesswns

Z S
enerati

1nce—the.,,statlst1cs of the sourcs change from picture to picture, frame to frame,

1‘3& tp 1me, sand element to e’ement the optimum compression technique would

3 4bexan elastlc codmg uyatem where the coding technique would match the source

» * __s,gatlstica. ‘With the excection of the delta .modulation and the Roberts coding
'-._&i::;chmquea the amount of compreesion achievable is totally dependent upon the

tatistlcs of ‘he sonrce, If the source statistics were known prior ‘o trans-

] yion, an optirnum codmg ‘,echmque could be applied and maximum comrression
' ;tr\uld:,f)e obtamed however, for space avplications the source statistics are not

lenown’ ’n a.dvance-» Therefore, it is essential that the coding technique be elastic

'" = '(um efiimency is des:red. .

-;‘M@w
N .

-
’

7

"q_gmg 18 a. computer techmque that operates on the source and determines
optuzmm or,ncar optimum code to ve used during a specified time interval.
o "s‘:ﬂ

ossa,ry that the coding terhmque has the capability of recognizing certain




statistical characteristics of the source and of determining ihe cptimum or near-
optimum code to be used. The statistical characteristics of the source need rot
be determined precisely, but an estimate is sufficient since the coding efficiency
remains relatively insensitive to small errors. However, should violeat
changes in the source statistics ta'e place, then the coding technique must

adapt itself to the change.

The amount of compression that can be achieved by elastic coding is a function

of the fidelity criteria of the user. The fidelity criteria will determine the amount
of redundancy that can be removed. Once the amcunt of redundancy that can be
removed has been determined, it is necessary tc ensure that during periods of
little or no redundancy, the coding technique is capable of reproducing the data
to the desired fidelity criteria. This is to say that an appropriate trade off

must be n-ade between the amount of redundancy to be removed and the buffes
store size. The larger the redundancy to be removed, the larger the buifer
store required along with its many associated problems. However, it is possible
to reduce the fidelity of the systerm during periods of little redundancy, thus
reducing the buffer store requirements.

Although the elastic systeri would be optimum for a finite time interval, the
coding must bte such that during periods of little or no redundancy, it must be
capable of reproducing the data to some specified fidelity criterion. Not only
muast it have this capability, it is also necessary during these intervals that the
coding technique achieves compression, If the statistics of the source should
change drastically, it is possible that the coding will lead to a bit rate that
exceads the rnaxiinum entropy of the source. This would increase the bandwidth
thus defeating the elastic coding purpose. Not only would the bandwidth be
increased but it is possibie that during these intervals the buffer store would
"be taxed to a point exceeding the maximum overflow, thus degrading the informa-
tion to a point where the origiral information of the source could not be recovered.
Therefore, it is necessary to trade theoretical entropies for practical considera-
tions to achieve compression. Thus; elastic cod.ng is a compression technique
that is a cormpromise between the most efficient ccding (when the source statistics
“are completely known) and maximum entropy coding (straight transmission when
the source statistics are unknown).

Consider a set of source statistics to illustrate the value of the elastic system.
For the Cooper No, 1 standard picture at 256 resolution the (1-PE) and PE
probabilities are given in Table 2. 5.2-1.

Assume that for the probabilities of Table 2. 5.2-1 that three coding techniques
are to be used. - The first coding technique will encode the data with the optimum
Huffman code. The second coding technique will assume that the (1-PE) levels
have a flat distribution and encode accordingly. The third coding technique

will assume that the (1-PE) levels have a Gaussian distributivn and the Huffman
code will be assxgned It is possible to calculate the coded entropy for each
coding technique from the probabilities. Table 2. 5,2-2 takbulates the number

of bits [L(1)] for each level for each of the ceding tecnniques.
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TABLE 2.5.2-1

COOPER NC. 1 PE AND
(1-PE} PROBABILITIES

LEVEL PROBABILITY LEVEL _PROBABILITY

0 0.0303 9 0. 0099

§ 1 0. 0448 10 0. 0089

T 2 0. 0306 11 0. 0070

. 3 0.0254 1z 0. 0053

E 4 0.0225 13 0. 0027
5 0.0179 14 0. 0012
6 0.0171 15 0. 0005
7 0. 0135 PE 0. 7501

) 8 0.0123

i

|

{

i

|

|

|
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TABLE 2.5.2-2

BITS PER LEVEL ¥ OR
CODING TECHNIQUES

L{i)

Level Huffman Flat Gaussian
0 4 5 i3
1 4 5 11
2 4 5 9
3 4 5 8
4 4 5 5
5 5 5 5
6 5 5 4
7 5 5 3
8 5 5 3
9 6 5 4

10 6 5 5
11 6 5 6
12 7 5 7
13 8 5 10
14 9 5 i2
i5 9 5 13
PE 1 1 1
2-74
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From Table 2.5.2-2 it is possible to caiculate the entropy and compression
for each of the coding techniques. The compression is tabulated in Table
2.5.2-2,

TAELE 2.5.2-3

COMPRESSION FOR CCDING VARIOUS DISTRIBUTIONS

Coding
Distribution Huffman Flat Gaussian
Actual 2. 1083 2.0004 1. 4957
Flat 1.8420 2.0004 1. 5424
Gaussian 1.9382 2.0004 2.3036

In row one of Table 2.5.2-3 the statistics of Table 2. 5. 2-1 are encoded with
the three coding techniques. This illustrates the possible potential of an elastic
system., For example, if the elastic system were using Gaussian coding with

a Gaussian distribu.icn and the statistics changed to the actual statistics of
Cooper No. 1, the compression would drop to 1.4957 from 2. 3036 or the
compression would decrease 35%, whereas if the coding could change to

the Huffman code there would be little decrease in compression due to changing
of the source statistics.

There are several possible methods of implementing an elastic system. The
simplest method would be to have a computer with a stored catalog of probability
distributions, compare the source statistics with the stored distributions, ana
encode the source with an optimum or near optimum code; that is, the source
statistics would be continually monito-ed and when a specified threshold is
exceeded, the most efficient coding technique is employed. An alternate
approach to eliminate the large buifer store would be to transmit a sample of
the statistics of the source to the ground staticn, have the statistics analyzed,
and transmit back to the vehicle a command to actuate the most efficient coding
technique. It may also be possible to determine the statistics on the apace-
craft and have the operator on the vehicle determine the optimun code for
transmission.

The possibilities of an elastic system are unlimited, but require a sizable
trade-off between fidelity, buffer store requirements, and compression.
However, with the advent of microminiature circuits and more efficient
buffer stores, elastic encoding may prove to be quite feasible,
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2.6 OPTIMUM ENCODING
2. 5.1 Efficient Codes

In o.der to achieve maximum compression the compression technique must
use efficient coding of the digital data. Among the coding techniques with

the prefix property, that is, in which the set of code words is decodable,

the Huffman code is an optimum code while the Shannon-Fano code is optimum
or near optimum in many cases. Therefore, consider how the coding effects
the efficiency of the overall system.

Assume that an information source consisting of an ensemblz of u of M
messages p], K, ... pk» .- B With corresponding probabilities P(ux)
is given where

M
> Pl =l

1

It is necessary to find a coding technique tha. will assign to each message a
sequence of symbols belonging to a prescribed alphabet where the average
number of symbcls for all the messagea is minimum.

Mathematically a lower bound to this average number of symbcls can be
determined. The entropy(l) of the message ensemble is the lower bound of
the average (over the message ensemble) number of binary digits sufficient
to represent the messages of the ensemble. The entropy is given by

M
Hiw) = - 2 Pl log, Plu
k=1
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With the exception of the case when P(u,) = 1/M, that is, the probability of
each message is the same, no coding iechnique can achieve the iower bound.
For the "flat" distribution of message probabilities the fixed-length coding
technique achieves the lower bound. However, when this is not true, and in
general this is the case, it is pussible to determine a code such that the average
number of binary digits per message will not exceed the entropy of the message
set by more than one binary digit.

Although it is possible to find the mathematical lower bound, a more practical
value can be obtained by finding the encoded entropy of the message ensemble.
The encoded entropy is given by

M
H(E) = L Pluk) L(k),
k=1

where L(k) is the number of binary digits assigned to message uk of the ensemble,
The basic coding theorem states that it is possible to encode an ensemble of
messagea by means of sequences of symbols belonging to the prescribed alphabet
in such a way that average number of symbols (digits) per message [encoded
entropy H(E)] satisfies the inequality H(p) £ H(E). That is, the encoded entrovy
cannot be smaller than the entropy. The problem now is to {ind the coding te_lh-
nique that gives the minimum H(E). The Shannon- Fano(2) code is an encoding
procedure that approaches the minimum H(E), but it is not nece:carily the
optimum set.

A systematic coding procedure was discovered by D. A. Huf’ .n(3) and this
procedure always yields an optimum set of code words; that no ot er coding
technique exists that yields a smaller encoded entropy. iHowe ‘@1, ih.s codiag
technique requires a priori knowledge of the statistics to achieve the mi- . .
encoded entropy. The coding technique will assign the shortest code words to the
most probable messages and the longest words to the leacr probable messages.
It is 2 coding technique that matches the encoding to the source statisziics, It

is a minimum redundarcy encoding technique that among all variable-length
binary encoding techniques having the prefix propertyv (that is, it is decodable
since no longer word is an extension of a shorter word) none of these other
encoding techniques can have a lower encoded entropy.

An example ot ihe coding technique will be given tc illustrate how the coding ia
performed ard a comyorigson with another coding technique will be made later
to verify aome of the previousiy mentioned properties. The procedure will be
given in general and an example will follow. Therefore, consider an ensemble
of M messages p], pps «..s M) OCCUrring wich probabilities P(py), Pl(uz) ««.»
P{uM) and an alphabet ¢f D symbols. The following procedure leads to an
optimum set of code words and is taken directly from Fanof4),
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Step 1. The M messages are arranged in order of decreasing
probability.

Step 2. Let mg be the integer satisfying the requirements that

( .
(Iy 2 = my = D,
M - mg
(2) BT = nositive integer.

Group together the ing least probable messages and compute the
total probability of such a message subset.

Step 3. Cuns’ruct an auxiliary ensemble of messages from the
original ensemble by regarding the subset of m, messages Jormed

in Step 2 as a single message with probability equal to the probability
of the whole subset. Rearrange the messages of this auxiliary
ensemble in order of decreasing probability.

Step 4. Form a subset of the m, least-probable messages of the
auxiliary ensemble and compute its total probability,

S*ep 5. Construct a second auxiliary ensemble from the first
auxiliary ensemble by regarding the subset of the m  messages
formed in Step 4 as a single ressage with probability equal to
the whole subset. Rearrange the messages cf this second
auxiliary ensemble in order of decreasing probability,

Step 6. Form successive auxiliary ensembles by repeating steps
4 and 5 until a single message of unit probability is left in the
ensemble.

Step 7. The preceding steps, when formally carrvied out by drawing
Tines joining the messages of successive subsets, yield a tree of
which specified mcssages are terminal nodes. Code words can
then be constructed by assigning differeat symbols from the pre-
scribed alphabet to the branches steraming from each intermediate
node.

As an example of how the coding technique is applied, assume that the number

of messages to be encoded (M) is eight, the number of symbecis of the alphabet
(D) is two, and the message probabilities [P(p.k)] are given in Table 2.6.1-1.
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TABLE 2.6.1-1 ASSUMED MESSAGE PROBABILITIES

Message u 1 2 3 4 5 6 7 8

Probability P{uk) 0.70 10.15]10.06|0.04]0.03|0.01}0.005]{0.005

The encoding steps are given in Figure 2.6.1-1.

Auxiliary Ensemble Probabilities
My Piuyg) i 2 3 4 5 6 7 Code
1 0.7 0.7 0.7 0.7 0.7 0.7 0.7_J—>1.o 1
2 0.15 0.15 0.15 0.15 0.15 0.15 J»O.s 0}
3 0. 06 0.06 0.06 0.06 '-»o. o9)ro.15 000
4 0.04 0.04 0.04 O. osU 0. 06‘ 0010
5 0.03 0.03 0,03 J-»o. 04} 00111
6 0. 01 0. 01} 0. 02 001101
d
7 0. 005 _["0' 01 0011001
8 0. 005 0011000

Step 1 Step 3 Step 5
Step 2 Step 4 Step 6

FIGURE 2.6,1-1 HUFFMAN CODING PROCEDURE (STEP-BY-STEP ANALYSIS)

Althoagh Figure 2,6.1-1 is useful to illustrate the step-by-step coding procedure,
the Huffman coding tree appropriately drawn is given in Figure 2.6, 1-2.
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0.7

11
0.15 1 i
0

0. 06 0

0.04 n

0.03 1

0. 01 1

0. 005 1

P

0. 005 0

FIGURE 2.6.1-2 HUFFMAN CODING TREE

For the message ensemble the entropy and encoded entropy can be obtained. The
entropy is

8
bits
H(p) = - kz_ 1 P(py) log, Pluy) = 1.495 message
The encoded entropy using the optimum Huiffman code is
H(E) = 28 Pl ) Lik) = 1,610 —m
(B)= 2 Pligd L= 1610 Tog,

As predicted earlier, the entropy is less than the Huffman encoded entropy. The
set of code words resulting from the Huffman procedure given in Figure 2.6.1-1
meets the requirement that no word be identical to the prefix of longer words.
The set of code words so obtained is optimum since it can be shown that no
other set of code words would exist with a smaller average number of syinbols
per message [encoded entropy H(E‘;]. If it is assumed that the time to transmit
each symbol is the same, then the time required to transmit the entire message
is directly proportional to the number of symbols associated with the message
ensemble., Hence, the Huifman code which achieves the minimum number of
symbols per message is an optimam code for this consideration. Although the
Shannon-Fano code is not an optimum code, it will be briefly discussed for
comparison purposes.

The Shannon-Fano encoding technique usually produces a fairly satisfactory set
of code words, but notnecessarily an optimum set. . Assume that the messages
mlr M2 e Wy with probabilities P(u)) are given and a binary representation

is to be used for the alphabet symbols. The following coding procedure will yield
a set of Shannon-Fano words.
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Step 1.
pruoabilities,

Step 2.

The M messages are arranged in order of decreasing

The ensemble of probabilities is divided into two

auxiliary ensembles of near-equal probabilities.

Step 3.
a symbol from the alphabet.

Step 4.

Each auxiliary ensemble of probabilities is ascigned

The auxiliary ensembles formed by Steps 2 and 3 are

divided into successive auxiliary ensembles until no further

divisions are possible,

Step 5.
coding procedure.

The code words have then been constructed with the

As an example of the coding procedure, consider the same probabilities used

for the Huffman code given by Figure 1,

is given by Figure 2.6,1-3.

The step-by-step coding procedure

Auxiliary Ensemble Probabilities
1 0.7} A
2 0.15 ) 0.15 A
3 0. 06 0.06 ) 0.04 0.4} A
A
4 0. 04 0.04 | 0.03 0.03] B
> B L
5 0.03 0.03 PR 0.06 ) 0.06} A
6 0. 01 0.01 0.01 } 0.01 0.01} A
B
7 0. 005 0.005| ©.005 0.005) o v, oos} 0.005} A
B
8 0. 005 0,005 0,005 0.005 0. 005 0,005} B

FIGURE 2.6,1-3 SHANNON-FANO CODING PROCEDURE (STEP-
BY-STEP ANALYSIS)

- NBaaiinr g s L W S
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.ithough Figure 2.6.1-3 is useful to illustrate the step-by-step coding procedure,
the Shannon-Fano coding tree is given in Figure 2. 6. 1-4,

P{uk) Code Words Li(k) Pp) L(k)
0.7 1 1 0.70
0.15 01 2 0. 30
0. 06 00C! 4 0. 24
0. 04 0010 4 0.16
0.03 0011 4 0.12
0. 01 00001 5 0. 05
0. 005 000001 6 0. 03
0. 005 0006000 6 0.03

FIGURE 2.6.1-4 SHANNON-FANO CODING

From Figure 2.6.1-4 it is possible to caiculate the encoded entropy H(SF) for the
Shannon-Fano coding which is given by

8

- , bits
H{SF) = E P +}=1.030
(S¥) k=1 (kc) Lolzd) © message

However, notice that in auxiliary enzcmble there are many possible ways to
divide the probabilities near equal., This clioice will then affect the encoded
entropy. For example, an alternate choice, but a valid choice, for the auxiliary
ensembles will result in an encoded antropy:

bits
H(SF), = 1.65——
2 message

Therefore, the Shannon-¥ano coding technique is dependent upon the ensemble
choice whereas the Huffman coding technique is a systematic codiug technique
yielding an nptimum set of code words. It is now possible to state the following
relationship:

H

Hu & 1E) & H(SF)

That is, the encoding entropy for the Shannon-Fano code is always greater than
or equal to the encoded entropy of the Huffman code.

The Huffman coding technique is the only optimum code that yields an entropy less
than any other coding technique. The Shannon-Fano coding technique in general
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The Huffman-code has a
»zed propert,’ m that it is self—synchronumg,(s) that is, if the
Aald. get out of- synchromzatlon, the Huffman’ ‘decoder will regain
o5y ync?hromzatmn automatxcally affer a few elements, . whereas for PCM it -
s;,,ré‘é); a.nsmtt wcrd svnchro*u zing and-if the-message becomes
"1zat10n, the PCM message is completely lost without word syn-

e,c1al1*z.ed' Huffman code was. developed that is opfxmal
,Cons;tder he ‘ensemble of messages ju, figs e es By
B (p.n), 'whlch"a,re te. be,en\,cded with the optlmum

] ém'ﬁ*é

(78)

=8 of probab1ht'es Pi(j)
Th1s trans:txon accompanies the ,
Fl J...» Smce the Markov cham 1s ergodic, the'

'\IA' ‘:;;
'nn%Un‘i‘ﬁe_i',g Ill, Press, 1959, begmmng on page’'l5." Thxs
e ﬁ?f"c?e‘ss,;abowvr foll ows from its 11‘reduc1b111ty and the

P:"?.V“: .ior,.‘some i and the. exwtenr:e of loops of length -




first order prob 'bilities P(i) (which is the limiting distribution of the random
variable i) iz the only staticnary state and may be found from solution of the
equations, (14)

P(j) = > P{i) Py(j). (79)
i
Trese data will thenbe encoded by elements of the foregoing ensemble (pg « . »pp)
by encoding the level i as ug or pj according as i was or was not preceded by

itself in the data stream. The probability of occurrence of Ko will then be
- related to the Markov process by

PE = Z P(i) P; (i), : (80)
i ,

Classification of Errors

Ccmsuier the effects of a random error occurring in the sequence of encciz
information. Since this sequence is composed of words of variable length =
the effects ¢f a-particular error will depend strongly on the exact location of
the error. The main possibilities are as follows:

o . The error can occur in a T This will cause this element R
‘and the next N bits to be read together as a spurious level. ) .,
.In addition it will cause a loss of ""word synchronization; - -
-i. e., because of the vanable word length the receiver and

© . transmitter will no longer come to the end of a "word'' at the - -

o same point in the data stream.. The Huffman code has a

self-synchramzmg property, but 1t w1ll take time for re-
synchromzatlon to occur. -

. - . - i
J . z Kl - <

. - . .0 The error may occu. in the fu:st bit of a member of the -

»  « - _pk ensemble (k # 0). . In this case the first bit of u,
‘ - would be read ds p.o and word aynchromzatmn woui(d again ", = - -
g " be lost. PR - o= < )

n

o

-

- - ~ o N

o ,_Jo ¢ The error may occur in any of theuN succeedmg bits of My

RN ."In this case t‘1ere will be no loss of word synchromzatmn, . )
e But\merely an error in readmg p.k ) - C - D SR
s e '33"»‘)' - U.JV‘_ - RS I \“'7, , S L et v Y . s
- - , “ - - %} oD 3 . T
3 proba bﬂ1taes of Occurrence . S e S .
voORTEATS .- - —- - . o v & / o o . o ' - oo
7S t ’ D I ) e B - - )
'l‘he average number of b1..s per word’in the encoded data is gwen by [

. :
3 = uyel YT cal - . PR K
- ;

‘JL\ LA

W=, (PE)“l +c1 PE) (N+ 15 1 +N(1 PE)\,
4’__ C



The average number of bits per element that refer to u, is 1 {PE). Therefore,
the probability that a randora error in the enccded data will occur in a pg is

) PE
17 1+ N{(l-PE) °* (82)

P

which is the probability that a random error will be of the first type.

If the error does not occur in a p,, then the prubability is 1/N + 1 that it will
occur in the first bit of cne cof the M The proiability that a random error be of
this type is therefore

. PZ:L N PE " ( 1 )
1 + N{1-PE) N+ )

L
- ) 1-PE ) (83)
1 + N {(l-PE)
v The last type of errcr occurs when the random error falls in any of the last N

- bits of a pj woxd, and is therefore exactly N times as likely as one c{ the
second type. The pirobability of occurrence of this type of error is

. _N{-PE) | (84)
3 1 + N (1-PE)

Figure 2.6.2-] is a plot of P3 vs PE.

P

Effects of Errors

The most serious problems in analyzing the effects of errors on a Huffman

code stem frum the loss of word synchronization encountered with errors of the

first two types. As previously remarked, Huffman codes are self-synchronizing

in the sense that this loss of word syncaronization will eventually be restorxed

by the structure of the code itseli, but the time required is dependent upon the

structure of succeeding words and is too complex to analyze completely at this

juncture. In addition to the propagation of the error for an undetermined

., distance there is also the problem that synchronization may occur with significant
shortening of the message length. In the case of a TV picture, this would require

.. some type of outside synchronization at the end of each line and would mean that
a pdrtiori of a line might easily become displaced by a number of places. The
effects of this on picfure quality have not yet been determined.

. _—T1f the random error is of the first type, the first effect will be to introduce into
. the data.a spurioas level, If the error is followed by a succession of N or more
" PE elements, tae code will regain word synchronization at that point, and the
message will pe shortened by N elements., The probability that an error of type
1. will follrw this: pattern is PEN N ; -

N ' - , . . o 2-85
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“ the random error is of the second type, an ¢lement u, will fail to be recognized
as such aud will be read as a mesgage beginning with the element p . If it was
the element o of the ensemble which contains N ones, then the message will be
lengthened by N elements, the N + 1 bits of the p, word will all be read as p,,
and the ccde will then regain word synchronization at the end of the word. The
prcbability that an error of type £ will follow this pattern is (1-PE)/N.

in neither of these cases does regaming word synchronization mean regaining
accuracy in the data. The code is resynchronized, but it is synchronized on an
incorrect level, and this error will remain until corrected bv the next pj word.
The change in message length will also remain untii corrected by external
synchroniration at the enc of the line.

If the error is of the third type, disturbance of the data is minimal and the loss
of synchronization that was charactieristic of the first two types of error does not
occur. However, the error w'll not in general be confined to a single word but
will be propagated by the p, words in the encoded message, In this case one
will be able t¢c determine the average picture degradation in terms of the average
lencth =7 thls sequence of erroneous daia.

The average length L at a sequence of elements py poug -0 referring to the ith
level, is

) 1
Li=1+Pyi)+ P + ... =17 {i) ()

Therefore, if an error occurs in one of the last N bits of u; it will cause an
average of Lj errors in the encoded data. Since a run of M elements pj pge .. po
requires N+ 1 + {M-1) - 1 =N+ M _bits in the encoded one can alsgo conclude
from Equation 8 that an average of ——i_—Ei bits of encoded data are required, each
element referring to the level i. Thus,* the probability that a random error

refer to the level i is E—‘-—iﬁ—} If the error does refer to this level, the

probability is N/N + L; that it will be an error of type 3. Therefore, the proba-
bility that an error of type 3 will refer to the ith level (and hence introduce L,
errors into the data) is the probability that a random error will be an error

of type 3 referring to the ith 1evel divided by the probability that the random
error will be a level error, or

. W N+ L4 . N (1-PE)
Prob, = P(i) .1 . —  SAe-FR)
e ) W Lj i - N(1-PE) ' {86)
which simplifies to
P(i} [1-P; (i)
Prob. = IFPE ] (87)
2-86




The number of errors introduced by this error is

- )
1-Py(1)

)

and hence the average number of errors (R} introduced by an error of type 3

is
E P(i) L 1-Pj(i)] 1 = N _Pi)
1-PE 1 - Py(i) / 1-PE

i
1
I-PE

o]
1

) (88)

which is also the average run length,
A plot of R as a function of PE is given in Figure 2,6.2-2.
Finally one can ask for the expected number of errors of this type per random

error in the encoded data. The probability that a raadom error will be an
error of type 3 in #; is given in (86) by

P(i) W N+ L P(i) N (1 + Py(i))

. .

w Li A (89)

This introduces an expected L; e rors, and therefore the expected number of
errors of this type (E3 introduced by 2 random error is

E3 =E P(i) N [1-Py(i)] 1 _ N ‘ (90)

W 1-Pi(i) 1 + N(1-PE)

i

A plot of E3 ve PE is given in Figure 2,6.2-3,

A future program to continue this analysis of the effects of noise on Huffman code
would be to investigate the effects of loss of word 3ynchronization and alteration
of line length on picture quality. In the first case the problem would center on
finding the mean resynchronization time and the average change in line length,
while the second probiem would be concerned with evaluation of the loss of data
involved in alteration of line length. The finai step would be to investigate

the effects of errors on synchronization of the overall system, Such a program
would be more fruitful if accompanied by an exper.mental program which
included transmiiting the Huifman data stream over a controlled-noisc. binary
symmetric channel,
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2.6.3 References for 2.6

Although

not all of the below references were guoted in the memo, they are

included as referencee which pertain to coding and raay prove useful for an
ingight into coding in general.

1.

o

10

L.

12,

13

14.

Shannon, C. E.; Weaver, W.: The Matheinatical Theory of
Communication, the University of Illirois Press: Urbana, 1959.

Oliver, B. M.; "Efficient Coding, " Bell System Technical Journal,
Vol. XXXI, No. 4, July, 1952,

Huffman, D. A.; "A Method of Construction of Minimum Redundancy
Codes, ' Communication Theory, Jackson, ed., Butterworthe S
Scientific Publications, London, 1953,

Fano, R. M.: Transmission of Information, MIT Press, 1961,

Gilbert, E. N.; Moore, E. F,: ""Variable Length Binary Encodings, "
Bell System Technical Journal, July, 1959.

Wozencraft, J. M.; and Reiffen, B.: Sequential Decoding, John
Wiley and Sons, Inc., 1961,

Woodward, P. M.: Probability and Information Theory, with
Applications to Radar, Pergamon Press, 1957,

Wolfowitz, J.: Coding Thecrems of Information Theory, Prentice-
Hall, Inc., 1961,

Brillouin, L.: Science and Information Theory, Academic Press, Inc,,
1962'

Baghdady, E. J.: Communication System Theory, McGraw-Hill Book
Company, Inc., 1961,

Blokh, E, L., '‘Short Avticles on the Transmission of a Nonuniform
Birnary Sequence by Means of a Uniform Code, ' Elektrosvyaz, No. 1,
1959,

Novik, D. A.; "Decoding Methods for Nonuniform Binary Codes, "
Elektrosvyaz, No. 5, 1959.

Fano, R. M.; The Transmission of Information, MIT Res. Lab. of
Elertronics, Tech. Report No. 65, March 17, 1949,

Takacs. L.: Stochastic Processes, John Wiley, pp 15-16,
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2,7 NOTE ON TEMPCORARY STORAGE REQUIREMENTS

The buffer storage requirement in the previous-element coding system is
easily met using flip-flops since a delay of only 1 | sec is required for 3 or

4 bits in order to compare the current picture elemernt with its previous
neighbor. The other area of buffer storage, that of matching a constant word
frequency-variable word length source to a constant bit rate channel is avoided
in the system discussed in Section 1 by using the encoder to control the rate of
the sovrce (vidicon). In fact, this is a very significant point in the design of
the system.

The line-to-line compression systems (PE-PL, for instance) impose a much
more severe storage requirement since the three or four bits must be delayed
(on a continuous basis) for one line time. One line time is, in the MSC case,
256 u sec, If the system is operated synchronously, then this delay-bit number
product is easily met {See Figure 2, 7-1) with a wire-sonic NRZ delay line
(Tempo Instrument, Inc., Plainview, New York, 4.0 mc. with delay to 800

p sec). However, if the system operates asynchronously, as in Section 1, then
the previous line delay store must operate asynckronously also. In this case
three or four (depending on the number of bits quantization) 256 stage, 1 mc.,
shift registers are required for previouvs-line storage. This is a formidable
shift register requirement, yet it is not an impossible one considering the
current state of the semiconductor integrated circuitry art.

Compression systems involving frame-to-frame corzelations impose the most
severe requirements on storage equipment. The PE-PL-PF compression
system compares a given element in the current picture frame with the equiva-
lent element in the preceding picture frame, This is done on a continuous basis
and necessitates the storage on a continuous, and probably asynchronous, basis
of 256 x 256 x 3 or 4 bits, This 200~ to 260-kilobit, 1-mc. storage requirement
indicates that the use of magnetic core storage is mandatory. This order-of-
magnitude of storage requirement is similar to that indicated in Section 5.2.2
where a core store is considered as the heart of a scan-conversion system.

General spacecraft storage of program material is the next higher step in
storage requirements. One hour of MSC video requires the storage of
3600 x 100 x 4 = 1. 44 x 1010 bits at 10° 4-bit picture elements per second.
This magnitude of storage requires either photographic or magnetic-tape
storage, Some aspects of the problem are treated further in Section 4.
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SECTION 3

RF LINKS

3,0 EXECUTIVE SUMMARY

The bandwidth required for the transiaission of digital television data from a
spacecraft was calculated for the specified pirameters of Conditions I and II;

the upper bound on the bandwidth is 23,4 me¢ and 6. 46 mc {or Conditicns I and

II, respectively. If it is assumed that the transmitter power is fixed at 25 and
1000 watts fo. Conditions I and II, the maximum frame ruiz tha: can be achieved
at 525-line resolution for a compressed and uncompressed system can be cal-
culated. For a 525-line resolution and six bits per element the maximum frame
rate for Conditions ! and IIis 14.15 fps and 3. 91 {ps, respectively. However, should
the coding result in a 3:1 compressicn, then at 525-line resolutiun and two bits
per element, the maximum frame rate is 42.45 fus and 11. 72 fps {or Conditions I
and II, respectively.

Although compression would result in a subjectively acceptable picture, addi-
tional compression could be achieved by decreasing the resolution, and the dis-
played picture would be subjectively acceptable. Experiments indicate that 256~
line resolution is sufficieni {or most of the wpplications. Assuming for Condi-

tion I that the minimum frame rate is 15 fps, a compression of 3.1 would result

in a savings of prime powe: (assuming 33-1/3% efficiency) of 12. 50 watts, where-
as for the same compression and frame rate for Condition II, but assuming 20%
efficiency, the compressed system would result in a saving of 30.39 watts of
prime power, The power 1cqiired for these systems would be 2, ' and 303. 9 watts,
respectively, for Condition I and IL

3.1 RF ANALYSIS

The general derivation of the bandwidth formula for digitai television transmis-
sion from a rpacecraft is presented below. From this equation it is possible
to relate the frame rate, resolution, coded bits per element, bit rate, band-
width, transmitter power, and losses for a spe~ified set of parameters, The
nomenclature used in the deriv tion is given in Section 3.4,

The received power from the spacecraft is given by the familiar '"radar range
equati »n" siated in Equation l.
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and Ecguation 2 czn be rewritten as

However,’

- .. .7 qen® g2
_ 5

‘is desigaated ‘as the path loss and FEquation 1 can he rewritien as K
) : ' .
D o
Py G GZ - - o )
P,z —— ., watts. .

B=Y4 7 7 ©{2)

The net transmitter power is the total available power divided by the losses; B
that is, : ' - -

P,t = .___.___.___ watts, 7 - (3)

Py G, G

Py = 2____, watts. (4)

LP/

Although it would be possible to continue the derivation in watts, it is con-
venient to use decibels. ¥auation 4 can be rewritten in terms of db's using
capital subscripts indicating decibels; therefore, in decibels, Equation 4 be-
‘comes

T

PR=Fp+G +G, - P - L cb. (5)

The received power can be related to the signal-to-noise ratio and noise power
by

Py = S 4N, db, (6)

which can be substituted into Equation £, and by re-arranging terms it becomes

N=P_.+G. . +G_-(P
1 2

T

5
— + L)), . 7
L+N L), db (7)

However, the noise power N is related to the bandviidth B by
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N=k+ T3 B, db,

which can be substituted into Equation 7, which becomes

. . ) o s
= + G+ - + 20+ Xk
B = Pp+ G, ,AG (P, ..

T

T+ L

o=

{8)

If the parameter§ of Equation § are specified, it is possible to obtain the band-
width required in decibels and then convert to cycles per second. Consider for
example the parameters of Table 3-1 as conditions for a spaca mission. -

- TABLE 3-i. PARAMETEPS FOR TWO SPACE MISSIONS

Parameter

Condition I ~

Condition II

Range {R}

. Spacecraft transmitter power (F;)
Spacecraft transmission lire 1oss (1L1)
Frequencv " {1/

Spacecraft antenna (* G1)

~ Spacecraft antenna pointing loss (L)

" Ground station antenna (¥ G))

Ground station receiver bandwidth (B)
Ground station excess noise temperature (T)

250, C00 stat, mis
25 watts

1.5 db

2.3 kmc

5-ft. parabola
1,0 db ‘
85-ft. parabola
To be determmed
330K

53, 000, 000 stat. mi,
1 kew

1.5 db -

2.2 kmc

10-ft. parabola

1.C db

225-ft, parabola

To be determined
20°K

The total lesses for the parameters of Table 3-1 are a lower bound on losses.

To determine ‘he upper bound on space communication system losses a short
gurvey was conducted to tabulate sorne of the losses in the RF link., Among the

losses to be considered aleng the transmission path are;

gaseous absorption,

Faraday rotation, ionosphere reflection, rain attenuation, galactic noise, trans-
mission line, system noise, antenna pointing, system deterioration, system de~
sigﬁ margin, theoretical design, fading, and miscellaneous spacecraft power
losses, These losses are tabulated in Table 3-2 along with the reference.

Altfxough Faraday rotation has been considered, it will be assumed that this loss

can be neglected for fu.ure space communications systems.
sign loss is used in conjunction with the signal-to-noise ra'io.

The theoretical de-~
The theoretical

curves of bit error probability versus signal-to-noise ratio for various systems
necessitate the theoretical design loss. JPL has assumed that it is possible to

design within 1.5 cdb of the theoretical cxpected value., Therefor
bound calculations the theoretical des.xn loss should be considered. The system

design margin varies from 6 to 10 db; however, JFL has determined from ground
evaluation of Mariner that 8 db of margin is sufficient. Antenna
transmission-line losses are generally specified and are not discussed.

e, for upper-

pointing and

The tading loss, like the system design margin, is quite ambigucus at the present
time. In Explorer VI, 10 to 20 db of fading was experienced at VHF, which was
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B :.—_.:'V..‘ = — . j - el _ ~ - s
L N T - T = . Coo i’ T 2 AA,
 ).‘ » notaexplf ined. Several authors'have conducted theprﬂucal studzes of fading, such
ST as Rayle:tgb Ga,ussnm, and exponennal for th's various types of modulation." Tne
< -ared of fading requires additional information bbfbre ‘the fadmg 1653 can be deter-
w0 mined. For example, toc have counfidence limits of 50 to 99 per cent for Rayleigh
DN fa.dmg reqmrea a systera design margin of. 18 éb, wlule the margin for Gaussian -
- aud exponentxm fadmg is only 1.5 db. ~For the lower-”bouttd calculations the losses
to be eousu%ered are 1, 0 db for antcnna - .pointing, 1.5 db for transrmssmn-lme
Ioss or a tetal loss excludnm free-s pace transrmvazon of 2.5 db. -
o TABLE 3—2; - LO§SES ASSUME-D"BY VARIQfIS AUTHORS h

_ * Reference - ' BER -
I I T e A B S : - e
~Loss(db)®} 1|2 (334 15 {6 |7 |8 |9 (10|u i1z { 13| 14
I F YRR SRS S B T A I S A o Lol - fo-" 1 1

LC - - - - - 3- 0 ’- o - - L 0 - - 3."0 3. 0 -
Le ~ - JL51L511.5] < I - - - - 5wz -
55 720NN U IR (U U (U R B E 1S I - -] - ?¢€ -

Lin 2.0{1, 3} - |2.0}6,0{1.0 | - - - - - 3.0 2,0 -
» I.:S o 8- 0 - - 8. 0 60 8 - - - - - 50 0 - 6' . 0 70 8

Lt -]t~ 1- |z.0%185° |0 |15 - - 1

"a. La = aptenna pointing loss

Lc = polarization Foss --since the path loss is referenced between two
isotropic antennas, the antenna gain must aiso be referr-.’ to -sotroplc.
However, it is also necessary to know whether tte rceeiving antenna is
of the same polarization as the transmitted wave. If not, the effective

- receiving antenna gain will be approximately 3 db lower.

Le = theoretical design loss--in general when coasidering mechanizing a
system, the system will perform to within 1.5 of theoretical perform-
ance. ’

Lf = fading loss

I.m = miscellaneous spccecraft power loss

Ls = system design margin~--in general the system degign margin should in-
clude deterioration of equipment and unusual propagat'on conditions
from either solar flares or man-made interference.

Lt = transmission line loss

b. For Pe = 10™5, exponential fading auto-correlation and second order diversity.
c. At VHF Explorer IV experienced 10 to 20-db fading loss,
de At 2000 Mc
e. For Rayleigh fading of desired signal and normal fading of the undesired sig~
nal and for 50 to 99 per cent satisfactory operation.
3-4
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'I: or. upper-bound ca.lculatmn the losses mll be 1 0 db forantenna pomtmg, 1, 5
db for’ theorehcal des1gn, 1.5 db for transm1ss1on1 ‘ne loss,,B 0 db for system )
design margin, aud 0.5 db for fadmg—--or a ..otal loss excwdmg free space trans-

mission of 12.5-db. - T Lo . 5

It is now possﬂ)le to calculate tha upper and lower bounds on the bandwwth re- -
qu_'tred for: conditions I and 1% g

3.2 REAL-TIME TRANSMISSION T e )

,Fcr real-time transmission the. parameters for’ calculatmg the upper and 10wer
‘bound of the bandwidth necessary to eva.luate Equation 9 can be obtamed from
Table 3-~1 and are tabulated in Table 3-2, ‘ T . .

TABLE 3-2, PARAME'I‘F'RS FOR‘REAL TIME TRANSMISSION B ) i E

Parameter (db) | P G, | G, - SR VK °F L- | s/N®

ks

Tpper-Bound | 14 28.4 | 53,0 | 211.8 [.-228.6 | 25.2 | 2.5 | 10.3

Lower-Bound |14 | 28.4 | 53,0 | 211.8 | -228.6 | 25.2 |12.5 | 10.8

Substituting Table 3-2 into Equation 9 the upp2r bound on the bandwidth for real-

time transmission is

By = 73,7 db

which expressed in megacycles becomes

B...= 23,4 mc,

10
The lcver bound on bandwidth for real-time transmission is.
which expressed in megacycles becomes

BIL = 2. 34 mc.

Although this gives an upper and lower bound on bandwidth, Equation 9 was
written as a function of a constant minus losses and is given by

By = 76.2-L, db, (10)
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_ Therefore, giv"én the losses_; thé bandwidth as a fuii(.,Lion of losses for Cand.ltlén R
* Iwas plotted in Figure 3.2- 1. _Although Figure 3.2-1 is sufficient for losses less _

than 10 db, the- readabﬂ’ty»of the graph is decreased for losses greater than 10 db, .~

For large losses, Equation 10 was plotted on semi~iog graph paper arid is given .
". in Figure 3.2-2. However, for both flgures the upper and lower-bound bandwidth

points are. appropnately located.

Ontie the lasses are determined, it is possible tc obtain a graph of the transitter
power required as a function of the digital bit rate, For differential coi.erent-
phase-shift-keying modulation, the bandwidth is related tc the bit rate Ly the re-
lationship that the bandwidih required is one cycle per bit or the bandwidth ie equal

"to the bit rate. With this relationship, Equatmn 9, and Tabie 3-2, the transnm:tter

power as a umct.gon of the bit rate 1s

P_ = Bit Rate - 59.‘7 db, ' (11)

"Tkwhlch can Be rewr1tten insterms of the bit rate in b1ts per second. Thereiore,

:"Equauon 1 Lbecomes ) -

v

P, = 1.07 (Bit Rate) x 10°%, watts. (12)

Figure 3. 2-3 plots Equation 12 for the upper- and lower-~bound conditions for
Condition I. Although this curve is extremely useful in relating the bit rate to
the required transmitter power, additional information could be achieved by re-

- lating-the frame rate and resolution to the transmitter power required,

The digital bit rate is determined by the resolution, frame rate, and quartization.
If it is assumed that the horizontal and vertical resolution are equal and zqual to
R, f is the frame rate in frames per second, and b is the coded bits per element,
the bit rate is

D = R*f b, (12)

* For illustration, assume that the coding used is previous~element coding that

encodes each element on the average with two bits. Therefore, using this and
substituting Equation 13 into Equaticon 12, the transmitter power required is

P, = 2. 14 R%f x 107, watts. (14)

Equation i4, which is the transmitter power as a function of the resolution and
frame rate, is given by Figure 3, 2-4.

Although Figure 3, 2-4 gives sufficient information concerning frame rate and
transmitter power at various resolutions, additional information can be achieved
by plotting transmitter power as a functioa of frame rate for various encoding
techniques. Therefcre, Equation 13 is rewritten in terms of variable~-encoding
bits at a fixed resolution R = 256 and is given by

3-6
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P, = 7.01{b x i07%, watts. {15)

Thevefore, Equatioa 15 is plotted in Figure 3,2-5 for previous-eleiment coding,
PCM wita Roberis, four-bit PCM, and six-bit PCM coding, This curve is e.i~
tremely useful to 1llustrate the savinge in power due to codirg., For cxamnle,
assuming 30 fps, 6-bit PCM requires 2.6 watts while previous element coding
requires only ' .2 waits. Assuming « transmitter efficiency of 33-1/3%), the
savings in prime pcwer for PEC is 25.2 wzlis,

However, assume that the transmitter power is fixed at 47 watts, It is possible
to obtain the relaticnship between frame rate, resoluticn, and coding bits per
element.

Assume again that the horizontal and vertical resolutions arc eaual and equal to
R. From Equation 9 the relationshir between the three parameters is given by

6 2
23.4x 100 =R f b, (16)

Therefore, Equation 16 is plotted in Figure 3. 2-6, which plots the fram=z rate as
a function of the resolution parametric in f. Therefore, assuming 600-line re-
solution, the maxirium frame cate vuries from 10,83 fps at 6 bite ver element f.
32.5{psat2bits per element. Here, it is cssumed that the transm.tter power is
fixed at 25 watts; however, it is necessary toc minimize the power, which was
pointed out in Figure 3, Z-5,

3.3 STORAGE TRANSMISSION
For storage transmission the parameters for calculating the upper and lower
bound of the bandwidth necessary to evaluate Equation 9 can be obtained from

Table 3-1 and are tabulated in Table 3-3.

TABLE 3-3, PARAMETERS FOR ST ORAGE TRANSMISSION

Parameter (db) | Pp| Gy | Gz | P, k | T | L SIN
Upper ~Bound 30 |34.4 |61.5]258.3 | -228.6 | 14.8 | 2.5 10, 8
Lower-Bound 30 |34.4 | 61.5|258.3 | -228,6 | 14.8 |12.5 10. 3

Substituting Table 3-3 into Equation 9. the upper bound on the bandwidth for
storage transmission is

By < 68. 1 db,

3-7
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which expressed in megacycles becomes

BIIU = 9,46 mc,

The lower bound on banc¢width for storage transmission is

BIIL = 58,1 db,

which expressed in megacycles becomes

B = 0. 646  £2] o8

oL
Although this gives an uppsr and lower bound on bandwidth, Equation 9 was
written as a function of a constant minus losses and is given by

By = 60.6 - L, db. , (17

Therefore, given the losses, the bandwidth as a function of losses for Coadition
II was ploited in Figure 3.3-1. Although Figure 3. 3-1 is sufficient for losses
less than 10 db, the readability of the graph is decreased for losses greater than
10 db, For large locsses, Equation 17 was plotted on semi-log graph paper and
is given in Figure 3.3-2. However, for both figures the upper and lower~bound
bandwidth points are appropriately located. -

Once the losses are determined, it is possible to obtain a graph of the transmitter
power required as a function of the digital bit rate. For differential coherent~
phase-shift keying modulation, the bandwidth is related to the bit rate by the re-
latiouship that the bandwidth required is one cycle per bit or the bandwidth is
equal to the bit rate. With this relationship Equation 9, and Table 3-3, the trans-
mitter power as a function of the bit rate is

P_ = Bit Rate - 38,1 db (18)
(%
which can be rewritten in terms of the bit rate in bits per second. Therefore,
Equation 18 becomes

Pt = 154, 8 (Bit Rate) x 10'6, watts, (193

Figure 3, 3-3 plots Equation 19 for the upper and lower-bound conditions for
Condition II. Although this curve is extremely useful in relating the bit rate to
the required transmitter power, additional information could be achieved by re-
lating the frame rate and resolution to the trausmicter power required,

The digital bit rate is determined by the resolution, frame rate, and quantization,
If it is assumed that the horizontal and vertical resolution are equal and equal to
R, fis the fram> rate in {rames per second, aund b is the coded its per eleinent,
the bit rate is (as was shown before)

3-8
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D = R% b. (13)

For illustration, assume that the coding used is previous-element coding that
encodes each element on the average with two bits, Therefore, using tins and
substituting Equation 13 into Equation 19, the transmitter power required is

, -4
P, = 3,096 R% £ x 107%, watts. (20)

Equation 20 which is the transmitter power as a function of the resolution and
frame rate is given by Figure 3.3-4.

Although Figure 3.3-4 gives sufficient information concerning frame rate and
transmitter power at various resolutions, additional information can be achieved
by plotting transmitter power as a function of frame rate for various encoding
techniques. Therefore, Equation 13 is rewritten in terms of variable-cncoding
bits at a fixed resolution R = 256 and is given by

P, = 10,13 £ b, watts, (21)

Therefore, Equ2tion 15 is plotted in Figure 3.3-5 for previous-element coding,
PCM with Roberts, 4-bit-PCM, and 6-bit PCM coding. This curve is extremely
useful to illustrate the savings in power due to coding. Foir example, assuming
30 fps, 6-bit PCM requires 1824 watts while previous-element cruing requires
only 608 watts, Assuming a transmitter efficiency of 20%, ihe savings in prime
power for PEG is 6080 watts,

However, assume that th2 transmitter power is fixed at 1070 watts. It is possible
to obtain the relationship between frame rate, resolution, and coding bits per
element,

Assume again that the horizontal and vertical resolutions are equal and equal to
R. I'rom Equation 9 the relationship between the three paravwaeters is given by

6-Rr%¢h. (22)

6.46 x 10
Therefore, Equation 22 is plotted in Figure 3,3-6, which plots the frame rate as
a function of the resolution parametric in f, Therefore, assuming 600-line re-
solution, the maximum frame rate varies from 2,99 fps at 6 bits per element to
8. 97 ips at 2 bits per element, Here, it is assumed that the transmitter power is
fixed at 1000 watts; however, it is necessary to minimize the power, which was
pointed out in Figure 3, 3-5,

3-9
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3.4 NCMENCLATURE

n

Received power, watts
Transmitter po-,er, watts

Net trans~ .cter power, watts

Gr .d antenna directiviiy
Spacecraft antenna direciivity
Wavelength

Range

Tath loss (or free space transmission loss)
Signal-to-~noise ratio

Ncise power

Boltzmann's constant

Bandwidth

Data bit error probability

System design pad

Miscellaneous spacec-aft losses
Total losses for system

Digital bit rate

Frame rate

Horizontal and vertical ré¢solutiou

Coded bits per element
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“ However, the film recorder must use (and the spacecraft must carrcy) enough
film to cover the entire picture taking time, regardless of the opportunities
to transmit a portion of the data to ealth The weight of film recorder is
therefore given by

N . - wll - woll + cll t A (3)
and there is no maxirnum limiting weight. Functions. 2 and 3 are graphically
illustrated in Figure 4.'1-1, and it is readily seen that no matter how much
smaller WO" is than W ', at some time t, the photographic storage system
will outweigh-the videotape system. Before making an actual system choice,
_ one must obtain an estimate of W' W' ¢ <", T and also the total length

of time:t that the television sensor vnll be in operation durmg the mission -
tlme, LA In generdl i

:" T - tz—my ) . . Tl (4) ~

"a.nd if tl < ta « choose the. td.pe recorder, if tl pS tz choose the fxlm recorder.

“The argument just given is simplified in th‘e interest of presentation, but it -
ceuld equally well apply to tuial volume or total energy consumed as well as
to total system welght There are also additional consideraticns such as re-
llablhty, malntenance, radiation resistance, storabihtv of photomaterial and
chemicais, possible contammatlon of spa.cecraft interior by photochemicals,
and probabxy many others.

Another aspeg‘t of'the problem is that on any long, manned: exploration, camﬂ'—ras -
and photoprocessmg equipment of one sort or another will be included fowlts : _
“own-sake in the table of orga.mzatlon ‘and equipment. Therefore, it seems
desn’able to have on board the spa,ceship a TV film pickup capabuffy. .Hdowever,
" to have- 100% film storage in the basic TV loop is open to serious question on
the basis of ‘the large amount of film expectrd to be used. Actually, the study
of the fili versus videotape question’is worthy of a six-months' study in itself,

- and’such study shou).d be related to a relatively well-defined mterplanetary
mission wherem tm and ty | have been. reas':mably well determmed

~ 2 -

]

' 4.2 VIDEOTAPE RECORDING - . - . T

'Small videotape recorders on the rnarket today are made by two companies: -
Ampex, Redwood Clty, California, and-Machtronics, Mt. View, California.

"The basic recorde “characteristics arengven in Table 4.2-1.. We-appreciate the
personal assmta.nce of Mr. David C,_ Thompson of Machtromcs, Inc. in obtaining
ailook mto the future treads of vgdeotape r6cord1ng “His .comrnents follow: -

iX} - - o
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TABLE 4.2-1 SOME VIDEOTAPE RECORDER PARAMETERS

Recording
Manufacturer Model Size Weight Power EW Time
(cu ft) (1b) (watts) (mc) {hours)
Ampex AR-300 3.5 175 ? 4 1
Ampex VR.-1500 4.4 . 120 200 4 1
Mac ‘ronics MVR-10 2 65 350 3.5 1.6
Machtronics MVR-? 0.5 30 ? 3-4 1
TABLE 4.2-2 STATISTICS ON TAPE PARAMETERS
Tape Volume/
Reel Diameter Length of Tape Speed Width Reel Thickness
{inches) Taype (ft) (IPS) {inches) (cu. in.) (inches)
14 4800 15 2 1230 0. 001
10-1/2 2400 7-1/2 1 345 0. 001
8 1200 3-3/4 1 200 0. 001

4-3
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""General Comments Regarding Advancement in the

State of Television Tape Recording Through 1270

1. Tape will be 1/2 mil (0. 0005 inch} thick.
2. Tape speed will be 3-3/4 ips.
3. Helical scanning will be used.

4, The reel volume and size will be & minor over-all factor
in recorder.

5. Writing speed will drop dewn to maybe 350 to 400 ips. {This
will still have 3- to 4-mc. range.)

6. For strict military use, the size may go down to even 0, 35
to 0. 40 cu ft. Weight will be about the same (30 1b minimum).
Here the tape would be built into unit instead of on standard
removable reels. "

Table 4. 2-2, from Machtromes, gives some statistics on tape parameters.
Figure 4. 2-1, from Machtronics, estimates the tape volume required for one
hour of TV recording as a function of year. Figure 4.2-2, from Machtronics,
estimates the weight and volume of a one-hour TV recorder. Finally, Figure
4.2-3 shows the configuration of a possible videctape recorder as projected
by Machtronics.

State-of-the-art figures may be taken as 30 1b., 0.5 cu. fi., and approximately 200
watts power for a one-hour, 3- toe 4-mc., videotape recorder developed for

space use in the later 1960's, The MSC-recommended system parameters

of 256-line resolution, square format, approximately 15 frames per second

and compression result in a digital bit rate on the order of 2 mc. By using a
subcarrier this digital sigral may be placed on the one-hour, 4-mc, tape

recorder.

4,3 RAPID FILM PROCESSING

Data in the fieid of miniaturized, airborne, rapid-processing systems is even
harder to ob‘ain than equivalent tape-recorder data. Much information is
published about the sensitometric qualities of the various rapid -processing
techniques, and a fair amount of information may be found on the methods by
which the photochemicals are applied to the film. However, for miniature
systems, information on over-all system size, and in some cases weight,
must be inferred from the illustrations of typical systems now in existence,

4-4
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Almost 10 information is commonly available on power consumpticn. Neverthe-
less, Table 4. 3-{ summarizer. the data available and inferred. Size, weight,
and power data on the larger. commercial-type processors is easier to obtain
from data sheets, but even tiough some of it is included in Table 4. 3-1, it is of
little usz in inferring ultime.te size, weight, and power miniaturizations.

From thke table it can be ccncluded that for complete (tanks, film, reels, chem-
icals, etc.) airborne syst:ms approximately one cu, ft. of volume and 25 lb. ci
weight should be allowad. However, for the processing station alone, exclusive
of reele and tanks, on the order of 0. 01 cu. ft. and 1 1b or less is needed. Con-
sideriny that the data in Table 4. 3-1 are for film sizes of 16-mm or larger, it
appears reasonable to assume that an 8-mm procaessor could be made for a
couple of pounds with reel drives and miniature pumps included. Reels, film,
tanks and chemical weight are extra '"expendables' to be averaged on a per-
frame basis.

4.4 COMPARISON AND CHOICE

Consideration of parametric values from the preceding sections ailow the
placernent of typical values on the quantities W', W,", and c" defined in
Section 4.1. Let

W, = 301b (5)
Wo' =2 1b (6)
c'" = 10 mg per frame (7)

The 10 mg per frame is derived from measuring a strip of 8-mm home movie
film anc finding its weight at about 5.5 mg. per frame. Photomechanisms, Inc.
indicate that chemical consumption can be as low as 0.1 cc¢ per square inch of
film. Assuming a chemical specific gravity close to unity, this works out to
about 2 mg per 8-mm frame. Finally, allow approximately 0.5 mg per frame
for the fluid tanks (7:1 mass-ratio of tank plus fluid to tank) and 1 mg per frame
for reels (6.5:1 maas-ratio of loaded reel to empty reel).

The film weight nomogram in Figure 4. 4-1 yie! . a quick estimate of expendable
weight c''t. Since the difference between W' and W ' is 28 Ib (12.75 kg.) and

since the MSC frame rate is 15 per second, 80, 000 {~ 1 day) of picture taking

will result in a rapid-processing system having an over-all weight equal to the
videotape recorder. Any amount of total picture-taking time in excess of 24

hours or so will result ir 2 weight balance in favor of the video tape. Since mission
times of 400 days and such are being considered for the manned Mars missions,

and since two hours a day TV for earth transmission is also a reasonable

(probably low) assumption, it would appear that putting a rapid processor in the

4-5
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Fiilm Weight Total Film

{mg/sec) Weight
_ (kg)

Nl

Film Weight ¥x

(mg/frame) I

55 mm _ 100 10 | 108] 4_

(3500 TVL) = e +

50 === - year b od

16 mm 4 1L /10/7-- T
1600 TVI I

( L) T L5 /‘/ 1 month T

w0 | 10 T""100 | 106 ] 100 |

8 mm E%— ) =

(800 TVL) 5 130 J week I

— 5 -

I 100 _{_ 1071 day -+

4 mm + 4
{4 TVL _————— T

{400 ) T | 103 ] 104l 10 |

Frames/Sec Total Time EE

(sec) 4

104 1L

FIGURE 4. 4-1 FILM WEIGHT NOMOGRAM




spacecrait TV-to-carth loop for temporary program storage purpnses could
resuit in a total system weight some 30 times that of the videotape recorder.

It is concluded that a videotape unit is the preferred spacecraft TV program
storage medium. It iz also concluded, however, that a small, rap.d processor
should be incladed in the spacecraft equipment roster for its proper and very
useful place of processing exploratica movies of short duration bt high value.
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Kelvin and Hughes, Ltd., Kelvin Hughes Photographic Pro-
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Model 904 Tabletop Photographic Processor.
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Processing of Photographic Emulsions.
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the converter optical system) and in the white region {primarily produced by
display~-tube saturation effects}. The compensated video signal is fed to the

TV display and amplitude-modulates the display beam during each display gating
period (see Section ). l. 2 for a discussion of this technigue which is related to
the asynchronous operation of the compressed digital TV system),

Horizontal and vertical deflection voltages, which are locked to the appropriate
syachronization output from the Huffman decoder, feed the display deflection
plates. Electrostatic deflection is used to achieve the desired sweep response
speer in the display.

Selection of the optimum display phosphor is intimately tied to the seiection of
the vidicon tube photoconductor type. The optimum signal storage and decay
characteristics of these transducers will be determined oun the basis of the best
compromise between allowasle signal carry-over from framec to frame (pro-
ducing smear on moving images) and allowabiz brightness 'flicker' or '"shutter-
bar" signal {caused by variations in display brightness as seen Ly the TV camera,
due to differences between input and output frame rates),

The displéyed image is optically coupled to the vidicon camera, which operates
with the standard broadcast scan format., The camera videc output feeds the
variable gain amplifier, which, in conjunction with the flicker correction circuit*
acts to reduce the above -mentioned flicker effect to an acceptable minimum. The
flicker correction circuit consists of a peak white detector and low-pass filter
combination which is "tuned! to the flicker frequency. The detecteci flicker volt-
age trizgers a correction waveform generator, the output of which modulates the
variable-gain amplifier in the proper phase to reduce the flicker component in
the cama:ra video signal.

. This circu’t is followed by gamma-=-correction and aperture~correction circuits

which compensate for camera deficiencies in these particular areas. Finally,
the video distribution amplifier provides multiple signal outputs which are fed to
the data recording and display equipment.

5.2 ALTERNATE SCAN CONVERSION TECHNIQUES

Several nther scan conversion methods have possible application here, The TV
display-to-TV camera method discussed in the previous section is believed to be
vhe best answer, since it makes use of relatively simple, established techniques
and direcily provides the desired video signal at broadcast standards, Other
possible approaches which may, in certain special instances, offer advantages
to the Mauned Spacecraft TV System are discussed in the following sections.

*K, Belair Benson: "CBS Television Standards Conversion Techniques.
Journal of the SMPTE. Vol, 70, 1961,

w
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5.2.1 Recording Storage Tube Scan Converter

This conversion technique makes use of recording storage tube devices, such as
produced by Raytheon (QK -685 single gun and CK-7702 dual gun types, for ex-
ample).

These tubes operate in an electronic read-in/electronic read-out mode without
the requirement for intermediate optical ccupling as used in the previous system.

Presently, the principal use of equipmenrt utilizing this type of tube is in radar-
scan conversion applications. In these systems, the variable signal storage and
erase characteristic of these tubes permit enhancement of moving targets, which,
of course, is in addition to the principal tube function of converting from radar
scan standards to the desired TV scan standards (to achieve greater operating
ease and flexibility of the radar display complex).

For the present compressed digital TV system application, video conversion is
required from 15 frames per second to the 60-field-per-second rate., The erase
characteristic of the storage tubes which works to their advantage in the radar
case becomes a disadvantage for this TV system, Due to the time required to
erase the storage surface of previous data and ""prime!" it in preparation for a new
frame of video data (this time is typically one to several tenths of a second), and
with the requirement to continuously convert from a low to a higher frame rate,

it becomes necessary to use three storage tubes operated in a time~-sequencing
arrangement. While the first tube is. reading out data at the desired new rate,
the second tube {which has just been erased and primed during the previous frame)
is writing in the current data at the original rate, and the third tube (having just
completed the ''read' cycle) is being erased and primed. Thus, a fairly complex,
though feasible system, results from having to meet the Manned Spacecraft TV
System requivrements.

One potential advantage which this technique offers is complete elimination of

the ""shutter bar' or "flicker' effect previously described. Should this prove to

be a serious problem with the display-to-camera conversion approach, the storage
tube type system could be adopted.

5.2.¢ Magnetic Devices Scan Conversion

This section is included to indicate the possibility of using addressable, magnetic
devices (cores, drums, perhaps discs) as scan~conversion devices, In this case
scan conversion is taken in the context of the MSC ground equipment whose pur-
pose is to convert from a low (/\/ 15 fps) to a high (v 60 fps) frame rate, Ba-
sically, this operation entails sequentially reading out in a nondestructive manner
the store at a high rate whiie simultaneously sequentially reading into the store
in a "write-over'" mode the new (updating) information at a low rate,

5-3
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Let the read address a.(t) be given by

ap(t) = rep T (k;t), (1
and the write address a,(t) be given by

ay(t) = rep T,(k,t), (2)

where rep T { ) is read 'repeat function ( ) with period T", and where k

and k2 are cunstants. Further, let 1

k; =AKk,, and (3)

T,=AT;. (4)
These relations are shown in Figure 5. 2.2-1 for the case of A = 4 where A is
the ratio of read-out to read-in speed. Actually, the functions a/(t) and a_(t)
are point functione defined only at specific instaats of time t; =to + Ai, i =0,
1, 2, cau From Figure 5.2.2-1 it can be seen that during one read-in
period T; the following relation

a (t) = a(t)
occurs four times, at points P, P,, P3, and P4. At that time the information
read out is the same as the informationbeing read in, and read-out is switched

to read the input information straight through to the display,

In order to as.ertain the demands placed on the storage device by this scan con-
version system, consider the following parameters:

T, = Aﬂl (6)

and

=
1"

A All (7)

where

>

= 0,25 psec,

N

1 256 x 256 = 65,536,

A =4,

Thus, 1/T ) is about 61 frames per second and 1/’1‘ is apprcximately the 15 -
frames-per-second average for the MSC system. T cse parameters place upon
the store a nondestructive read-out time of 0, 25usec and a write-over read-in
cycle time of 4 x 0. 25 = 1 usec, The total storage capacity is 65,536 q bits where

q, the quantization level, is recommended as 4 in the MSC system. In order to
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aw(t)

FIGURE 5,2,2-1

SCAN-CONVERSION FUNCTION




be econornically competitive with the$25K to $100K storage-tube scan-conver-
sion systems the complete storage unit must become availahle for about 10 cents
per bit. Current prices (Burroughs) fcr high speed( < 1 psec) fe -ite storage
run about 50 cents per bit for the storage alone, exclusive of address circuitry.

Perhaps drurn sturage is competitive and a drum rotation speed of 3600 r pm
(60 per second) is certainly compatible with both existing drum technology and
display frame rate characteristics. Drum read-out at current technology is in
the one to five puscc range (example+ 180 kb rate for Bryant drums) so there
exists a distinct problem of securing 0. 25 usec read-cuts., This problem could
be approached from the staudpoint of staggered read heads side-by-side, dis-
placed around the drum periphery by one bit each and read in overlapping se-
quence. Since one bit is on the order of 1to 3 x 10-3 inches around a circum-
ference of perhaps 30 inches, the head displacement and alignment problem is
a formidable one.

In spite of the above-mentioned mechanical and economical difficulties, it is
nevertheless instructive to return to the basic mathematical definition of a func-
tion to be performed and then to proceed from this point into alternate techno-

logies to see if their current state-of-the-art is capable of supporting the required
parametric values. It is with this spirit that this somewhat speculative discussion

of scan conversion is oifered.

5.3 DATA RECORDING

Due to the asynchronous nature of the spacecraft camera scan (i.e., variable
element, line, and frame rates, which change as a function of picture statistics),
the demodulated video signal from the A to D converter is not directly amenable
to recording by conventionil kine-photo or magnetic-video-tape techriques. This
is because of the problems involved in asynchronous operation of film and tape
transport mechanisms. Considerable simplification of the data recording pro-
cesses would result from operation with synchronous video data employing com«~
mercial broadcast scan standards, This is the approach adopted in this study
program. The scan converter equipment described in Section 5.1 furnishes the
output video signals with the desired format.

To obtain permanent data recordings for detailed analysis and for archival
storage, the scan-counverter video output is fed to standard kivescope film re~
cording and processing equipmeunt.. Also, the video output feeds Ampex magnelic-
video-tape equipment which provides a recording that may be easily and rapidly
edited for later transmission cver the commercial television networks.
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SECTION &

EXPERIMENTS IN DIGITAL TELEVISION

6.0 EXECUTIVE SUMMARY

EDITS is a digital television research tool with variable parameters capable of
taking statistics on an uncompressed and compressed video source. Not only
does it have the capability of obtaining subjective results of parameter variation,
but it also has the capability of determining the subjective effects of bit errors in
the channel. The parameter variations are:

(1) The resolution--512, 256, and 128,

(2) The frame rate at 512 resolution--19 2 (maximum) to 0. 2 (minimum)
frames per second.

(3) The quantization--1, 2, 3, 4, 5, and 6 bits,

As a result of the subjectise experiments performed on EDITS, the standard
digital television parameters for a manned space application are (1) 256 reso-
lution, (2) 15 frames per second, and (3) four-bit quantization. This results
in a 12: 1 over=-all reduction in bandwidth by parameter reduction alone. This
parameter reduction combined with an efficient coding technique results in an
extremiely efficient system.

Several of the more promising coding techniques have beer simulated on EDITS,
and when the statistics warranted it, the system was actually implemented on
EDITS. It is then possible to combine the efficient coding techniques with the
parameter reductions. The conventional PCM system was compared to a two=-
bit delta system and to the PCM system with Roberts and PE cecding. Although
the complexity of the delta system is much less than the Roberts system, the
picture quality is not as good. The three-bit PCM system with four pits of
Roberts pseudo-random noise and PE coding appears to be the most efficient
system with a compression of 3: 1. Although this comparison was performed
independently of noise, the effects of noise in the chinnel can be simulated on
EDITS.

For the uncompressed PCM system a 10~3 bit error probability will allow ade~

quate rendition; however, this bit error probability must be less for the com- :
pressed systems utilizing efficient coding. Both the delta system and the 3-4 ‘
Roberts~-PEC system are expected to require about the same bit error probability

for a subjectively acceptable picture. The effects of ervors in both systems is

quite similar in as much that a single bit error will cause a streak in the dis-

played scene instead of the normal salt and pepper effect observed in noisy PCM,

These conclusions are based not only on the subjective experiments performed
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on EDITS, but also on the statistics obtained from EDITS.

For the 11 standard scenes the statistics are given in Section 6. 2. 4. These

statistics include (1) first-order, (2) second-order, (3) PE and (1-PE), and

run-length statistics. For the standard scenes the average entropy of the 3-4

Roberts-PEC source is 1,9 bits per element, which represeuts a true 3: !
coding reduction in bandwidth relative to a 6-bit PCM system.

6.1 EDITS

EDITS I (Experimental Digital Television System) is one answer to a long-
standing need for a variable-parameter laboratory television system that is dig-
ital, highly flexible, and capable of taking information-theory statistics from an
actual television video signal. Designed primarily as a tco! for television com-
pression research in earth reconnaissance and planetary exploration systems,
EDITS I offers such a variety of parameter changes and combinations that its
applicaticns are practically unlimited. Potential uses range from a determina-
tion of the optimum design characteristics of high-data~rate systems to sub-
jective studies of human reaction to resolution-limited surveillance systems.

The EDITS I is specifically designed to explore:
o Effects of bit »,rrors on PCM pictures

o Redundancy elimination and efficient encoding

o Picture (actual video) statistics

Q

Display and conversion problems
o Subjective picture parameters

The system is currently supporting on a daily basis a comparative study of
television compression systems. In addition, it is being used to receive, re-
produce, and statistically analyze pictures of weather, reconnaissance material,
aircraft, line drawings, and other subjects sent to EMR from government agencies.
In these applicaticns EMR's system design has been characterized by flexibility,
moderate cost, low engineering time requirements, and short time schedules,

To meet the requirements of these programs, EDITS I was implemented with dig-
ital modules, thus enabling EMR to proceed virtually from logic diagrams directly
to a working digital subsystem,

EDITS 1, block diagramimed in Figure 6, 1-1, is truly digital in the sense that the
camera and display sweeps are staircase waveforms dervived digitally from a
master clock. The sweep speeds may be varied continuously over a 10-to-1

range, affording the television experimenter exceptional flexibility in studying
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such effects as flacker, flicker, and display phosphor decay memonry. The video
obtained at each step of the sweep is sampled and the resulting lr vel is held un-
til it is encr ed by a successive-approximation, analog=te-dizi ai converter,
This convei.er can encode the held video s gnalto 1, 2, 3, %, . o1 6 bits at the
experimenter's command. The PCM-encoded video is sent to th- digplay systermn
via a controlled ncise-corruption circuit which allows the experimenter to simu-
late the binary syrnmetric channel by invecting PCM bits at random on A ''con-
trolled-avnrage" basis, For instance, one may wish to agsess visually the ef-
fect of a 10~ % bit error rate on a given picture scene, With EDITS.I the experi-
menter adjusts the level of a threshold circuit sc that an average of one out of
every 100 bits is inverted. Thus, one may experimentally assess the maximuin
tolerable bit error rate for digital television encoded to any of six quantization
levels, Other paraineters of the system are also variable. For example, the
digitally derived sweeps may be set to either 128, 256, or 512-line resoluticas;
a 1024-line resolution is planned for use in assessing the signal characteristics
of high=detail reconnaissance and planetary exploration photographs. The EDITS
I systemn design will be expanded to incorporate redundancy-elimination circuits,
efticient encoding circuits, sync-transmitting circuits, efficient decoding circuits,
redundancy-restorativn circuits, and sync-separation circuits to check out com=~
pression implementation designs.

EMR's canera system is built around the all-electrostaiic Westinghouse WX«
4384, clectro-optically equivalent to the Westinghouse WL=-7290 magnetic slow=
scan vidicon. The tube's slow-scan capability, when coupled with the ELITS
display storage capability, makes possible an exact assessment of how low the
television framc rate may be for adequate rendition of given types of motion,

A future displar system will employ a selective-erasure, direct-view siorage

tube that receives its analog input from a digital-to-analog converter, A con-
ventional cathode-ray-tube monitor is available for current comparison stadles.
The converter receives its video from the noise=-corruption circuit ‘umulatmg

the channel, The direct-viewing storage tube is on. of the mcst advanced ob-
tainable: it can 1sed to sirnulate a variable-decay phosphor; it may be op-
erated so that-it res one written television frame and then erases it as the

next one appears; it may be operated to erase the old information line ~by-line

just prior to writing in the new inforrnation; and it is capable* (according to manu=-
facturer's specification) of storing aad displaying half-tones to seven levels of gray.

6o EXPERIMENTAL VARIABLES AND EXPERIMENTAL RESULTS
6.2,]1 Variuble Parameters

If maximum compression is desired, then along with efficient encoding and re-
dundancy elimination, the three basic parameters of frame rate, quantization,
and resolution must be reduced. Although there is some pubiished literature on
the . inimum frame rate for real-time television, the frame rate on EDITS was
made variable to allow for a subjective evaluation of the displayed picture at
various resolutions and quantization, The frame rate on EDITS for the stand-
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s 6, hi' 6,7a‘:‘1d' (5.4 fr'é_'mes ~pef'seto¥x& for 128, 256, and 512 re-

reséeétwelye How’ew’)’e r; the fra.m'e rate is variahle up to 19. 2 frames

S sion’ sVstem. It is felt that this is a

é 'esﬁma.te relafv'e to the Apollo ‘system at 10 fps. ~Other applica- . . A
itk *{me rates.are tabulated in Table 2, 1.3-1. The 15 -

qec&nﬂ&s cl-ose to the 16-fp home movie standards, and re presents

on in. band\wdth relatn'e to ‘comnmercial TV-standards. The band-

€ further by conmdeung the effects of- reduc1ng the re solut.uon.

Be'red

L’resent EDITS‘dlspL.y z,s ‘scan 11r:nted to about 350-12 400, lmes. I\.e-vertheless,
0 ,the sub_]ectlve Tesules. of the ‘three resolutions, 128,256, and
;,pa.rent that for.spec1f1ed a.l.phcatlons reduc1ng the resolution is
PrNoivay mable loss m requu-ed mformatlox It 1s necessary_ to

na Tix are the expernnenl:s pertormed on reducng the quaanti-
-p'?wuh cod1ng techuiques. It has been zstablished that a 6-bit
éééssary to’almost. totally prevent the annoying contouring effect.
.a:re coamg teohmques such a2s the Reoberts coding technique that
pertu‘s of: vision to avoid contouring and yet reduce the quantiza-
ér?ce dchlevmg A 2- 1 1educt1on in bandwidth.

2o w <

1, -'.

,?.

er esta‘bhahed that a £-hit PCM system is rougiily equwalent to

'e_lev151on. -:Durmg the course of the experiments, it was fouud

§'adequate ‘for space telev1s1on since, for most scenes observed,
ufuclent -amount -of contouring to be .objectionable, Therefore,, this

it ’. l.. 5: 1 zeduction in bardwidth is possible by merely rcducing the
four ‘bits. uombmmg this reduction with reducing frame rate and

] ;lcovera.ll reductmn in bandwidth is possible by parameter re-

parameter reduct.;on conibined witli'an efficient cz ding tech-
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that is, the data are passed through a binary symmetric channel and the ncise-
corrupted -picture can be displayed, The effects of noise on the uncompressed
data must be cbtained along with the effects of noise on the compressed data to
evaluate the compression system.

The uncompressed data were subjected to bit-error probabilities from 10°% o
101, For the uncompressed data a bit-error probability of 1073 is sufficient
for space applications since the digital errors cause only a salt-and-pepper ef-
fect in the displayed image. 1In a real-time system at 15 frames per second and
assummg that the errors are random, the eye would tend to integrate out the
1073 bit-error uoise. The minimum bil-error probability for uncOmpressed
data is a function of the frame rate and resolution. Experiments were performed
on EDITS on varying the bit-error probability, resolution, frame rate, and quan-
~ tization, and some of the subjective results are given in the photographic matrix
n Sec:tion 6. 2, 5. The noise effects on the uncompressed data are quite readily
obtainable; howevzar, the ramifications of compression complicates the error -
‘effects for compression systems.

In general, one expects that the compressed data will be more vulnerab1° to er=-
rors since a single~bit error in the uncompressed system will effect only a single
‘. picture element, whereas a s.mgle it erfor in the compressed data will effect
many picture elements or lines. In many of-the compressed data systems a
smgle-b1t error will cause streaks to appear in the displayed image instead of
the usual digital: sa.lt-a.nd-pepper effect, For example, the photographic matrix
in Section 6. 2.5 compares the digital noise performance of an uncompressed
system with two dxfferent compressed systems., -

The compressed system in general will requlre a low bit-error probab1hty,
however; there are exceptions, For example, the Roberts coding technique re-
quires the same bit-error probability as the uncompressed system; however,
other coding techniques-such as redundancy eliminztion techniques (i.e., PE
coding), do require-a lower bit-error prohability., Experimentally it has been
determined that the delta system requires only 1 db s1gna1-to-no1se ratio more
than the equivalent PCM system. )

‘It is absolutely necessary to perform a complete error analysis accompanied by
experimentation o each.coding technique before the net or over-all compression’
can be stated. It is conceivable that a compression technique could achieve an
apparent compression that dould be nullified by a corresponding increase in re-
quired signal-to-noise ratio.” This poss1b1hty emphasizes the necessity for-

" studying the effects of noise.

6:2.3 Vanable Encodmg

EDITS currently has the capability of simulating 10 compression techniques.,

" These are (1) previous-element coding, (2) run-length coding, (3) truncated run-
length coding, (4). prevzous element run-length coding, (5) previous-element pre-

vious=~line coding, (6) delta with previous-element codmg, (7) delta with run-length




coding, (8) Roberts with previous-element coding, (9) Roberts with run-length
coding, and (10) split-tand coding. The simulation is not necessarily sufficient
to obtiin subjective r:sults, but rather to obtain the statistics of each coding
technique 22 an information source to determine whether or not the coding
technique can achieve a sufficient amount of compression to warrant further
investigation. The statistical results of EDITS compression technique simula-
tion are given in Section 6.2.4. Alcag with the scurce simulation, EDITS also
has built into it three digital coding techniques. “The digital coding techniques
are (1) pulse code modulation, (2) Rober.s coding, and {3) delta modulation, The
pulse-code modulation experiments are summarized in Section 6. 2.1 where

the three basic parametecs were varied.

The delta system of EDITS is a two-bit delta with an exponential integrator. The
delta system required many experimental trade-cffs to determine the optimum
system. These were performed to determine the appropriace trade-offs between
the delta step-height sizes, integrator time constant, resolution, and noise
effects. In general, the delta system perfcrmed as predicted especially with
regard to the effects of noise. Although the two-bit tunnel diode analog-to-digital
converter is somewhat novel, the overall complexity of the delta system is much
less than the PE coding system. While the delta system is a promising candidate
for a compression system, the subjective results to date are not quite as good as
the Roberts techniqu~ results.

The Roberts coding technique is among the most promising coding techniques.

A partial implementation on EDITS has been accomplished. This partial in.plementa-
tion appears to be one of the major reasons why the subjective results of the
Roberts technique are not as good as the four-bit PCM, although L. G. Roberts*
contends that when the technique is fully utilized, the three-bit PCM system with
Roberts is subjectively equivalent to six-bit PCM, At the present time the
squaring amplifier of the Roberts techriique has not been constructed; however,

it is anticipated that when this problem is eliminated and the over-all system
transfer function is optimized with respect to the coding technique, the Roberts
coding technique will perform as specified. The Roberts coding technique, com-
bined with previous-element coding to obtain the most promising and efficient
coding technique, is the coding technique recommended.

Complete statistics were obtained on the effects of varying the basic PCM quantiza-
tion with the Roberts pseudo-random noise quantization. The end result oi these
experiments is that the three-bit PCM with four bits of Roberts pseudo-random
noise is the optimum combination., This decision was based on not only subjective
results, but also the compression achieved when the previous-element cuding
technique is combined with Roberts. "

#Roberts, L. G.: '"Picture Coding Using Pseudo-Random Noise," IRET on Informa-
tion Theory, February 1962,




The photographic matrix in section 4, 2.5 compares the subjective and noise results
of the basic six-bit PCM system, the 2-bit delta sysiem, and the 3=-bit PCM-4 bit
Roberts system with and without noise, The PCM-Roberts system is about as
tolerant of channel noise as is the straight PCM system. The delta noise is
subjectively different in appearance due to the progagating effects of the delta
receiver integrator.

6.2.4 Picture Statistics

EDITS was designed not only to be an experimental tool for the subjective evalua-
tion of compression techniques, but also to be a statistics taker for the many
coding technicues, Although in the past the statistics of » televisicn source

have been based on the actual phoiographic or scene content, the statistics from
EDITS are the statistics of the aciual video. 7The statistics that have been taken
on EDITS are: (1) First-order, (2) Second-order, (3) PE and (1-PE), and

{4) Run-length statistics. The 11 standard scenes were processed on EDITS and
the results tabulated. Table 6.2.4-! gives the first-order probabilities for the
standard scenes anantized to four bits.

Although this talFle enables the evaluation of efficient encoding of the data, the PE
and (1-PE) statistics were taken to evaluate the efficiency of the PE coding
technique. The PE and (1-PE) probabilities for the standard scenes fer PE
ceding are given in Table 6.2.4-2. These statistics, when properly applied,

will give the efficiency of the coding technique.

While the PE coding technique alone appears to be a very promising compression

technique, the theoretical results of the Roberts plus PE technique appear to be more

promising. Therefore, the first-order probabilities for a 3-bit PCM source
with 4 bits of Roberts pseudo-random noise were taken. These statistics are
tabulated in Table 6.2.4-3. However, to achieve the optimum efficiency, the
coding technique should employ efficient encoding of the digital data. PE
coding was applied to the Roberts source and the PE and (1-PE) probabilities
for the standard pictures were tabulated in Table 6. 2. 4-4.

These probabilities were then converted to the common parameter of the entropy
of the source, that is, the average number of bits per element, Two distinct
and separate entropies were calculated and tabulated. These entropies are
deiined by

n

HIN = - 2 P(i) log, P(i), )
i=1
A ,

Hipg = - 2 P(i) log, P(i) - PE log, PE, and (2)
j=1 ,
n

HCN = E P(i) L(i). (3)
“—
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The minimum or statistical and the flat coded entropy are tabulated in Table 6. 2, 4-5,
Although the entropy of each standard scene is given, the average entropy fur

the 4- and 3-bit sources is also tabulated. As expected the average entropy of

the three-bit source with Roberts is less than the entropy of the conventional

4-bit source, ‘

Although the entropy is a common parameter for coding comparisons, the final
parameter desired is the compression., Therefore, the average, maximum,
and minimum compressions for each technique are tabulated in Table 6, 2, 4-6.
This table along with the size, weight, power, and noise considerations enabled
the most efficient system to be specified. The statistics for several other
promising coding techniques were taken.

Although run-length probabilities are somewhat time-~consuming to obtain, the
Moon scene was processed on EDITS and the run-length probabilities were
obtained for run-lengths truncated at eight, These probabilities are given in
Table 6,.2.4-7. The compression for run-length coding is given by

k n
(1°gzn)[z 2 Y PR

_ y=1 j=1 (4)
- k n
S° H [P(Rjy)]
y=1 j=1
TABLE 6,2.,4-5 ENTROPY OF STANDARD SCENES
Entropy*
Scene Hj4 Hpgy4 Hecy Hyj3 Hpgj Heg
1 2.169 1.557 1. 860 2,008 1.612 1. 875
2 2.226 1.532 1. 841 2.116 1,642 1.399
3 2.415 1.905 2.174 2.071 1.631 1. 895
4 2.408 1.700 » 2.000 2.095 1,481 1.862
5 2,990 2,289 2.490 2,394 1.880 2.073
6 3.215 1.791 2.036 2.551 1.665 1. 890
7 1,615 1. 044 1.518 1.621 1,177 1. 549
8 1.612 0.973 1.496 1.883 1.352 1. 907
9 3,043 2.217 2.562 2.212 1.709 2.002
10 3.882 2.083 2.254 2.918 1, 851 1.995
11 3.653 1.611 1,901 2.894 1.692 1.865
Average 2.657 1.700 2.012 2.251 1.608 1. 892
*H| 4 = First-order statistic entropy of 4-bit souzce.
HpE4 = PE and (1-PE) statistical entropy of 4-bit scurce.
Hc4 = Flat-coded entropy of 4-bit source.
H13 = First-order statistical entropy of 3-bit source.
HPE = PE and (1 -PE) statistica! entropy of 3-bit source.
Hcg4 = Flat-coded statistical entropy of 3-bit source.
6-12
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TABLE 6.2.4-6 COMPRESSION OF STANDARD SCENES

i Statistic '
Parameter 64 6PE4 C_(;4 63 EPE3 EC3
Average 2,258 2.529 2.982 2. 665 3,731 3.171
Minimum 1. 5406 2.621 2.342 2. 056 3.191 2.894
Maximum 3.722 6.166 4,011 3.701 5,098 3.873
TABLE 6.2.4-7 TRUNCATED RUN-LENGTH PROBABILITIES
FOR MOON SCENE AT 256 RESOLUTION
o j
0 1 3 4 5 5 7
0.0058 | 0.0378 0.0893 0.1131 0. 0921 0.0397 0.0146 0. 0012
0.0043 | 0. 0258 0. 0511 0. 0577 0.0411 0. 0218 0. 0080 0. 0001
0. 0027 | 0. 0159 0. 0299 0. 0344 0.0197 0.0110 0. 0043 0. 0001
0.0017 | 2, 0101 0.0174 | 0.0197 | 0.0125 0. 0060 | 0.0024 0
0.0014 | 0.0068 | 0.0113 | 0.0126 0. 0072 0.0034 | 0.0014 0
0.€219 |0.0052 0. 0089 c.nn78 | 0.0047 0.0018 | 0.0005 0
0.0019 { 0.0039 | 0.0056 0. 0051 0.0035 | 0.0015 | 0.0003 0
0.0316 | 0,0184 | 0.0236 0.0249 | 0.0197 | 0.0030 | 0.0003 0

coding.
6.2.4-8.

Cpgry =

(logzn){ 2

n

j=1

For the Moon scene the compression is 1. 77:1.

Another form of run-length coding is FERL (previous-element-run-length)
For the Moon scene the PERL probabilities are tabulated in Table
The compression for the PERL coding technique is given by

P(j) +? [ -puy ] Z y PR } (5)

B e RSN W

n
>
j=1

.
E:_ H (PERL)

~<
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TABLE 6.2.4-8 PERL AND (1-PERL) PROBABILITIES FOR MOON SCENE
AT 256 RESOLUTION

Level Probability PE Run- Lenygth Probatility
(1-PERL) 0 0.0078 1 0. 2386
(1-PERL) 1 0.03285 2 0.1348
(1-FERL) 2 0.0776 3 0. 0792
(1-PERL) 3 0. 0906 4 0. 0505
(1-PERL) 4 0. 0649 5 0. 0351
(1-PERL) 5 0. 0304 6 0. 0242
(1-PZRL) 6 0.0112 7 £. 0198
(1-PERL) 7 0. 0005 8 0. 0965

Substituting the probabilities into the compression expression, the PERL com-
pression is 1.56:1. This compression is somewhat less than the compression
for conventional run-length coding, but this was predicted. These compression
figures do not appear to be too promising. However, another coding technique
does have the potential for increasing the compression over PE coding.

The PiPL coding technique, which is an extension of PE coding in the vertical
direction, does appear to have the potential for increasing the compression.
Statistics were taken to obtain the PE, PL, and (1-PE - PL) probabilities

for the Girl scene, Since a comparison between PEC and PEPL is desired,
the PE and (1-PE) statistics were taken on the same picture and the results
are tabulated in Tables 6.2.4-9 and 6,2.4-10.

TABLE 6.2.4-9 PE, PL, (1-PE-PL) PROBABILITIES
FOR "GIRL" SCENE AT 128 RESOLUTION

Event Probability
PE 0. 7820
PL 0. 0988
(1-PE-FL) 0 0. N079
(1-PE-PL) 1 0. 0203
(1-PE-PL) 2 0. 0165
(1-PE-PL) 3 0.0191
(1-PE-PL) 4 0.0199
(1-PE-PL) 5 0. 0222
(1-PE-PL) 6 0. 0106
(1-PE-PL) 7 0.0030
6-14
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TABLE 6.2.4.10 PE AND (1-PE) PROBABILITIES FOR
"GIRL" SCENE AT 128 RESOLUTION

Event Probability [

PE 0.7820
(1-PE) 0 0.0211
(1-PE) 1 0. 0351
(1-PE) 2 0.0333
{(1-PE) 3 0.0313
(1-PE) 4 0. 0361
(1-PE) 5 0.0342
(1-PE) 6 ¢, 0165
(1-PE) 7 0. 0043

The compression for the PEPL and PE coding techniques is 1.92:1 and 1. 86:1,
respectively. Thus, experimental results verified the increase in compression
by PEPL coding. The amount of the increase must be weighed with the increase

in complexity.

These statistics are but a few of the many that could be taken on EDITS; however,
they are representative and illustrate the remarks and conclusions in “cction 2

on coding.

6.2.5 Photographs

Prints of the following scenes are presented in this section,

Scene
Scene
Scene
Scene
Scene 3:
Scene 3:
Scene 4:
Scene 4:
Scene 5:
Scene 5:
Scene 6:
Scene 6:
Scene 7:
Scene 7:
Scene 8:
Scene 8:

NN e

APOLLO I (Variable Quantization)
APOLIO 1 (Noise Effects)
APOLLO 2 { Variable Quantization)
APOLLO 2 (Noise Effects)

Cooper 1 (Variable Quantization)
Cooper 1| (Noise Effects)

Cooper 2 (Variable Quantization)
Cooper 2 (Noise Effects)
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SECTION 7

_ CONCLUSIONS AND RECOMMENDATIONS

7.0 EXECUTIVE SUMMARY

This section is ormnitted due to the Lrevity of the succeeding sections.

7.1 CONCLUSIONS

4. It ‘s concluded that a compressed digital television system of thsa
following characteristics is feasible of implementation, compatible
with future world-wide ranges and will transmit teievision pictures
from deep space to earth with minimum possible power drain from
the spac=zaraft and still proiutain an acceptable error rate at the
earth receiving termi: al, '

System Ciaracteristics

Sensor: Slow scan electrostatic
7 vidicon
Resolution: 256 liues ) {512 and 1024
) lin s future)
Quantization: 3 bits of PCM plus
4 bits of Roberts
encodaing
Frame rate: 15 ‘rames per second {(Less for 512 and
1024 lines)
Redundancy Element-to-element
elimination: with Previous Element

Coder (PEC)

Coding: ‘ Maximally efficient cod- {Modified Huffman
ing with prefix propert - code)
Buffer store: None - efficient coder

controls information
gsource rate

Input picture 106 picture elements per
element rate gecond, long-term
average




Output b't rate: Constant at 2 megabits per
second

~ Spacecraft stere: Videotape capable of 2 megabit

read-ir and 1.2 o1 2 megabit
read-out compatible with futvure
world-wide ground rangec

Ground scan TV-display io TV-camera
conversion:
Construction: Semi-~conductor integrated

circuitry or dis~—~ete miniaturized
parts depending on reiiability vs
size, weight and power trade-of’s

It is concluded that the size, weight, powet and complexity of the
referenced compressed digital television svstem: is less by a factor
of 2 than the size, weight, power and complexity of a comparably
miniaturized standard analog system of :qual frame rate and equal
horizontal and vertical resolution.

It is concluded that useful comprecsions {3:1) can be obtained by
considering only digital modulation systems.

It is corcluded that useful! compressions {3:1) may be obtained by
utilizing ro more than the redundancy inherent in element-to-element
correlations, and that high compressions { = 6:1) may be obtained
with further study of the utilization of the rodundancy inherent in
higher order correlatio.s.

It is concluded that the use of an efficient (mogified Huffman) coding
technique is necessary to utilize the maximum benefits afforded by
the reduction of element-to-element redundancy.

It is concluded that a differentially coherent phase shift keying r{
medulation systen. imposes no restvictions on the referenced com-
pressed digiial television system.

It 13 concluded that for Condition 1 {of the RFP) the horizortal and-
vertical resolutions can be 525 lines and that the frame rate with
2:1 cornpressicn is then 42, 45 frames per second for real-time
transmission.

It is concluded that for the path described as Condition 2 {of the RFD"
frames of 525 by 525 line resolution can be transmitted with 3:1 com-
pression from a storage medium at the rate ot 11.72 frames per
second.




9. It is conclnuded that for Condition 2 videotape recording is the pre-
ferred storage system when compared with rapidly and simply
developed motion picture film.,

10. It is concluded that no work was required on the rf modulation portion
of the system beyond incorporating the informatinn in the RFP,

14. It is concluded that the earth-based scan conversion portion of the
system, being based on TV broadcast practice, poses no exceptional
problems in receiving and converting compiessed digital television
tc commercial analog TV staadards.

12. It is finally concluded that the immediate development of compressec
digital TV latoratory engineering hardware is warranted based on
the {indings o/ this study.

7.2 KECOMMENDATIONS

The recommendations of this study deal with two areas: (1) Follow-on de-
velopment of the system originatea, and {2) further study of more efficient
syst:ms which came tc light during the current study.

It is recommended that

i. Manned Spacecraii (enter have fabricated as the next phase of this
work a complete laboratory engincering model of a 3-bit PCM -
4-bit Roberts compressed digital television system employing
previous-element redundancy elimination and efficient (modified
Huffman) ¢ncoding.

2. Manned Spacecraft Center initiate ¢« comprehensive, one-year,
theoretical and experimental study of those video conipression
techniques expected to yield large { = 6:1) cnmpressions, such
study to be conducted from the source-entropy point of view and to
run concurrently with (1) above.
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AFPENDIX A

RFF EXHIBIT "A"

STATEMENT OF WORK

FOR

MANNED SFACECRAFT ADVANCED TELEVISION STUDY

Intent

This Statement of Work describes a study which is required for the de-
velopment of an advanced and highly efficient modulation system for
transmitting television imormation from manned spacecraft in deep space

- to earth. This task is a study only; no deliverable equipment is required.

However, all important assumptions made in the study must be proved by
results obtained from tests made on "breadboa- 2" models of circuits in
question and must he well documented by test results, written discussions

and schematir diagrams (where applicatle).

Svecific Requirements

4. The prime requirement of this minimum weight and volume system is
that it transmit television pictures from deep space to earth with the
minimum possible power drain from the spacecraft and still maintain an
acceptable =rror ratve at the earth receiving terminal. This system would
not be considered to have an advantage over the standard U. 5. breadcast-
ing televisiou system, for example, if:

1. Iis bandwidth requirement for real time transmission were markedly
reduced from the 4 mc of commercial television but its sensitivity to errors
were increased so that approximately the same transinitier output power is
required.

2. The transmitier power and weight can be reduced only to have ‘his
advantage offset by a comparable increase in the power and weight of the
television terminal equipment inside the spacecraft.

B. The study is to provide trade-off comparisons on reliability, size,
weight, power and complexity of this system vs. a comparably miniaturized
standard analog system of equal frame rate and equal horizontal and verti-

cal resolution.

C. Only digital modulation systems are to be considered in this study.

I

.



D. The study is to ccnsider elimination of redundancy of element-to-
element, line-tc-line, and frame-to-frame information, Any special
coding techniques which the contractor may propose are also to be
considered.

. he rt{ modulation to be used in the spacecraft may be assumed to be
differentially coherent phase shift keying for the purpose of this study.

A plot of the probability of errcr vs. input signal-tc-noiec= ratio is included
as Appendix I of this outline anc was extracted from Repcrt RADC-TRI-
58-91, AD i4¢t 803 prepared vy the Cornell Aeronautical Laboratory. Ap-
pendix Il contains two conditions for which information on the system under
consideration ‘s required. For Condition 1, the contractor is to provide
information as to ike frame rate and vertical rorizontal resolutions which
can be obtained for real time transmission. (The term ''real time' does
not prevent the contractor from electrically storing several frames of in-
formation before actually starting its tzansmission). For the path des-
cribed as Condition 2, the contractor 1s to provide information as to tne
rate of transmission which can be obtained for 525 line x 525 line
resolution frames from a storage medium. 7his information should be
estimated in the proposals, and the {inal report is to contain a comparison
of the expected frame rates and resolutions ¢r the proposal with those
which are to be expected from the finalized system.

F. The storage mediums to be considered for Condition 2 of Appendix 11
are rapidly and simply developed motion picture film {such as the saturated
web process) and the various types cf video tape recorder. The contractor
is to investigate both processes in this study and is to acequately document
his choice by comparison of weights, volumes, power requirements and
complexities.

G. No work on the rf portion of this television system is required other
than incorporating the information given in Paragraph E. in the necessary
computations.

H, The earth-based portion of the system is the picture reconstructiorn
equipment and is to include the necessary post deteclion demodulation
equipment, and 8 inch monitor scope and a translator which converts the
signals received from the spacecraft to a regular commercial television
52% line, 30 frames rer second format for recording on an Ampex video
tape recorder and later broadcasting by commenrcial television stations.
The size, weight, and power consumption of this equipment are not
important factors.

I.  Ten ccpies of the final repoil are required. The report is to contain,
in addiiion to the inforrnatinn required in the previous paragraphs, a
description of the operation of each stage of the system and a presentation
of the design information for each unusual stage involved. Sufficient in-
formation is to be presented to enable a complete engineering m del of
the systecrn to be fabricated as the next phuse of this work without the
necessity of developing new concepts or circuits.

A-2




J.  All equipment fabricated for this contract or pvrchased and charged
to the contract is tc be the property of the Manned Spacecraft Center.
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APPENDIX II

Facwors to be Considered in Information Rate Determination

Range

Spacecraft transritter power
Spacecraft transmission line loss
Frequency

Spacecraft anieqna

Spacecraft antenna pointing loss
Ground station antenna

Ground station receiver bandwidth

Ground station excess noise temp.
{Includes temperature of distant
body, antenna, feed line and pre-

amplifier)

All-1

R T

1.0 db

85 ft parabola
As vequired
for system

under consid.

330K

2.3 KMC

10 {t parabola
1.0 db

225 ft parabola
As required
for system

under consid.

309K
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