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Fig. 8— Basic configuration of frame memory.
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of high-speed gates. The function of the high-speed gates is to convey
to the input of the delay lines, in parallel form, either new information
scanned from the vidicon camera which has been encoded, or previously
stored data read from the output of the frame-memory shift registers.

Logically, a high-speed gate is comprised of two, two-input AND
circuits feeding a two-input OR circuit. A separate high-speed gate is
used to convey each digit to the frame memory with all AND ecircuits
being controlled by a single flip-flop as shown in Fig. 8. Only one AND
circuit per gate is enabled at any given time. The controlling flip-flop
will hereafter be referred to as the memory control flip-flop (MCFF).
Thus, by controlling the output state of the MCFF, either new infor-
mation or data previously stored in the memory is coupled to the
input of the delay lines. The information coupled to the input of
the delay lines is also simultaneously decoded, filtered, and displayed
on a television monitor for subjective evaluation. The information
to be displayed on the monitor is taken from the input terminal of the
frame memory rather than the output terminal to avoid the non-
simultaneous presentation of the visual signal and the corresponding
speech signal to the observer.

Once data is inserted into the delay lines, it can be stored for any
desired number of integral frame periods or replaced with new infor-
mation. Thus, two modes of operation are considered to exist for the
frame memory—a write mode of operation and a repeat mode of opera-
tion. In the write mode, new information, read from the vidicon camera
and encoded, is inserted into delay lines via the high-speed gates. The
output of the MCFF assumes the 1-state for this mode of operation.
In the repeat mode of operation, the digital output of the frame memory
is directed to the input of the delay lines via the high-speed gates to
recirculate the data previously stored in the memory. For this mode of
operation, the 1 output of the MCFF assumes the 0-state.

Control logic is programmed to regulate the output state of the
MCEFT to realize frame-repeating and replenishment systems and will
be discussed later.

VIII. DC LEVEL CONVERTERS

To provide the proper coupling between the output of the high-speed
gates and the digit inputs to the decoder, output dec-level-converters are
utilized. The function of this stage is to convert the digital processing
logic voltage levels of 0 and —4 volts to +2 and 0 volts when working
into the 75-ohm load presented by the decoder.
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IX., DIGITAL-TO-ANALOG CONVERTER

The D/A converter used to convert the 8-digit binary code into its
analog equivalent is similar to an exploratory model® designed for the
high-speed PCM ecoaxial transmission system and is shown in Fig. 9.
Some modifications were made with respect to the method of clocking
the control circuitry, the choice of the network switching diodes, and
the resampler circuit used.

The decoder is composed of an eight section 75-ohm balanced resis-
tive ladder network controlled by appropriate digital logic. Since the
decoder is operated at a lower sampling rate than required in the
design of the original model by Kovanic, matched pairs of Fairchild
type FD100 diodes proved adequate for the network switching diodes.

The control of the resistive ladder network is performed by clocked
flip-flops, one flip-flop per digit. By using diode steering logic associated
with each flip-flop, on command of a clock pulse a 1 is stored in the
flip-flop whenever a 1-state signal is applied to the digit input of the
flip-flop and a 0 is stored whenever a 0-state signal is present.

The input impedance for the clock input of each flip-flop was modi-
fied to give 75 ohms when all inputs were paralleled to permit use of
a common pulse driver for the clock signal.

Since the output of the decoder exhibits transient effects as a func-
tion of level transitions, these transient disturbances would contribute
to in-band noise. By resampling at a 1.536-MHz rate prior to low-pass
filtering (the samples being taken at that portion of the output wave-
form which is free of transient disturbances), new transient dis-
turbances will be generated which are not a function of level transi-
tions and hence will contribute only out-of-band noise. The noise
introduced by the resampling process will be removed by the system’s
low-pass output filter.

1 —
—]
PARALLEL | 3 e
DIGITAL 1 — DiGITAL RESISTIvE PAM
INPUT CONTROL RESAMPLER f—
5 — NETWORK SIGNAL
INFORMATION | g __4] CIRCUITS SECODER
(BINARY CODE) | S
= 1
GATE SIGNAL
(SAMPLE RATE)
cLOCK

(SAMPLE RATE)

Fig. 9—D/A converter.
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Fig. 10 — Resampler block diagram.

A block diagram of the resampler circuit is shown in Fig. 10 and is
a two-input switech. Means are provided for switching one of the two-
input signals to the output terminal by using diode bridge networks.
The transmission path for each input signal is comprised of a series
feedback amplifier, diode bridge network, and shunt feedback ampli-
fier. The shunt feedback amplifier is common to both signal paths.
Only one diode bridge network is closed at a time. Overall negative
feedback is used to improve the transmission linearity. Switching
rates of up to 5§ MHz can be achieved with a 20-nanosecond change-
over time. The transmission passband for each path is de to 60 MHz.
The circuit presents a 75-ohm input impedance and is capable of
driving a 1 volt peak-to-peak signal within a =1 volt range into a
75-ohm load.

Using the two-input switch as a resampler circuit, the video output
signal of the decoder is applied to one input terminal and a dc refer-
ence level voltage is applied to the other input terminal. A 1.536-MHz
switching rate is used to alternately switch the input signals to the
output terminal, thus resampling the video signal.

X. VIDEO FILTERS

In the encoding process the video signal is sampled at a 1.536-MHz
rate. Foldover distortion can result, causing spurious patterns in the
recovered television pictures, unless the high-frequency end of the
camera signal spectrum is sufficiently suppressed. Subjective tests have
been conducted to determine the loss required by the filters, at half
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the sampling frequency, for the effects of the spurious patterns on a
sampled television picture to be subjectively negligible. It was found
that the combined loss of the input and output filters should be at least
16 to 19 dB at a frequency equal to one-half the sampling rate to
insure negligible picture impairment. The resampling frequency com-
ponent of 1.536 MHz must also be sufficiently attenuated by the output
filter so that the resampling pattern cannot be resolved in the displayed
picture.

In general, television pictures restricted by linear phase-shift filters
exhibit greater apparent resolution and apparent freedom from ringing
than is possible with ordinary minimum phase-shift filters.® It has also
been shown by E. F. Brown of the Bell Telephone Laboratories that
the apparent sharpness of a low-resolution TV picture can be signifi-
cantly improved by introducing a controlled amount of overshoot in
the transient response of the filters used in the video signal path. The
optimum amount of overshoot is approximately 12 percent.

A linear-phase maximally-flat low-pass filter is used for the input
filter. At half the sampling frequency the response of this filter is
down 9.1 dB and down 38.8 dB at the sampling frequency. At a fre-
quency of 1.39 MHz the response of the filter is down 59 dB and down
37 dB or more for all frequencies beyond 1.39 MHz.

A linear-phase low-pass filter with controlled overshoot is used for
the output filter. At half the sampling frequency the response is down
10.5 dB and is down more than 60 dB at the sampling frequency. The
step response of the filter was measured and found to have an 8 percent
preshoot and 10 percent overshoot with respect to the step transition.

The composite loss of the pair of filters measured 19.6 dB at half
the sampling rate (768 kHz) which meets the original 16 to 19-dB
requirement. ‘

Each filter is isolated by a pair of video amplifiers in order to provide
resistive input and output impedances of 75 ohms. The amplifier gain
of the input filter unit is adjusted to provide 0-dB transmission for a
reference frequency at 100 kHz to compensate for the insertion loss of
the input filter. The amplifier gain of the output filter unit is adjusted
to provide 0-dB transmission at 100 kHz for the over-all system. This
compensates for the insertion loss of the output filter as well as the
signal loss encountered in the decoding operation.

XI. MONITORS

Two types of picture displays are used.
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111 Type I

A Conrac CNAS television monitor, modified to operate at the line
rate of 9.6 kHz, is used as a general purpose monitor. This unit is
completely self-contained and may be operated with a composite
video signal with means provided for internal sync or separate hori-
zontal and vertical external syne. The picture information is displayed
on a five-inch square raster. The amplitude-frequency response of the
video amplifier is flat to within £2 dB to 8 MHz. Provision for
switching de restoration in or out is also provided.

1.2 Type II

To facilitate the subjective testing of various television bandwidth
reduction techniques, a variable parameter display system has been
constructed which consists of two television monitors designed so that
one functions as a master control unit and the other as a slave unit.

Test conditions are initially preset and viewed by the operator at the
master monitor. The subject being tested views the pictorial informa-
tion presented on the slave monitor. A-B control is permitted by the
subject for viewing alternately any two given test conditions.

The two displays are capable of operating over a wide range of
sweep rates, 3 kHz to 16 kHz for the horizontal rate and 30 Hz to
120 Hz for the vertical rate. Driven sweeps are employed, separate
horizontal and vertical drive pulses being required.

The amplitude-frequency response of the video amplifiers is down
3 dB at 13.5 MHz. Using a sine wave response measuring technique,
it has been determined that the frequency response of the kinescope is
down 6 dB at 5 MHz at a highlight luminance of 10 footlamberts.

Whenever this display system is used in conjunction with the experi-
mental television facility described herein, the horizontal line rate is
restricted to 9.6 kHz and the vertical rate to 60 Hz. The video signal
displayed on the monitors is band-limited to less than 768 kHz by
the video filters.

XII. SYNCHRONIZING GENERATOR

All timing, gating, and blanking signals required are generated by
the synchronizing generator as shown in Fig. 11. The required signal
characteristics and timing sequences are described.

The precise sampling rate is determined by the storage capacity and
delay period required for the frame memory, and is equal to the
storage capacity divided by the delay period. The delay period is con-
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stant and is equivalent to one TV frame period (1/60 second). The
required storage capacity is determined by the picture format and at
the present time is 25,600 samples. This results in a 1.536-MHz sam-
pling rate. A temperature-controlled ecrystal oscillator is used to
establish the sampling rate.

Digital count-down circuits are used to generate the synchronizing
and blanking signals required for the operation of the camera chain
and monitors. Separate horizontal sync and vertical sync signals are
derived and are combined to generate a composite sync signal. A
separate composite blanking signal is also established for system blank-
ing while the composite sync signal serves to blank the camera.

The horizontal line rate of 9.6 kHz is derived by counting down
from the sampling rate by a factor of 160. Since this factor is not an
integer power of two, pulse steering techniques are used to alter the
counting sequence of the counter to give the desired factor. The opera-
tions thus performed result in 160 samples per line, of which 20 sam-
ples are used to define the horizontal blanking interval, with 16 of the
20 samples being used to specify the horizontal syne period. The
leading edge of the horizontal blanking interval precedes the hori-
zontal syne period by one sample interval.

An additional count-down by a factor of 160 from the 9.6-kHz line
rate is performed to generate the frame rate of 60 frames per second.
Out of the total of 160 lines per frame thus established, 12 lines are
used to define the vertical blanking interval with 6 of the 12 lines be-
ing used to specify the vertical syne period. The leading edge of the
vertical blanking interval precedes the vertieal sync period by one line
interval. The composite blanking and composite sync signals are
derived by using the AND operation to combine the horizontal and
vertical blanking signals and the horizontal and vertical sync signals
as shown in Fig. 11.

The results of the above operations limit the active region of the
picture format to 140 samples per line and 148 lines per frame, all
lines being scanned in sequential order each frame period.

Timing of the A/D converter, code translator, frame memory, and
D/A converter is adjusted with respect to the 20-nanosecond sampling
time of the A/D converter’s sample-and-hold circuit which is used as
reference. Each time that the sample-and-hold circuit is clocked at
the sampling rate, sufficient time must be alloted for the A/D con-
verter’s coder modules to settle to a unique code before digital output
information of the coder is clocked, in parallel, into the input flip-flop
store of the code translator. Maximum time is allowed by storing in-
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formation in the code translator just prior to clocking the following
sample-and-hold operation.

The Gray-to-natural binary code conversion operation by the code
translator is also allotted maximum time to settle to the binary code
value by clocking results of the code conversion, in parallel form, into
the output flip-flop store of the code translator just prior to inserting
new information into the input flip-flop store. The digital output in-
formation of the code translator expresses encoded video information
in the conventional binary code in parallel form.

Output information of the code translator is conveyed to both the
input of the frame memory and the D/A converter by high-speed
gates which are controlled by the MCFF. Change of state of the
MCFF is timed to occur during the transition time of the output
flip-flop store of the code translator so as to maximize the interval of
time in which each code word is presented to the frame memory.

In order to allow for any limited drift in frequency of the master
oscillator and for slight changes in the delay period of the frame mem-
ory’s delay lines, due to temperature effects, clocking of information into
delay lines of the frame memory is adjusted under stable operating
conditions to occur midway between transition periods of digital in-
formation which is presented to it.

Pulse output information of the delay lines which occurs in phase
with clocking of the input information is inserted into the first stage
of a four-stage shift register which is considered a constituent part of
the frame delay period. The clock signal applied to the shift terminal
of the shift register is timed to perform the shift operation one-half
of a sample period later; therefore, timing of the frame memory’s digi-
tal output information, taken from the last stage of the shift register,
corresponds to the timing of the digital output of the code translator.
Thus, the phase relationship of information conveyed to the input
of the delay lines by high-speed gates is independent of the mode of
operation of the frame memory.

The same relationship of clocking information into the flip-flop
store of the D/A converter with respect to timing of the digital data
applied, is the same as that maintained for the input of the delay
lines. :

+ Two additional gating signals, shown in Fig. 11, are generated by
the sync generator. A 6-microsecond keying signal is required for
operation of the synchronized clamping circuit. The keying signal is
synchronous with the line rate and is timed to occur after the leading
edge of the horizontal sync signal. The signal delay caused by the
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system’s input filter must be compensated for. The remaining gating
signal required for the system’s operation is used by the resampler
circuit employed in the D/A converter. A 400-nanosecond gating
signal 1s applied to the resampler and timed to occur during that
portion of the decoder output waveform which is free of transient dis-
turbances.

A grating pattern for use in determining geometric linearity of both
camera and monitor sweeps is also provided by the synchronizing
generator.

XIII. SYSTEM APPLICATIONS

The application of this equipment to perform various system func-
tions will be discussed in terms of the logic used to control the flow
of information conveyed to the frame memory since this information
is also simultaneously decoded and displayed on the system’s TV
monitor.

The information corresponding to a given picture point is available
for processing only once each frame period, since the information is
stored in delay lines. The information pertaining to all picture points
which comprise any given frame of video information stored in the
delay lines or any subsct of picture points, thereof, can thus be up-
dated with new information at a rate corresponding to the frame
rate or a submultiple of the frame rate. The display rate of informa-
tion conveyed to the monitor is kept constant at 60 frames per second
to avoid the flicker problem, but the pattern and rate of displaying
new information can be governed by direct control of the MCFF.

Frame repeating and selective replenishment systems have been
demonstrated using this equipment. Their evaluation has been dis-
cussed in a separate paper.! The basic principles employed to imple-
ment, these systems will now be discussed.

XIV. FRAME REPEATING SYSTEM

The basic frame repeating principle is illustrated by Fig. 12. The
vidicon camera is sequentially scanned each frame period, resulting
in an integration time of 1/60 second, but only every nth frame is
simultaneously stored in the frame memory and displayed on the
monitor. Every new frame of encoded information stored in the frame
memory is repeated (n — 1) times and is displayed on the monitor
each time. Thus, every nth frame of video information scanned from
the camera is displayed n times on the monitor. The display rate is
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Fig. 12— Basic frame repeating principle.

kept constant but the new picture rate can be varied by the choice of
n. Straightforward logic techniques are employed for this case as
shown in Fig. 13

The state of the MCFF is controlled as follows: The frame rate is
counted down by a factor n where n is an integral number and repre-
sents the number of times a given frame of video information is frame
repeated. The output of the counter is coupled to the set input of the
MCFF. The frame pulse applied to the input of the counter is also
coupled to the clear (reset) input of the MCFF. A complementary
flip-flop is used for the MCFF, and whenever a 1-state signal is ap-
plied to both the set and clear inputs simultaneously, the state of the
flip-flop is reversed. Therefore, as it is used here, the 1 output of the
MCFF assumes the 1-state whenever a 1-state signal is applied
to the set input. Once the MCEFF is set the following frame pulse will
reset the stage and it will remain in this state until the next set pulse
occurs. Thus, every nth frame period the MCFF will be set for one
frame period in duration, conveying new information into the frame
memory and reset for (n — 1) frame periods, thereby circulating the
data stored in the frame memory. Thus, each new frame of video in-
formation stored in the memory will be presented a total of n times
to the monitor.

The change of state of the MCFF is directed to occur during the
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vertical retrace period so that an integral frame of video information
is stored in the frame memory. In this manner, a break in continuity
of the video information will not occur in the active region of the pic-
ture.

With a vidicon integration time of 1/60 second, frame repeating
was observed using rates of 30, 20, 15, 12, 10, 8.6, 7.5, 6.7, and 6 new
pictures/second. A single frame of processed video information can be
stored indefinitely in the frame memory by removing the set pulse
applied to the MCFF after the information has been stored in the
memory. This feature allows a photograph to be taken of a single
frame of video information displayed on the monitor each frame
period. Because the stored picture is available for long periods of
time, any particular area of interest in the picture may be examined
on the monitor under different contrast and brightness conditions.
An oscilloscope may be used for observing any particular waveform
characteristic in detail.

In the frame repeating experiment the vidicon camera is sequentially
scanned every frame period with every nth frame being stored in the
frame memory in digital form. By scanning the vidicon every frame
period, each picture read out has been integrated on the vidicon
photocathode for 1/60 of a second. The integration time of the vidicon
may be varied by scanning the vidicon every nth frame period in-
stead of every frame period. Each picture read from the camera is
stored in the memory and repeated n times on the monitor. In this
manner, the visual signal is integrated on the vidicon photocathode
for n/60 of a second for each picture read out. This type of camera
operation is defined as the integrate mode of operation.

COMPOSIT VIDICON BLANKING
SYNC e A SIGNAL FOR
INTEGRATE MODE

OF OPERATION

[ MCFF
|
FRAME RATE COUNTER s —

i

} FF

—c o

|

|
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Fig. 13— Control logic for frame repeating system.
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An effort has been made to control the integration time of the
vidicon for a frame repeat system where each frame is repeated four
times. A special gating signal is provided for the vidicon in the in-
tegrate mode of operation. For this mode of operation, the vidicon
beam current is gated on for one frame period every four frames.
During the frame read-out of the vidicon, the frame memory is also
gated to store new information into the memory as it is being read
from the camera.

The gating signal for the vidicon is derived from the 1 output of
the MCFF. A composite sync signal is combined with the MCEFF
signal by the AND ecircuit, as shown in Fig. 13 and the resultant
signal is directly coupled to the vidicon cathode. Normal blanking
signals are provided in this manner during the frame read-out.

XV. REPLENISHMENT SYSTEMS

In a replenishment system, only (1/n)th of the total amount of
information stored in the frame memory is replaced with new in-
formation each frame period, a total of n frame periods being re-
quired to replenish all of the information stored in the memory. In
each succeeding group of n frame periods, the same pattern of re-
plenishment is repeated.

Six different replenishment patterns have been demonstrated. In
five cases, total replenishment of the information stored in the frame
memory 1s accomplished over four frame periods (1/15 second), one-
quarter of the information being replenished each frame period ac-
cording to a given pattern. For the remaining case, total replenish-
ment is accomplished every two frame periods (1/30 second), one-half
of the total information stored in the memory being replenished with
new information each frame period.

The various replenishment patterns are shown in Fig. 14. The num-
bers represent the frame period relative to the total replenishment
period during which a particular picture element is replenished in the
picture format. The basic principles employed to implement these
various patterns are described.

Logic is programmed to control the MCFF in such a manner that
the data stored in the frame memory is replenished with new informa-
tion according to the desired pattern. The MCFF is clocked at
specified multiples of the sampling, line, and frame rates for replenish-
ment patterns 1 through 5. The remaining pseudo-random pattern is
dependent only on the order in which a sequence of pseudo-random
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Fig. 14 — Various replenishment patterns implemented.

digits is generated at the sampling rate. This pattern is inherently
locked to the frame rate.

The control logic requires clock pulses which occur at the sample,
line, and frame rate. The clock pulses which occur at the line and
frame rate are shifted in phase so as not to coincide with each other
or with the clock pulses occurring at the sample rate. Pulse steering
techniques are used in the control logic to direct the incoming pulses
occurring at the sample rate to the set or clear inputs of the MCFF,
depending on whether the write or repeat mode of operation for the
memory is to be established. This allows a change of state of the
MCEFF to be clocked to the correct phase of the master clock in-
dependent of the line and frame rates which have been shifted in
phase.

15.1 Pattern 1

The first replenishment pattern is shown in Fig. 14(a). For this
pattern, the picture elements replenished each frame period lie in
vertical lines spaced every fourth picture element. In each succeeding
frame period, the replenishment pattern for a single frame is shifted
horizontally one picture element in the picture format. Thus, in four
frame periods, all information stored in the frame memory is re-
plenished once. The pattern of replenishment then repeats itself.
Logically, this may be accomplished as shown in Fig. 15.

The input sample rate is scaled down by a factor of four by using
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a 2-stage counter and a two-input AND to recognize the all 1’s state
of the counter. Each time that the counter is advanced through the
all 1’s state, the output of the AND assumes a 1-state. This condition
causes the pulse steering logic to direct the next sample pulse to the
set input, of the MCFF. When this occurs, the write mode of operation
is established for the frame memory and the counter is advanced to
the all 0’s state. The output of the AND which recognizes the state
of the counter now assumes a 0-state. This condition causes the, pulse
steering logic to direct the sample pulses to the clear input of the
MCFF, which establishes the repeat mode of operation for the frame
memory. In this manner, the MCFT is set for only one sample interval
corresponding to every fourth sample in the frame. Each frame period,
the same corresponding picture elements of each line is replenished
with new information, since the number of picture elements per line
(160) is a multiple of four. Hence, this process establishes the vertical
pattern of replenishment. At the end of each frame period, a pulse
corresponding to the frame rate is used to advance the state of the
counter one count. This is accomplished by the OR operation which
is used to couple both the sample pulses and frame pulses to the input
of the counter. This effectively shifts the single frame replenishment
pattern horizontally one sample period each frame period. After four
frame periods, the four frame replenishment patterns will be repeated.

15.2 Pattern 2

The second replenishment pattern is shown in Fig. 14(b). In this
case, the picture elements replenished each frame period lie on diago-
nal lines spaced every fourth sample. Each succeeding frame period,
the replenishment pattern for a single frame is shifted horizontally
one picture element with respect to the previous frame. In four frame
periods all information stored in the frame memory will be replenished
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once. The pattern of replenishment will then repeat itself. Logically,
this may be accomplished as shown in Fig. 16.

The logic required to generate this pattern of replenishment is the
same as in the preceding case with one exception: means must be
provided to shift the pattern horizontally one picture element each
line period. This is accomplished by advancing the state of the counter
one count at the end of each line period. Clock pulses corresponding
to the line rate are coupled to the input of the counter through the
OR operation which precedes the counter.

During each frame period the replenishment pattern repeats itself
every four lines. Since this factor is a submultiple of the number of
lines in a frame (160 lines/frame), the same corresponding picture
elements would be replenished in every frame unless an additional
horizontal shift in the replenishment pattern was employed at the
end of each frame period. This is accomplished by advancing the
state of the counter one count at the end of each frame period as in
the preceding case. After four frame periods, all information stored
in the frame memory will be replenished only once and the replenish-
ment pattern will then be repeated.

15.3 Pattern 3

The third replenishment pattern is shown in Fig. 14(c). This pat-
tern is equivalent to pattern 2 except the rate of replenishment is
increased by a factor of two, thus requiring only two frame periods
rather than four to replenish all information stored in the frame
memory before the pattern repeats itself. The logic required to gen-
erate this pattern of replenishment is the same as for pattern 2 with
one exception: a divide-by-two counter is used rather than a divide-
by-four counter. All other logical functions and operations remain the
same.
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|
’ |
|—o A A i S 1
| FF
INPUT FRAME RATE ——— 2-STAGE |
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SIGNALS |SAMPLE RATE +4 :
|
I
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Fig. 16 — Control logic for replenishment pattern 2.
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Fig. 17 — Control logic for replenishment pattern 3.

This change is accomplished by replacing the 2-stage counter and
its associated AND, used to generate pattern 2, with a complementary
flip-flop as shown in Fig. 17. The output of the OR is applied to the
toggle input of the flip-flop and the output of the flip-flop is applied
to the pulse steering logic in place of the AND output. This modifica-
tion permits all picture elements to be replenished only once in two
frame periods rather than the four frame periods required by pattern 2.

15.4 Pattern 4

The fourth replenishment pattern is shown in Fig. 14(d). With
respect to the picture format, the basic replenishment pattern con-
sists of replenishing alternate samples on alternate lines each frame
period. A means is provided for shifting the position of the basic
pattern each frame period in the desired sequence to insure that a
different subset of picture elements is replenished cach frame period.
The sequence of shifting the position of the basic replenishment pat-
tern is repeated every four frame periods after all picture elements
stored in the frame memory have been replenished once. Logically,
this may be accomplished as shown in Fig. 18.

A complementary flip-flop (labeled FF-S) is used to define alternate
samples in a frame period. Using the OR operation, clock signals oc-
curring at the sample rate are applied to the toggle (T) input of the
flip-flop. When operating the flip-flop in this manner, the 1 output of
the flip-flop assumes a 1-state every other sample interval. The 1-state
signal condition is used to define alternate samples in the frame
period. The same sequence of alternate samples will be specified for
each line in a frame since the period of sample replenishment is a
submultiple of the line period.

A second complementary flip-flop (labeled FF-L) is used to define
alternate lines in a frame period in the same manner as above. The
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OR operation is used to apply clock pulses, occurring at the line rate,
to the toggle input. The 1 output of the flip-flop assumes a 1-state
every other line period which is used to define alternate lines in the
frame period. Since the picture format is comprised of an even num-
ber of lines, the line replenishment pattern will normally repeat itself
each frame period unless a shift operation is employed.

In order to replenish a different subset of picture elements each
frame over a four frame period, in the required sequence, the basic
replenishment pattern for a single frame is shifted one sample interval
at the end of each frame period, alternating between a horizontal and
vertical shift operation with respect to the picture format. Only one
shift operation is performed each frame period. The horizontal shifting
of the replenishment pattern’s position is accomplished by reversing
the state of FF-S at half the frame rate. The vertical shift operation
is achieved by reversing the state of FF-L at half the frame rate but
timed to oceur in alternate frame periods in which the horizontal
shift operation is not performed.

In each case, to reverse the state of the flip-flop, the OR operation
is used to convey clock pulses, occurring at half the frame rate, to
the toggle input of the flip-flop.

Pulse steering techniques are used to derive the clock pulses re-
quired for the shifting operations. Alternate clock pulses derived from
the frame rate are steered to the respective inputs of the OR’s in the
correct sequence.

By performing the AND operation on the 1-output of both flip-
flop’s (FF-S and FF-L), alternate samples on alternate lines each
frame period are specified in the required sequence when the output
of the AND assumes a 1-state. This condition occurs only when both
inputs assume a 1-state. The output signal of the AND is applied to
the pulse steering logic which controls the MCFF. The write mode of
operation will be established for the frame memory each time the
output of the AND assumes a 1-state; otherwise the repeat mode of
operation is established.

15.5 Pattern §

The fifth replenishment pattern is shown in Fig. 14(e). The basic
single-frame replenishment pattern for this system is identical with
that of pattern 4. The sequence of shifting the basic pattern over a
four-frame period differs from pattern 4 in one respect. The horizontal
shifting of the replenishment pattern’s position is performed every
frame period rather than every other frame period. All other logical
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operations remain the same as shown in Fig. 19. The OR operation
preceding FF-S is used to convey clock pulses, occurring at the frame
rate, to the toggle input of FF-S. The state of FF-S is thus reversed
every frame period, as required, to generate the desired replenish-
ment pattern over a four-frame period.

15.6 Pattern 6

The six replenishment pattern is not regular over blocks of four
picture elements as in the other 4:1 replenishment systems described
above, but is pseudo-random. The same average bit rate is main-
tained by replenishing one-quarter of the total amount of informa-
tion stored in the memory each frame period. In four frame periods
all information stored in the frame memory is replenished only once.
The pattern of replenishment then repeats itself. Logically, this may
be accomplished as shown in Fig. 20.

A quasi-random binary digit generator is used to generate a se-
quence of random binary digits at the system’s sampling rate. The
sequence is periodie with 2'° digits in each period. During each period
of this sequence of random digits, every one of the 2*° possible strings
of ten digits appears exactly once as a block of ten consecutive digits.
The period of this sequence of digits is chosen to be a multiple of the
system’s frame period so that the same sequence of digits is generated
each frame period.

A logical operation is performed on the output of the random digit
generator to remap the sequence over four frame periods. In the
process of generating the quasi-random sequence, each time that two
consecutive digits in the random sequence corresponds with a specific
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BINARY DIGIT COMPARISON
GENERATOR CIRCUIT

SAMPLE RATE

| FRAME MEMORY
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Fig. 20 — Control logic for pseudo-random replenishment pattern.
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two digit reference sequence new information is inserted into the
frame memory; otherwise, the previous information stored in the
frame memory is recirculated. During four consecutive frame periods,
a different two digit sequence is used as reference each frame period.
The order of generating the reference sequence is then repeated.

Only four different two digit reference sequences are possible—00,
01, 10, and 11. Considering consecutive digits in the random digit
sequence, each of these combinations of two digits occurs at random
an equal number of times during each period of the random digit
sequence. The replenishment pattern thus generated directs replenish-
ment, in a random manner, of one-quarter of the total amount of
information stored in the frame memory each frame period. All in-
formation stored in the memory is replenished only once during any
four consecutive frame periods.

The pseudo-random digit generator consists of control logic and a
ten-stage shift register advanced at the system’s sampling rate. The
output of all stages of the register is fed to the control logic as shown
in Fig. 21. The output of the exclusive OR and its prime is coupled
to the input of the first stage of the register. The control logic
normally functions as an exclusive OR operation with the output of
the tenth and seventh stages of the shift register coupled to the input
except when the string of 000- - -001 digits appears. For this condition,
the output of the seventh stage, coupled to the input of the exclusive
OR by the OR operation, is temporarily over-ridden by the output of
the AND which assumes a 1-state, permitting the string of 000---00
digits to be generated. For a ten-stage shift register, every one of 21°
possible strings of ten digits appears exactly once, as a block of ten
consecutive digits each period of the sequence.

In spite of the fact that the nth digit is completely determined by
the digits which precede it, the sequence of digits resembles, in some
respects, sequences which are produced when the nth digit is chosen
at random with probabilities 14 for 0 and %% for 1 and independently
of other digits.

The remapping operation is performed by comparing the output of
the ninth and tenth stages of the shift register with the logical state
of a 2-stage binary counter which serves as the reference sequence
generator. The binary counter is advanced at the frame rate. When in
agreement with each other, a 1-state exists at the output of the com-
parison circuit. This condition permits a sample pulse to be coupled
to the set input of the MCFF by the pulse steering logic allowing new
information to be inserted into the frame memory. If no agreement
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Fig. 21 — Quasi-random binary digit generator.

exists, the output of the comparison circuit assumes a 0-state causing
the sample pulse to be steered to the clear input of the MCFF, thereby
recirculating the information previously stored in the frame memory.
Since the shift register is stepped along at the sample rate, the com-
parison operation is performed each sample period. Four frame pe-
riods are required to step the 2-stage binary counter through all pos-
sible states before recycling. Thus, four frame periods are required to
replenish all information in the frame memory once. Each succeeding
four frame periods, the same pattern of replenishment is repeated.

XVI. DISCUSSION

A description of an experimental low-resolution television system
employing digital and storage techniques has been presented. The
flexibility of this system permits subjective testing to be performed
on a variety of bandwidth compression schemes processed in real-time
to determine and evaluate the factors affecting the acceptability of
such schemes.

A modified camera chain is used to generate a picture signal with
a format consisting of 160 lines per frame sequentially scanned at 60
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frames per second. The picture information is processed in real-time
in a digital format. A digital memory is employed with sufficient
capacity to store one complete frame of video information encoded
as 8-digit PCM—a total of 204.8 kilobits at a rate of 1.536 MHz per
second. Means are provided to introduce into the memory whole new
pictures or selected picture clements at any interval which is a
multiple of the frame rate. The information inserted into the memory
is decoded and displayed on a monitor at a rate of 60 pictures per
second in order to avoid flicker.

A number of frame repeating and replenishment systems have been
demonstrated in real time using this equipment, however the system
is in no way limited to those applications which have been discussed.
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Low-Resolution TV: Subjective
Comparison of Interlaced and
Noninterlaced Pictures

By EARL F. BROWN
(Manuscript received September 19, 1966)

A subjective comparison of line-interlaced television pictures and non-
interlaced television pictures has shown that the line-interlacing of low-
resolution televiston pictures provides a bandwidth saving of considerably
less than 2:1 when the line structure of the picture s visible.

A line-interlaced television picture was subjectively compared with
several moninterlaced television pictures in an effort to delermine their
subjective equivalency in terms of bandwidth. Several other variables—noztse,
spot-wobble, line-width to line-piich ratio, different models, illumination
and luminance—were also employed in the experiments. The televised
pictures consisted of a head-and-shoulder view of a model pantomiming
a two-way conversation.

The results tndicate that the line-interlacing of low-resolution television
pictures provides about a 87 percent saving in terms of bandwidth at a
relatively low value of high-light luminance of 40 fL (140 cd/m*) and
as little as a 6 percent savings at a high-light luminance of 100 fL
(840 cd/m*). When the line-width to line-pitch ratio is set at its preferred
value for all pictures, a significant difference ts oblained when the high-
light luminance is decreased from 60 {L (200 cd/m?) to 40 L (140 cd/m?).
The effects of Gaussian noise, spot-wobble, illumination, and different
types of models did not alter the subjective equivalence of line-interlaced
and noninterlaced television pictures significantly. The addition of noise
to a spot-wobbled picture was found to be more detrimental to the quality
of the nongnterlaced pictures than to the line-tnterlaced picture.

I. INTRODUCTION

The lower limit of the picture repetition rate for television pictures
is dictated by the critical-fusion frequency (CFF)."* The CFF is
approximately proportional to the logarithm of the luminance over
a wide range. It is also approximately proportional to the logarithm

199
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of the size of the flickering area. The CFF is on the order of 60 pictures
per second for present day television luminances and picture sizes.

The television engineers of the 1930’s experimented with two-fold
line-interlaced pictures as a means of saving bandwidth. In two-fold
line-interlaced pictures, alternate lines are scanned during successive
vertical deflection cycles. Engstrom® found that the vertical deflection
cycle should be greater than 50 Hz and should be a multiple of the power
line frequency. In 1941 the National Television System Committee
(NTSC)* adopted a vertical deflection frequency of 60 Hz for two-fold
line-interlaced commercial broadecast systems. Two-fold line interlace
has since been adopted by virtually all television systems, regardless
of the application.

One-half of the lines in a line-interlaced television picture are scanned
during alternate half-cycles of the frame rate which is 30 Hz. The
result is essentially two light pulses for each frame period, i.e., an
apparent rate of 60 light pulses per second. Thus, large-area flicker
is negligible if present at all.

When all of the lines except one of a line-interlaced television raster
are masked that line appears stationary and nonflickering. When all
of the lines except two of a line-interlaced television raster are masked
the two lines appear to jump back and forth as if in motion. When the
masking is removed the whole raster appears to shimmer. When a
picture is reproduced on the raster the shimmering is confined to small
isolated areas of roughly equal brightness. The shimmering effect in
these areas is most pronounced at brightness boundaries. This phe-
nomena of apparent-motion is due to the out of phase relationship
between adjacent lines of the raster and appears to be affected by the
same Jaws as flicker. These apparent-motion defects are called interline
flicker by the television industry.

Engstrom® found that interline flicker was visible at the same distance
at which the line structure becomes visible. His conclusion was that
the observer must be seated at a distance equal to or greater than that
distance at which the line structure becomes resolvable.

Line crawling is another subjective defect associated with line-inter-
laced pictures. This stroboscopic defect takes the form of an apparent
crawling of the lines either up or down depending on which direction
the eye tends to track. Line crawling is related to the perceptibility
of interline flicker and becomes increasingly perceptible with increasing
picture brightness and angle subtended by the eye of adjacent line
centers.

A third defect inherent to line interlaced pictures is subjective line-
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pairing. Subjective line-pairing produces the same subjective impression
as physical line-pairing, i.e., when adjacent lines are physically super-
imposed on each other by the deflection circuitry. Subjective line-pairing
occurs when either the televised image or the observer’s visual center
of attention moves in a direction other than parallel to the scanning
lines. This defect also occurs when the observer blinks his eyes or
effectively strobes the picture. Subjective line-pairing is most evident
when the motion is parallel to the vertical scan direction and at a
rate equal to the field rate.

The question arises, “Do the degrading effects associated with inter-
line flicker nullify the advantage of being able to present twice as much
information in each picture when the line sturcture is visible’’? Accord-
ingly three subjective experiments were conducted in an attempt to
answer this question.

The experiments were conducted on low-resolution television pictures.
In the first experiment, a 225-line interlaced picture was compared
with four noninterlaced pictures ranging from a 225-line picture to a
135-line picture in steps with ratios of /2. Additional variables at
two values each—noise, illumination, spot-wobble, and picture material—
were also introduced. Two types of observers, skilled and nonskilled,
were used. -

The second experiment was performed in order to determine the
effects of a change in luminance on the subjective relationship between
the interlaced picture and the noninterlaced pictures. Five noninter-
laced pictures were compared with the 225-line interlaced picture
starting with a 189-line picture and decreasing in steps with ratios
of v/2 to a 135-line picture. The subjective relationship between the
noninterlaced pictures was also investigated.

For the third experiment, the preferred line-width to line-pitch ratio
was determined in a separate experiment. In this experiment, the line-
width to line-pitch ratio was set at the preferred value for each picture.
The 225-line interlaced picture was compared with 5 noninterlaced
pictures starting at a 225-line picture and decreasing to a 147-line
picture in steps with ratios of v/2. Two levels of luminance were
introduced as a second variable.

The bandwidth in each of the above cases was adjusted such that
the vertical to horizontal resolution ratio was approximately 1:1.°
A-B testing techniques were used. Each A-B pair consisted of the inter-
laced picture and one of the noninterlaced pictures except for that
portion of the second experiment where the noninterlaced pictures
were compared against each other.
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II. TEST APPARATUS

The basic operation and layout of the test apparatus is illustrated
by block diagrams shown in Figs. 1 and 2.

Fig. 1 illustrates the basic functions of the counting and sync signal
generating apparatus. The vertical counting and vertical sync generating
apparatus was held constant for all picture rates. The vertical sweep
rate was 60 Hz. Two sets of horizontal counters were used. The counters
were programmed to produce the desired line rate by opening and closing
appropriate leads with remote controlled relays. The proportion of
the horizontal blanking period to the line period was kept constant
for all rates at ¥ of the line period. The vertical blanking period was
held constant at %5 of the field period.

The ratio of the vertical divisor to horizontal divisor was an integer
for the noninterlaced pictures. The ratio of the two divisors was an
integer plus one-half for the interlaced picture.

Fig. 2 illustrates the basic operation of the rest of the test apparatus.

MASTER
CLOCK
o B o
VERTICAL t+— PROGRAMING le— PROGRAMING
HORIZONTAL/[ | HORIZONTAL [ |
COUNTER COUNTER | CONTROLS COUNTER |1 CONTROLS
PULSE PULSE PULSE
FORMERS FORMERS FORMERS
A-B
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+ ]
A— LOW~PASS
L’ swrrlcaH FILTER
+ I
VERTICAL SYNC
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BLANKING  HORIZONTAL HORIZONTAL SPOT-WOBBLE
DRIVE “A" DRIVE"B” SIGNAL

Fig. 1 — Simplified block diagram of sync generator and pulse forming apparatus.
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Fig. 2 — Simplified block diagram of test apparatus.

An RCA TK-21 camera chain was the core of the camera end of the
test apparatus. Six horizontal sawtooth generators were used to ac-
commodate six different sweep rates. These were carefully designed
driven circuits which provided a sweep linearity on the order of 1
percent of full scale deflection. Remote-controlled relays were used to
preselect the two sawtooth signal generators. The two sawtooth signals
for driving both camera and monitor sweeps were then applied to an
A-B switch which selected the desired one of the pair.
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Great care was taken in the design and construction of the sweep
and associated circuits to insure that line spacing on the pick-up
tube and display tube was correct in all cases.

Six low-pass filters were provided for processing the picture signals
of the six different sweep rates. The filters were isolated from each
other with buffer amplifiers. The appropriate filter for each sweep
rate was selected by remote-controlled relays. Each filter had an ad-
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Fig. 3 — Low-pass filter: (a) circuit diagram, (b) design data.

justable attenuator which permitted balancing for the difference in
insertion losses.

Each filter had a near Gaussian roll-off, had linear phase, and ex-
hibited a preshoot and overshoot in its step response.* The preshoot
and overshoot were each 12 percent of the step-signal amplitude. The
cutoff frequency for the filters was arbitrarily selected as the —20-dB
point on their response curve. Fig. 3 shows the circuit configuration
and design data for the filter.f Fig. 4 shows the typical amplitude

* An earlier experiment (unpublished) indicated subjectively that this type of

filter gave the preferred picture rendition.
t Designed by G. Szentermai of Bell Telephone Laboratories, Incorporated.
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versus frequency characteristics of these filters and Fig. 5 the typical
step response. After adjustment of the effective vertical resolution by
applying a Kell factor of 0.7 and allowing for the difference between
vertical and horizontal blanking periods, the cutoff frequency (—20 dB)
of the low-pass filters was selected to provide approximately equal
horizontal and vertical resolution.”

Three other functions were selected and switched in much the same
manner. These were spot-wobble, line-width to line-pitch ratio and
camera raster centering. Each of these functions had its individual
balancing controls.

The spot-wobble signal was a 7.1442-MHz sine wave locked to the
master clock. The spot-wobble signal was applied to the picture tube
through an auxiliary yoke. The line broadening by the spot-wobble
signal was subjectively optimized for and by the experimenter for
each test picture. In general, the line broadening was adjusted such
that a minute gap appeared between adjacent lines.

The line-width to line-pitch ratio without line broadening was about
0.33 for the 225-line interlaced picture. The line-width was measured
at the half-luminance level of the line profile. The line-width to line-
pitch ratio for the other pictures may be determined by

_ L, )
LW/LP = 0.33<225 , o)
where L, is the number of lines in the picture. Fig. 6 shows line profiles
of the scanning lines perpendicular to the direction of scan for an
interlaced and noninterlaced picture.
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Fig. 5— Step response of low-pass filter: (a) input to filter, (b) output of filter
illustrating 12 percent preshoot and overshoot about step.

Fig. 7 shows line profiles of spot-wobbled scanning lines perpendicular
to the direction of scan for an interlaced and noninterlaced picture.
(The asymmetry of the spot profile is due to a slight misalignment
in the position of the auxiliary yoke.) At the juncture of adjacent
lines the luminance level of each line was about 25 percent of its max-
imum luminance. Since the period between adjacent lines for the
interlaced picture is 1/60 second the observer will see the sum of the
contributions of each line at their juncture.” Therefore, in the spot-
wobbled line-interlaced pictures the brightness at the juncture of
adjacent lines was about

Bi = 1/4(31 -+ Bz)y (2)

where B; = brightness at the junction of adjacent lines, B, = maximum
brightness of line one, and B, is the maximum brightness of line two.

The Talbot-Plateau Law® says that an observer watching flashing
lights above the CFF will sense an apparently constant mean value
of the luminance of the lights over the period of the flashes. Equation (2)
is a special case of the Talbot-Plateau Law. The law must be expressed
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in its complete form to cover the spot-wobbled noninterlaced pictures.
The Talbot-Plateau Law is

l t
Lm = Tj; L dt, 3)

where Lm is the mean value of the real luminance taken over one period
or over any time ¢ comprising an integral number of periods.

With spot-wobbled noninterlaced pictures the period between suc-
cessive excitations of the phosphor at the juncture of adjacent lines
is one line period. Since the phosphor has a finite decay time, -it will
still be luminescing at the juncture of adjacent lines when excited the
second time. Thus, the luminance generated by the second excitation
will add to that remaining from the first excitation. The second excita-

Fig. 6 —Experiment I—profiles of picture-tube scanning lines. (a) 225-line inter-
laced picture with line width to line-pitch ratio of 0.33, (b) 189-line noninterlaced
picture with line-width to line-pitch ratio of 0.28.
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tion one line period later at the juncture of adjacent lines, according
to the Talbot-Plateau Law, increased the mean luminance at the junc-
ture by about 25 percent.

Asymmetrical spot defocussing was obtained by placing two electro-
magnets about the neck of the picture tube such that they defocussed
the scanning spot perpendicular to the direction of line scan only.
Another experiment® has shown that the preferred line-width to line-
pitch ratio for line-interlaced pictures is about 1.7 and for noninterlaced
pictures is about 1.2. Fig. 8 shows the effect of defocussing the scanning
spot perpendicular to the direction of scan for a line-interlaced picture.
When the line-width to line-pitch ratio is 1.7 the luminance con-
tributed by a line at the juncture of adjacent lines is about 82 per-

Fig. 7— Experiment I—profiles of picture tube scanning lines with spot-wobble.
(a) 225-line interlaced picture, (b) 189-line noninterlaced picture.
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Fig. 8 — Experiment ITI—profiles of picture tube scanning lines with line-width
to line-pitch ratio of 0.9 where the overlap at the juncture of adjacent lines is ap-
proximately 50 percent.

cent of the luminance at the center of that line. For a noninterlaced
picture with a line-width to line-pitch ratio of 1.2 the luminance con-
tributed by a line at the juncture of adjacent lines is about 60 percent
of the luminance at the center of that line. Equations (2) and (3)
are also applicable in these cases. ,

Switching between the A-B pairs was instantaneous in so far as the
observer was concerned. Switching between A-B pairs was under the
control of the observer. The switching action started with the leading
edge of the vertical drive pulse and was completed during the vertical
blanking interval so that visible transients were minimized.

The test appartus was checked out twice each day to insure that
all apparatus was operating correctly and aligned properly.

The test room, Fig. 9 was a specially constructed room which was
remote from the experimenter’s station. Audio communication between
experimenter and observer was over an intercom. The intercom was
a push-to-talk type which permitted noise (switching, etc.) isolation
between the test room and experimenter’s station.

The observer was seated in a comfortable chair at a distance of about
40 inches from the screen of the monitor. The picture size was 5 inches
by 5 inches for each case.

III. TEST PROCEDURE AND INSTRUCTIONS

A-B testing techniques were employed in which one of the pictures
was always the interlaced picture. The two pictures were presented
in sequential order under the control of the observer.

Once an A-B pair was selected by the experimenter, control of the
A-B switch was turned over to the observer. The observer switched
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Fig. 9 — Test room.

between the two pictures of the A-B pair at will and for as long as he
wished until he reached a decision. After each observer’s decision,
the experimenter presented to the observer a uniform gray raster set
near the average luminance level of the picture during which time
the experimenter selected the next A-B pair. Set-up switching time
was about 5 seconds.

The oral instructions to each observer were:

“You will be shown 32 sets of pictures to compare. Each set will
consist of 2 pictures. The pictures between sets and within sets will
be different.

“The A picture will appear when you depress this A button and
the B picture will appear when you depress this B button. You may
switch back and forth as often as you wish and for as long as you wish.

“Once you have decided which picture you like best, please announce
your preference over the intercom as A or B.”

Each of the 25 observers made a forced choice decision for one of
the two pictures in each of the 32 pairs. The total observation time
for observers varied from 15 minutes to 30 minutes.
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- Question and answer sessions were held after each test session.
All of the observers detected the subjective picture defects due to
interlacing. Their description of these effects was in terms of noise.
It appears that their preferences was an expression of their reaction
to the annoying effects of “noise” in the line-interlaced picture.

IV. EXPERIMENTAL DESIGN—EXPERIMENT I

The objective was to determine subjectively how much saving in
bandwidth a line-interlaced picture provides with respect to a non-
interlaced picture. The most straightforward experimental design was
the Method of Constant Stimuli’ in which the constant (or reference)
picture was a line-interlaced picture which was compared with several
noninterlaced pictures with different numbers of lines and bandwidths.
The noninterlaced pictures provided a physical scale on which a point
of subjective quality (PSE) could be estimated for the interlaced
picture. )

A 225-line picture was selected as the reference interlaced picture.
This picture (as well as the noninterlaced pictures) was displayed on
a 5 inch X 5 inch raster. At this picture height and a viewing distance
of 40 inches, the 225-line interlaced picture had an angular subtense
between adjacent lines of 2.2 minutes of arc (see Table I). Four non-
interlaced pictures were used starting with a 225-line picture and
decreasing in steps with ratios of v/2 to a 135-line picture, Fig. 10.

Two levels of noise were introduced as test variables. The first or
zero level was that introduced by the test apparatus. Most of this
noise, just above threshold, was contributed by the vidicon camera.
The second or added noise had a Gaussian distribution. The peak-to-

TaBLE I —SoME PARAMETERS OF EXPERIMENTAL
ApPPARATUS (EXPERIMENT I)

Visible | Angular
Visible picture | subtense
Line- | Horizontal| Band- Picture picture ele- between
Number | inter- sweep width | elements/ | elements/ | ments/ | two lines
of lines lace rate (Hz) | (MHz) frame frame line at 40"

225 Yes 6750 | 0.575 | 38,333 | 28,366 142 2.2
225 No | 13,500 | 1.154 | 38,466 | 28,366 142 2.2

189 No | 11,340 | 0.812 | 27,066 | 20,029 | 119 2.5
162 No 9720 | 0.575 | 19,166 | 14,183 | 102 2.9
135 No 8100 | 0.413 | 13,766 | 10,186 85 3.4
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peak picture signal to added rms noise level was set at 30 dB for the
interlaced picture with a bandwidth of 575 kHz. For the noninterlaced
pictures, the peak-to-peak picture signal to rms noise was

Bw
S/N = 30dB — 10 log 575k 4)
where Bw is the bandwidth of the noninterlaced picture. (See Table II).
Two levels of illumination were used 25 fe (275 Im/m®) and 50 fc
(550 Im/m?®). Although the luminance was not adjusted it varied with
illumination as follows:

’ High-light ’ Low-light ‘ Contrast

Illumination luminance luminance ratio

25 fe (275 lm/m2) l 100 fL (340 cd/m?) ) 9 fL (30 ed/m?) | 11 :
20 fL (70 cd/m?)

1
50 fc (550 Im/m2) | 105 fL (360 cd/m?) 5:1

225 LINES 189 LINES

162 LINES i35 LINES

Fig. 10 — Photographs of noninterlaced pictures.



TaBLE I — ExPERIMENT I: FREQUENCY OF PREFERENCE FOR NONINTERLACED PICTURES OVER 225-LINE
INTERLACED PICTURE FOR THE VARIOUS CONDITIONS OF THE TEST

Summed
Additional o - _ _ _ o _ _ over all
variables N-SW-I N-SW-I N-SW-I N-SW-I N-SW-I N-Sw-I N-Sw-I N-SW-I variables
Number of
test sets 25 25 25 25 25 25 25 25 200
135 1 1 3 1 1 1 3 2 13
Number
of lines 162 10 14 13 10 12 11 17 15 102
(non-
interlaced) 189 23 20 25 21 23 22 22 18 174
225 25 25 25 25 25 25 25 24 199
N = System noise SW = no spot-wobble
135 %ines noninter%aceg = 314 gB SW = spot-wobble
162 lines noninterlaced = 30.0 dB T = illumination of 25 fe (275 1 2
N = Signal /noise—| 189 lines noninterlaced = 28.6 dB I = T o m/m’)

illuminati f 1 2
225 lines noninterlaced = 27.0 dB illumination of 50 f¢ (550 Im/m?)

225 lines interlaced = 30.0 dB

SHINILOId AL dAOVIAEININON ANV dHEDVIUALLNI-ONIT

€18
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The change in luminance is due to the change in the amount of
reflected light from the safety glass with a change in the illumination.
Subsequent measurements of the low-light luminance indicated the
20 fL (70 cd/m®) measurement is probably in error on the high side.

Spot-wobble was introduced at the picture tube as another variable.
Tig. 11 illustrates the effect of spot-wobble on the received picture.

Two types of observers, skilled and nonskilled, were used in the test.
Skilled observers were considered those who work in the television
engineering field. Nonskilled observers were considered those whose
only prior experience was home viewing of their commercial receivers.
Thirteen skilled and twelve nonskilled observers were used.

Two young women were used as models. One was blonde with fair

225 LINES 189 LINES

162 LINES 135 LINES

Fig. 11 — Photographs of noninterlaced pictures with spot-wobble.
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complexion who wore black horn-rimmed glasses and the other was
brunette with dark complexion. During the test, the models pantomimed
what might be considered a face-to-face conversation. Subjective line-
pairing, not investigated in this experiment, was minimized by instruct-
ing the models not to make rapid movements or movements which
were perpendicular to the scanning lines. The observers were partially
immobilized in the same sense by requiring them to operate the A-B
switch whose position was fixed. The observers were not cautioned
as to their movements otherwise. Tig. 10 shows the brunette model
for the four noninterlaced pictures. Fig. 11 shows the blonde model
for the four noninterlaced pictures with spot-wobble. The 225-line
interlaced picture is not shown since photographically it would appear
the same as the 225-line noninterlaced picture.

The order in which the interlaced picture and the noninterlaced
pictures appeared in the A-B positions on the buttons was determined
by a random number table.

Each observer saw 32 A-B pairs where each pair consisted of the
interlaced picture and one of the 4 noninterlaced pictures. When used,
the additional variables noise, spot-wobble, illumination and com-
binations thereof were added to both pictures of the A-B pair. The
order of presentation of the noise and spot-wobble variables was also
randomized with random number tables. The level of illumination
was set at one value during the first half of each session and set at
the other value during the second half of each session. Successive
observers started their test session with alternate levels of illumination.

Seven of the skilled observers and six of the nonskilled observers
saw the blonde model and six of each saw the brunette model.

V. EXPERIMENT T—RESULTS AND CONCLUSIONS

Table IT lists the ferquency of preference for the noninterlaced
pictures over the 225-line interlaced picture for the variables employed
in this experiment.

In the tables and the text, the response data is generally related
in terms of the number of noninterlaced lines, whereas the objective
is to determine the bandwidth savings of interlaced pictures over non-
interlaced pictures. However, on the data graphs the ordinate of the
curves is expressed in terms of the number of noninterlaced lines, Ln,
and the bandwidth improvement ratio with line-interlace, Bz. The
reference for the bandwidth improvement factor is a hypothetical
159-line noninterlaced picture with a bandwidth of 575 KHz. The
number of noninterlaced lines, Ln, may be converted to bandwidth



216 THE BELL SYSTEM TECHNICAL JOURNAL, JANUARY 1967

improvement ratio with line-interlace, Bz, by

. I’
B'L = 157;2' (5)

The frequency of preference data listed in Table II was converted
to percentiles. On the hypothesis that the percentile score was cumula-
tive normal a maximum likelihood probit® regression line was computed
for each set of data. A x* test was performed on each of the regression
lines. Since none of the x° values exceeded the value of the number of
degrees of freedom less one, there appears to be no conflict with the
hypothesis that the data is cumulative normal.

The probit regression line and the original data points are plotted
on each of the graphs.* In addition, the following information is listed
in tabular form on each graph, (¢) the point of subjective equality
(PSE) in terms of number of noninterlaced lines, (¢7) the standard
deviation of the distribution, ¢, and (¢iZ) the standard error of the
PSE, SEP.¢}

The method of the standard error of the difference’ was used in
determining the significance of a difference between two PSE’s in the
following manner. The standard error of the difference between two
independent random variables, is equal to the square root of the sum
of their variances. Therefore, assuming independence,

orse = VSEP; + SEP; , (6)

where opsr Is the standard error of the difference between PSE’s and
SEP? is the variance of the PSE’s. The x* test indicated no conflict
with the hypothesis that the PSE’s are from a normal distribution,
thus the distribution of the difference between the distributions of
the curves from which the PSE’s will be drawn is normal.

The test for significance was made in terms of 7" which is the difference
between the PSE’s expressed in terms of opgy as

p | PSE, — PSE, |

OPSE

@

Adopting a null hypothesis that the two PSE’s belong to the same
parent distribution, we may set our confidence limits at a probability
level of 0.05. Thus, a value of the normal deviate 7' of 1.96 or greater
will indicate a significant difference between two PSE’s.

* When data points are missing from the data plots they represent a zero or 100
percentile score, which is not visible on the graphs.

1 Each of these values are weighted best estimates. Finney, Ref. 8, gives an excel-
lent description of the statistical techniques used in arriving at these values.
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Fig. 12 — Experiment I—the preference for noninterlaced pictures over a 225-line
interlaced picture summed over all additional variables.

The preference percentile scores for the four noninterlaced pictures
over the interlaced picture summed over all additional variables is
plotted in Fig. 12. The PSE of the 225-line interlaced picture with
respect to the noninterlaced picture is approximately a 164-line picture
(Bt = 1.06) with a standard deviation of about 21 lines and a SEP
of 4.1 lines.

Significant first-order interactions between the additional variables
was found only between the spot-wobble and added noise variables.
This interaction is illustrated in Fig. 13 where curves of the preference
percentile scores versus number of noninterlaced lines for spot-wobble
without added noise summed over the other variables and spot-wobble
with added noise summed over the other variables is plotted. The PSE
for spot-wobble without added noise is a 157-line picture (B: = 0.98)
whereas for spot-wobble with added noise the PSE is a 167-line picture



218 THE BELL SYSTEM TECHNICAL JOURNAL, JANUARY 1967

Ln
130 150 170 190 210 230
o4
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o2t
EXPERIMENT I
A——p SPOT-WOBBLE | O==—-0 SPOT-WOBBLE
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2l PSE =157 ) PSE=167
oc=19.7 o=26
5l SEP=2.5 SEP=2.9
o] —_
Opsg =3.83 T=2.61
10—
20+
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Fig. 13 — Experiment I—the preference for noninterlaced pictures over a 225-line
interlaced picture with spot-wobbled picture-tube scanning beam: (a) without
added noise, and (b) with added noise. (Summed over all additional variables.)

(Bt = 1.10). A T-score of 2.61 indicates there is a significant interaction
between noise and spot-wobble.

The first-order interaction between spot-wobble and noise precludes
a check on the main effects of these two variables summed over the
other. Therefore, the interacting variable must be eliminated in the
analysis of their main effects. Fig. 14 shows the preference percentile
score of the noninterlaced pictures over the interlaced picture for
three cases, (¢) summed over all additional variables except spot-wobble
and added noise, (%) spot-wobbled scanning beam summed over all
additional variables except added noise (also shown in Fig. 13), and
(77) added noise summed over all additional variables except spot-
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wobble. The results are itemized below:

| Case 1 | Case 2 ] Case 3
PSE 165 157 166
B 1.08 0.98 1.09
T 17 20 20
SEP 5.1 2.5 5.6

219

A T-score of 1.4 for case 1 versus case 2 indicates that spot-wobbling
of the scanning beam does not significantly effect the results. Also the

Ln
120 150 170 190 210 230
0.01 T T T T T T
0.05 EXPERIMENT T
(8) . (D) &r==n (C) o——0
0.2k WITHOUT SPOT-WOBBLE NOISE
\ NOISE OR WITHOUT WITHOUT
\ SPOT-WOBBLE NOISE SPOT-WOBBLE
SN PSE = 165 PSE =157 PSE =166
o =17 g = 20 o =20
2\ SEP =51 SEP = 2.5 SEP =56
sl @) Vs () Opse = 569 T=14
v\ (a) Vs (C) Opse = 7.57 T =013
10~
20|~
30|
p
50—
70 |-
80 |-
90
95
99 -
99.9 |

Fig. 14 — Experiment, I—the preference for noninterlaced pictures over a 225-line
interlaced picture: (a) summed over all additional variables except added noise and
spot-wobble, (b) spot-wobbled picture-tube scanning beam, summed over all addi-
tional variables except noise, and (c¢) added noise summed over all additional vari-

ables except spot-wobble.
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T-score of 0.13 indicates that added Gaussian noise does not signif-
icantly effect the results.

Spot-wobbling the scanning beam of a noisy picture increases the
visible size of the noise which is analogous to lowering the frequency
of the noise. It is a well-known fact that low frequency noise is more
detrimental to the quality of a television picture than high frequency
noise. When the pictures were spot-wobbled without added noise, the
PSE was 157 lines indicating a strong preference for the noninterlaced
pictures in this case. When noise was added to the spot-wobbled pic-
tures, there was an increase in the preference for the line-interlaced
picture, PSE = 167 lines. This indicates that a combination of noise
and spot-wobble is more detrimental to the quality of a noninterlaced
picture than a line-interlaced picture by a significant amount. Interline
flicker associated with the line-interlaced picture appears subjectively
as noise to the observer. Could it be that the added noise in a spot-
wobbled picture is partially confounded with the interline-flicker of
the line-interlaced picture and therefore is not as visible as such as
it is in the noninterlaced pictures?

Fig. 15 shows graphs of the preference percentile scores for the
noninterlaced pictures over the interlaced picture for two levels of
illumination summed over the additional variables. A significant dif-
ference was not detected for the change in illumination. Thus, one
may conclude that a change in illumination will not change the sub-
jective equivalency between line-interlaced and noninterlaced television
pictures under the conditions of this experiment.

Fig. 16 shows the preference percentile score of the noninterlaced
pictures over the interlaced picture for the skilled observers and the
nonskilled observer. The PSE for the skilled observers is a 166-line
picture (B7 = 1.09) with a standard deviation of 21 lines. The PSE
for the unskilled observers is a 163-line picture (Bi = 1.05) with a
standard deviation of 21 lines. A T-score of 0.37 indicates there is
no significant difference between the two groups of observers. However,
an interesting significant difference was found within the skilled group
of observers. The skilled observers were drawn from two television
engineering groups at these laboratories which work more or less in-
dependently of each other. One group had a significantly stronger
preference for the line-interlaced picture than the other. Yet when
the data of the two groups were pooled the PSE of the skilled group
and the PSE of the nonskilled group were not significantly different.
This implies that when conducting subjective tests of this type where
the results are applicable to a lay population, the possibility of a strong
bias in a skilled group should not be overlooked.
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_ Tig. 15 — Experiment I—the preference for noninterlaced pictures over a 225-line
interlaced picture at two levels of illumination. (Summed over other additional
variables. )

Fig. 17 shows the preference percentile score of the noninterlaced
pictures over the interlaced picture for the blonde model is a 165-line
picture (Bi = 1.08) with a standard deviation of 19 lines. The PSE
of the brunette model is a 163-line picture (B: = 1.05) with a standard
deviation of 23 lines. Their T-score of 0.24 indicates there is no significant
difference in their PSE’s.

VI. EXPERIMENT II—EXPERIMENTAL DESIGN

The results obtained in experiment I indicate that the precision of
estimation of the PSE could be improved by decreasing the step-size
between the noninterlaced pictures. Accordingly, the ratio of the step-
size in terms of number of lines between the noninterlaced pictures
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_ Fig. 16 -— Experiment I-—the preference for noninterlaced pictures over a 225-1ine
interlaced picture for skilled and nonskilled observers. (Summed over all variables.)

was reduced to \9/5 over the range of 135 lines to 189 lines. Table II1I
shows these parameters and the values of the other parameters which
were changed in order that the picture format would be consistent
with the change in number of lines.

Another variable of importance, a change in picture luminance, was
introduced at two levels in experiment IT. These two levels were:

Case 1 Case II
High Light 80 fL (270 e¢d/m?) 50 fL (170 cd/m?)
Low Light 3.5 L (12 ed/m?) 1.5 fL (5 cd/m?)
Contrast Ratio 23:1 33:1
IHumination 50 fc (550 lm/m?) 25 fe (275 lm/m?)

The ambient illumination was set at the two levels indicated in the
table which the experimenter thought gave good picture rendition in
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each case. It was felt that this was legitimate since experiment I in-
dicated that a change in illumination did not significantly affect the PSE.

In addition to determining the PSE of the line-interlaced picture with
respect to the set of noninterlaced pictures for the conditions cited
above, it was desirable to determine the subjective relationship between
the noninterlaced pictures. Accordingly, an incomplete factorial design
was used where the line-interlaced picture was compared with each
of the noninterlaced pictures and the adjacent (in terms of number
of lines) noninterlaced pictures were compared with each other. A-B
testing techniques were employed again. The order of A-B pairs and
the order within A-B pairs was determined by random number tables.

The test apparatus described earlier was used except that it was
modified to accommodate the new rates.

In case I, 12 nonskilled observers were used with two replications
each. In case II, 9 nonskilled subjects were used with three replications
each. ‘

Ln
130 150 170 190 210 230
1 T T T 7 T T
2 A
EXPERIMENT I
5l \\ &——A BLONDE | O0==~=0 BRUNETTE
\ MODEL MODEL
1o \\ PSE=165 PSE =163
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\ . SEP=5.4 SEP=6.2
201 N Y SR
Opsg =8.22 T=o0.24
30l \ PSE
50~
P 70—
80
90
95—
99—
999 ! ] ! 1 ! ]
0.67 0.89 114 1.43 1.74 240
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. Fig. 17 — Experiment I—the preference for noninterlaced pictures over a 225-line
interlaced picture for blonde and brunette models. (Summed over all variables.)
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The test procedure and instructions to the observer were the same
as those described in Section IV except for the necessary change in
the number of “‘sets of pictures”.

VII. EXPERIMENT II—RESULTS AND CONCLUSIONS

Each of the observers made a forced choice decision for one of the
two pictures in each A-B pair presented to him. In addition to recording
his preference, the time it took each observer to reach a decision was
recorded for each A-B pair. It was assumed that time would vary

TABLE III—SoME PARAMETERS oF EXPERIMENTAL
ArrarAaTUS (ExXpPERIMENT II)

Visible | Angular
Visible picture | subtense

Line- | Horizontal] Band- Picture picture ele- between
Number | inter- sweep wdth elements/ | elements/ | ments/ | two lines
of lines lace rate (Hz) | (MHz) frame frame line at 40"

225 | Yes | 6750 | 0.575 | 38,333 | 28,366 | 142 | 2.2’
189 | No | 11,340 | 0.812 | 27,066 | 20,029 | 119 | 2.5
175 | No | 10,500 | 0.695 | 23,166 | 17,143 | 110 | 2.7/

162 No 9720 | 0.575 | 19,166 | 14,183 | 102 2.9
147 No 8820 | 0.495 | 16,500 | 12,210 92 3.2
135 No 8100 | 0.415 | 13,766 | 10,186 85 3.4

proportionately with the difficulty of reaching a decision, i.e., time
would be well correlated with the first derivative of the percentile score.

Using time as the variable, control charts'® were set up for the
experiment. The control charts for the mean time indicated that the
experimental apparatus was under control at all times. Range control
charts indicated that all of the observers were within population
control limits.

Table IV (a) lists the frequency of preference for the noninterlaced
pictures over the 225-line interlaced picture for the two levels of
luminance. Listed in Table IV (b) is the preference of the noninterlaced
picture with the larger number lines over the adjacent noninterlaced
picture with the lesser number of lines.

The data listed in Table IV (a) relating the interlaced picture to
the noninterlaced pictures was converted to percentile scores and plotted
on normal-probability paper as shown in Fig. 18.* Again assuming

* When the fifth data point is missing from the graph, it occurred at the 100th
percentile for the 225-line noninterlaced picture.
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TasLE IV — ExpeERIMENT 1I

(a) (b)
Frequency of preference for Noninterlaced pictures: fre-
noninterlaced pictures over quency of preference for
225-line interlaced picture picture A over picture B in
terms of number of lines
Case I |II Case I |II
No. of No. of Total
observers (12| 9 observers (12| 9| out of 51
observations
Replications | 2| 3 Replications 3
2
189 22124 Pix A|Pix B
Number 175 12110 189 | 175 (22|26 48
of lines
 (non- 162 70 2 175 | 162 (22(26 48
interlaced
pictures) 147 111 162 | 147 |21{23 44
135 21 0 147 | 135 (21|26 47

a normal distribution, a probit regression line was determined for each
case. Chi-square tests indicated no conflict with the hypothesis of a
normal distribution.

The data of experiment II was tested for significance in the same
manner of experiment I.

TFor a high-light luminance of 50 fL (170 cd/m®) the PSE was a
177-line noninterlaced picture (Bi = 1.24) with a ¢ of 12 lines and a
SEP of 2.0 lines. For a high-light luminance of 80 fL (270 cd/m®),
the PSE was 171 line noninterlaced picture (B: = 1.16) with a ¢ of
18 lines and a SEP of 2.6 lines.

In addition to the graphs of experiment II, Fig. 18 shows the graph
of the results from experiment I (see Fig. 12) for a high-light luminance
of about 100 fL (340 cd/m®) summed over all variables. Thus, three
values of high-light luminance are available in checking for a significant
difference between high-light luminances.

The T-score for changes in high-light luminances of 50 fL (170 c¢d/m®)
to 80 fL (270 ¢d/m®) and 80 fL (270 cd/m*) to 100 fL (340 cd/m?)
is 1.83 and 1.44, respectively. These T-scores approach the significant
value of 1.96. Thus, we may conclude that a change in high-light
luminance of less than 30 fL (100 cd/m® over the range of 50 fL
(170 c¢d/m?*) and 100 fL (340 cd/m?®) will not quite produce a sig-
nificant difference in the PSE when comparing line-interlaced and
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Fig. 18 — Experiment I and II—the preference for noninterlaced pictures over a
225-line interlaced picture for three levels of luminance.

noninterlaced television pictures under the conditions of these ex-
periments.

The T-score for a change in high-light luminance of 50 fL (170 cd/m®)
to 100 fL (340 cd/m®) is 2.85. This value of T is highly significant.
We may conclude that a change in high-light luminance from 50 fL
(170 ed/m®) to 100 fL (340 c¢d/m®) will produce a highly significant
difference in the PSE when line-interlaced and noninterlaced television
pictures are compared under the conditions of these experiments.

The preference of the noninterlaced picture with the larger number
of lines over the adjacent noninterlaced picture with the lesser number
of lines is not shown in graphic form. Table IV-B shows that about
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90 percent of the observers preferred the pictures with the larger
number of lines over the picture with the lesser number of lines. The
exact meaning of these results is not obvious. Although the observers
were asked to make their decisions on the basis of picture quality,
we may instead have a measure of the observers ability to detect a
difference in the number of lines between two pictures.* In other
words, the observer in detecting which picture had the greater number
of lines, may have assumed that this picture must also have the better
quality. We may conclude that about 90 percent of the observers
will be able to determine which of two noninterlaced television pictures
has the greater number of lines when the ratio of the number of lines
in the picture is v/2 over the range of 135-line pictures to 225-line
pictures.

VIII. EXPERIMENT III-—EXPERIMENTAL DESIGN

The fact that the image of a television picture is reproduced in
lines on the picture tube screen is objectionable to most people. This
is particularly true of low-resolution television systems with coarse
line structures. Broadening of the scanning lines will aid in reducing
the objectionable effects of the line structure. Asymmetrical defocussing
of the scanning spot with a magnet attached to the neck of the picture
tube is one of the most economical approaches to this problem though
Monteath' has shown that it is not the best esthetic solution.

Asymmetrical spot defocussing was used in this experiment as
described in Section II. The line-width to line-pitch ratio was set at
approximately 1.7 for the interlaced picture and approximately 1.2
for the noninterlaced pictures.” Fig. 19 shows photographs of a
line interlaced and noninterlaced picture with the line-width to line
pitch ratios set for the preferred values.

The 225-line interlaced picture was compared with the five non-
interlaced pictures described in Table III except that the 225-line
noninterlaced picture described in Table I was exchanged for the 135-
line noninterlaced picture of Table III.

Two levels of luminance and illumination were introduced as follows:

Case 1 Case II
High-Light 60 fL (200 cd/m?) 40 fL (140 cd/m?)
low-Light 3.5 fL (12 ¢d/m?) 1.5 {L (5 ¢d/m?)
Contrast Ratio 17.2:1 27.4:1
Illumination 100 fe (1100 Im/m?) 50 fc (550 lm/m?)

* The experimenter found that the change in the number of lines (about 9 percent)
was quite evident in each case, whereas the change in bandwidth (about 18 percent)
was difficult to detect. Baldwin,5 found that a change in bandwidth of 16 percent was
not perceptible in his experiments.
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(b)

Fig. 19 — Experiment ITI—photographs of asymmetrically defocussed pictures.
(a) 225-line interlaced picture, (b) 225-line noninterlaced picture.

On the assumption that a change in illumination did not have a sig-
nificant effect on the PSE, the illumination was changed to give good
picture rendition with the levels of luminance used.

The order of presentation of A-B pairs for each case and the order
within pairs was determined by random number tables.

In case I, 16 nonskilled observers were used with 3 replications each.
In case II, 15 nonskilled observers were used with 3 replications each.

The test procedure and instructions to the observers were the same
as those described in Section IV except for the necessary change in
the “number of sets of pictures.”
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IX. EXPERIMENT III—RESULTS AND CONCLUSIONS

Each of the observers made a forced choice decision for one of the
two pictures in each A-B pair presented to him. In addition to recording
his preference, the time it took each observer to reach a decision was
recorded for each A-B pair.

Using time as the variable, control charts'® were set up for the exper-
iment. The control charts for the mean time indicated that the experi-
ment was under control at all times. Range control charts indicated
that all of the observers were within population control limits.

Table V lists the frequency of preference of the noninterlaced pictures
over the 225-line interlaced picture for the two cases under test.

The data listed in Table V was converted to percentile scores and
plotted on normal-probability paper as shown in Fig. 20. Assuming
a normal distribution, a probit regression line was determined for
each case. Chi-square tests indicated no conflict with the hypothesis
of a normal distribution.

For case I with a high-light luminance of 60 fL (200 ed/m®) the
PSE was a 173-line picture (B: = 1.18) with a ¢ of 22 lines and a SEP
of 2.1 lines. For Case IT with a high-light luminance of 40 fL. (140 ed/m?®)
the PSE was a 186-line noninterlace picture (B7 = 1.37) with a o of
19 lines and a SEP of 2.3 lines. The value of the quantity 7" was 3.75
indicating a significant difference between the two PSE’s.

We may conclude that when the line-width to line-pitch ratio is
set at its preferred value for interlaced and noninterlaced television

TABLE V— ExPERIMENT III: FREQUENCY OF PREFERENCE FOR NON-

INTERLACED PICTURES OVER 225-LINE INTERLACED PICTURE WHEN THE

Line-WiptH To LiNE-PrrcH Ratio 18 1.7 For INTERLACED PICTURES
AND 1.2 For NONINTERLACED PICTURES

Case 1 II
No. of observers 16 15
Replications 3 3
225 47 45
Number 189 45 25
of lines
(noninterlaced 175 28 10
pictures)
162 13 4
147 9 3
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Fig. 20 — Experiment III—the preference for noninterlaced pictures over a 225-line
interlaced picture for two levels of high-light luminance with the line-width to line-
piteh ratio set to its preferred value.

pictures there will be a significant difference in the PSE when the high-
light luminance is changed from 60 fL (200 cd/m?) to 40 fL (140 c¢d/m®)
or vice versa under the conditions of this experiment.

X. SUMMARY AND CONCLUSIONS

It has been found that the line interlacing of low-resolution television
pictures provide the observer with substantially less than a 2 :1 savings
in bandwidth under the conditions of these experiments. In the most
optimistic case where the high-light luminance was 40 fL (140 cd/m®)



LINE-INTERLACED AND NONINTERLACED TV PICTURES 231

and in which the line-width to line-pitch had been optimized the
subjective bandwidth savings was about 37 percent.

It was found that high-light luminance had a significant effect on
the subjective equivalence between line-interlaced and noninterlaced
television pictures. In the worst case with a high-light luminance of
100 fL (340 cd/m?) the line-interlacing of a 225-line television picture
provided a savings in subjective bandwidth of about 6 precent. Under
similar test conditions at a high-light luminance of 50 fL (170 cd/m?),
the subjective bandwidth savings was about 24 percent.

The main effects of the variables added Gaussian noise, spot-wobble
illumination, two types of models, and two types of observers did not
produce a significant difference in their results. The first-order inter-
action between each of these variables with the exception of noise
and spot-wobble was not significant.

A significant first-order interaction was found between added
Gaussian noise and a sinusoidally spot-wobbled scanning beam. When
the scanning beam of the test pictures was spot-wobbled with a 7.14-
MHz sine wave, the 225-line interlaced picture did not provide any
subjective savings in bandwidth. However, when noise with a Gaussian
distribution was added to the spot-wobbled picture the subjective
bandwidth savings was about 10 precent. This indicates that added
noise is more detrimental to the quality of a spot-wobbled noninterlaced
picture than to a spot-wobbled line-interlaced picture.

It was found that about 90 percent of the observers preferred the
noninterlaced picture with the greater number of lines when the ratio
of the number of lines of the two pictures was v/2 and the vertical
resolution in each picture was approximately equal to the horizontal
resolution.

The same amount of picture information is presented in both the
225-line interlaced picture and the 225-line noninterlaced picture. The
noninterlaced picture is a quiet picture in which the small details
may be easily detected and tracked by the observer. This same detail
is visible in the interlaced picture, but the observer must look ‘“through”
the interline flicker effects and resist the intrinsic desire of the eye
to track stroboscopic patterns in order to see the detail. It is highly
probable that the results of this experiment would have been quite
different if the observers task was to recognize and identify fine detail,
such as the recognition and identification of alphanumerical material.

In the design of a low-resolution television system the choice between
line-interlace and noninterlace is not completely resolved by these
experiments. These experiments provide us with a long awaited measure
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of the subjective equivalence between line-interlaced and noninterlaced
television pictures under the conditions described. Before a final decision
is made many other factors such as cost of implementation, the sub-
jective effects of PCM processing, repeater spacing, the subjective
effects of crosstalk, etc. if applicable, must be considered. Finally,
although the full benefits of a 2:1 savings in bandwidth is not realized
by line-interlacing it does provide some bandwidth savings in all of
the cases studied except one and furthermore, line-interlacing appears
to partially mask the affects of added noise.
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Low-Resolution TV: Subjective Effects
of Noise Added to a Signal

By R. C. BRAINARD
(Manuscript received September 19, 1966)

The vistbility of notse in a television presentation ts related to the spatial-
frequency and flicker-frequency components of the noise display. The
visibilety of sine wave tnierference, which generates a sine wave grating
on a TV screen, demonstrates remarkable linearity by giving a good ap-
proximation to the vistbility function measured with narrow bands of noise.

A difference in visibility between moving and stationary gratings produces
a difference between moise vistbility in TV and photographs. This fact
s tmportant in evaluating the compuler simulation of a system by cal-
culations for a single TV frame. The variation of visibility with motion
predicts increased vistbility for additive noise in a television frame repeat-
tng system. Applications to predistortion and reconstruction fillers for
transmission of analog and digital TV signals are discussed.

I. INTRODUCTION

For the design of a television communication channel it is desirable
to have a figure of merit for comparison of channels. As our sophistication
in the design of communication channels increases, so we must also
increase our sophistication in defining and measuring a suitable figure
of merit. As a measure of merit we may use the power spectrum N (w)
of the error, or noise, added in the channel which can be measured for
all frequencies, v, in a given transmission system. However, the ultimate
receiver is a person viewing the picture, and his sensitivity to noise
superimposed on the picture depends upon the distribution with fre-
quency of that noise. This dependence of the viewer’s sensitivity to
noise can be considered equivalent to a linear filter and a linear detector.
We will call this sensitivity function a subjective noise-weighting
function, W(w), defined on the video bandwidth, 0 to ©."'**** This
subjective noise-weighting function gives the value at each frequency
of the relative contribution of noise to an overall figure of merit.
We define this figure of merit as 1/P, where

233
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P= ‘[0 N(w)W(w) do, @

and P the weighted noise.

The subjective noise-weighting function is the transfer function of
the system consisting of the television kinescope and human visual
system specified as a function of the electrical video-signal frequencies.
The input is an electrical signal; the output is the response of the viewer.
It is convenient for discussion to divide this function into three parts.

The first portion of this function, which we call 7, , is the transfer
function of the kinescope. It is a mapping of a 1-dimensional electrical
signal to a 2-dimensional picture. The second part of the function, 7, ,
is the modulation transfer function of human vision. This function,
which has been called the sine-wave response, is the transmission from
object to interpreted image in the brain. The third part, 7., is the
translation from the image in the brain to a verbal response. The
weighting function is the product of these 3 functions:

W = T.T,T., 2)
where

T, = transfer function of kinescope,
T, = transfer function of vision,
T. = translation to words.

Measurements are made of the complete transfer function W(w)
and are accomplished by comparing the viewer’s subjective response
to noise bands having different frequency components. If two noise
bands with power spectral densities N, and N, are found to be sub-
jectively equivalent, then and only then, we have

fo " WV ) do = f: W(W)Nw) do. ®)

By using a sufficient set of noise bands we can calculate W(w) to any
desired accuracy.’

By making subjective comparisons between the interfering effects
of sine waves and white noise of various power levels, we would expect
to be able to evaluate the subjective noise-weighting function most
easily. Results with sine wave interference have been obtained by
others.” The weighting function as determined by using sine waves
exhibits rather extensive structure related to horizontal-line and frame
or field-rate multiples.

It is possible to subjectively compare the interfering effect of wide
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bands of noise to that of flat noise. By this procedure we smooth out
all the fine structure. Results of such experiments have been pub-
lished.”>'*** This smoothed version of the weighting function shows a
reduced visibility for high video frequencies.

The purpose of this paper is to clarify the effect of random noise
on a video presentation by examining in more detail the subjective
effects of noise added to a video signal. In particular, it is desired
to determine the fine structure and microstructure of the subjective
noise-weighting function related to multiples of the horizontal line
rate and the frame rate, respectively. This requires measurements with
noises whose bandwidths are small compared to the horizontal line
rate but wide enough to appear as noise. Noises of bandwidths which
are small compared to the frame rate are also required. These are ef-
fectively sine waves

Applying measurements of sine wave visibility to the noise-weighting
function requires an approximate linearity of the system. The question
of linearity is considered through all the following discussion.

II. NONLINEARITY

The use of the noise-weighting function in (1) implies linearity of
the system. There is a problem because, in fact, the system is not
linear; the translation from electrical signal voltage to luminance in
the kinescope is nonlinear, and vision is not linearly sensitive to lu-
minance. This fact disavows the linear superposition of noise power
in (1). However, for a reasonable transmission system the signal-to-
noise ratio must be sufficiently large, say 30 to 40 dB, that this non-
linearity will not be significant in regard to luminance variation due to
the noise. This approximation is justified by the consistency of the
results. It must be remembered that the kinescope nonlinearity results
in a dependence of the transmission factor for small signal variations
superimposed on the average luminance level. These nonlinearities
give the well-known result that a small signal is most visible when
superimposed on a dark gray area of a kinescope presentation.

The translation of a scene into a verbal response is obviously a
nonlinear function. By proper choice of test procedure the effect of this
nonlinearity can be made small.

ur. T, , TRANSFER FUNCTION OF KINESCOPE DISPLAY SYSTEM

3.1 Spatial Noise

In a television receiver the scanning procedure generates a picture
with 2 spatial dimensions and 1 time dimension from a video signal
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with 1 voltage and 1 time dimension. The noise superimposed on the
video signal is also mapped onto the picture with 2 spatial dimensions
and 1 time dimension.

In order to relate spatial frequencies to video frequencies, we can
refer to Mertz and Gray® or to Huang” where a complete theoretical
description of the scanning process is given. Although we will later
use some of their results we will here consider a different viewpoint
that will, we hope, aid our understanding of noise in a television system.

The reconstruction of the 2-dimensional picture from a video signal
involves aligning successive segments of the signal (translated to
brightness values) below one another to form a raster on the kinescope.
For convenience we consider a square raster; results are easily extended
to a rectangular raster. This square raster is shown in Fig. 1. The
segments of the signal appear as gently sloping lines almost parallel
to the horizontal or 2 direction. For the square picture, the picture
height equal to the picture width is taken as the unit of linear measure.
Let L be the number of lines in a complete picture. It must be recalled
that in a real system a portion of the picture is blanked for retrace.

For a single frame, consider a narrow strip along a scan line. This
strip is merely a segment of the video signal. Therefore, there is a linear
relation between video frequencies, f, and spatial frequencies along the
raster line designated r. This is written

f
A @
for spatial frequencies measured in cycles per picture width, where f,
is the horizontal line scanning frequency.

Now consider a narrow vertical strip of the frame. Successive points
down this strip represent samples of the original signal spaced at 1/,
intervals. Sampling and modulation principles can be used to derive
information about the presentation in the vertical direction as a func-
tion of the original signal.

The original video signal may contain time-varying components
from very low frequencies to several hundred times f, . In the sampled
signal appropriate sidebands at each sampling frequency multiple will
contain components that fall in the frequency band between 0 and
(3)f. . To understand this, consider the triangular-shaped power spec-
trum of a video signal shown in Fig. 2 (a). This signal is centered on the
fourth harmonic of f, . With a sampling frequency of f,, the sampled
version contains this triangular shaped power spectrum centered at
each multiple of f, as shown in Fig. 2 (b). Since the original band of



SUBJECTIVE EFFECTS OF NOISE 237

STRIP ALONG RAISTER LINE VERTICAL STRIP
7

Fig. 1 — Diagram of television raster presentation.

signal could have occurred anywhere in the range 0 to @ we see that
each input frequency of the video signal will generate a component
that falls in the band between 0 and ()f, as well as in every band
between pf, and (p &= 3})f,, for any integer p.

If we consider only the points in the vertical strip, there is a linear
relation between the sampled-signal frequencies f, and spatial fre-
quencies in the vertical direction n,

fo = fm, ®)

where f, is the frame frequency. The appropriate scale for spatial fre-
quency is shown in Fig. 2 (b) with the sampled spectrum. From this
we see that a low frequency, f, < f,/2, is presented in the vertical strip
as a low spatial frequency, i.e., a gradual change of brightness down
the slice. A frequency f, near §,/2 will be presented in the vertical strip
as a high spatial frequency in the sense that it is presented as alternate
light and dark spots down the slice. In the vertical strip we see mainly
those spatial components corresponding to frequencies between 0 and
f+/2, since higher spatial frequencies are generally beyond the visual
acuity limit and/or the cutoff frequency of the low-pass spatial-filtering
action of the kinescope beam.

In reference to Fig. 2, we see that a video frequency near any multiple
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Fig. 2 — (a) Triangular spectruni of input video signal; (b) sampled spectrum of (a)
as function of video frequency and vertical spatial frequency.

of f, , at the peak of the triangle, will appear as a low spatial frequency.
A video frequency near (p % ¥)f,, at a bottom corner of the triangle,
will appear as a high spatial frequency. All other components will
appear as appropriate intermediate spatial frequencies.

For a general relationship between video frequencies, f, and spatial
frequencies for a stationary picture we have, as derived by Mertz
and Gray,*

f = fhm + f,,n, (6)

where m is the spatial frequency in the horizontal direction. Since the
scan lines are not quite horizontal m is not equal to r except when n
equals zero. In this case of a stationary picture, m and n are integers,
and f is restricted to multiples of f, . Each pair (m,n) corresponds to a
stationary grating in the presentation. Each frequency, f, generates a
sequence of pairs (m,n) and corresponding gratings. This set of gratings
is exactly equivalent to the set of spatial frequencies described as
generated by the sampling process. Again we see principally those
gratings for which m and n are less than L/2. Motion in the presenta-
tion can be considered as a modulation on the values of m and n or -
as an additional term in (6). Conversely, a frequency that is not a
multiple of f, produces a moving grating in the reproduced scene. For
our purposes, given any input frequency, f, we want to select that value
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of m such that n < L/2. If we choose m such that
m—3=f/fism+ 3, @

then (6) gives the desired value of n such that n < L/2.

3.2 Application to Measurements

Given as the input to the video presentation a narrow band of noise
with a flat power spectrum between pf, and (p = 3)f, for any integer p,
that is, flat noise replacing one-half the triangle spectrum of Fig. 2(a),
then in a strip along y this would appear in the same way as a band of
noise extending from 0 to (3)f, , that is, a flat band of spatial frequencies
between 0 and L/2 cycles per picture height, abbreviated ¢/ph. For an
input noise signal flat over a bandwidth a few times f, , we can assume
the spatial noise as it appears in the vertical strip to be nearly flat over
its entire range, since the effects of the edges of the input would be small.
For an input noise of sufficient bandwidth, the vertical spatial-noise
spectrum is nearly independent of the center frequency and bandwidth
of the input noise. Therefore, the gross character of the noise-weight-
ing function measured with wide bands of noise depends almost entirely
on the horizontal spatial frequencies.

To examine the procedure for measuring the fine structure, consider
an input noise with bandwidth narrow compared to f,. If the center
of the band is near pf, , for integer p, the vertical spatial-noise spectrum
consists of low spatial frequencies only. But if the center of the band
is at (p == $)f., then the vertical spatial-noise spectrum consists of high
spatial frequencies. For variations in the center frequency between
pfi and (p &= %)f,, the horizontal spatial-power spectrum would have
a relatively small change, while in the vertical direction the change is
from one extreme to the other; from low spatial frequencies to high
spatial frequencies. The above should hold true regardless of the value
of p. Therefore, the fine structure of the noise-weighting function
depends on vertical spatial frequencies.

It is of interest to note that with an input noise bandwidth of f,
we should expect to find almost no variation in subjective response for
a center frequency variation from pf, to (p + %)f., since in all cases the
vertical spatial-noise spectrum would be flat over its entire range and
the change in the horizontal direction would be small.

To predict the weighting-function variations between multiples of
the horizontal-line frequency, we have to resort to the constituent
gratings described above. For the grating where the horizontal frequency
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is m and the vertical frequency is n, then the spacing between bars,
2, is given by
I S
Vm' +n’
Consider the video frequency range from j, to 1.5 f,. At f,, m = 1 and
n=0gvesA\=1At15f,,m=1 andn = L/2 gives A & 2/L (since
L > 1). For a similar frequency range at the top of the band between
Lf,/2 and (L + 1)f,/2, at Lf,/2 then m = L/2 and n = 0 gives A =
2/L, and at (L 4+ 1)f,/2 then m = L/2 and n = L/2 gives A\ = v/2/L.
From these numbers, we predict that for low m the variation of W
with n, the fine structure, will be large and roughly equivalent to the

variation over the complete range of m. For large m, the variation of W
with n should be rather small.

A (8)

3.3 Flicker Noise

Consider a succession of frames, again assuming that there is no inter-
lace. Each frame constitutes a sample of the input noise. Any single
point in the picture represents a time sample of the noise voltage trans-
lated to a luminance value spaced 1/f, in time where f, is the frame or
vertical frequency. Sidebands at multiples of the sampling frequency f,
contain components that appear as flicker frequencies between zero
and (3)f, . For any integer p, input frequencies near pf, appear as low
flicker frequencies and frequencies near (p = %)f, appear as flicker
frequencies near (3)f, . For these flicker frequencies varying from zero
to (3)f, we should expect a subjective variation in visibility. The higher
frequencies of the sampled function we expect to be insignificant due
to the sharp cutoff of human vision. Because of this variation we expect
a microstructure to be imposed on the noise-weighting function. By
measurements with sine wave interference, one can determine this
microstructure, whereas with relatively wide bands of noise greater
than f, , the effect of this microstructure is smoothed out.

3.4 Small-Signal Transfer Function of Kinescope

We can now give a general discussion of the operation in the kinescope
at the system receiver considering only the principal gratings seen. For
any sine wave component of the input video signal a sine wave grating
is presented on the kinescope screen. The grating has horizontal and
vertical spatial-frequency components m and n given by (6) and (7).
The spacing between grating bars A is given by (8).

The grating has an apparent movement in a direction perpendicular
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to the bars of the grating. This apparent motion can be described as a
traveling wave. The luminance is given by

I = A + Bsin 2n(Ft + z/)). 9

The constants A and B depend on the average luminance and modula-
tion amplitude. The variable z is along the direction of apparent motion.
The frequency F is given in terms of the input video frequency f by

where p is an integer such that |F} < {,/2.
The velocity of the grating » is given by

v = F\ (11)

in picture heights per second. For small changes in f, I can be made to
vary from 0 to F,/2. Since A is almost unchanged, then » varies over
a large range.

Since the translation from input voltage to kinescope luminance is
nonlinear, for a given small superimposed input signal voltage varia-
tion the transmission to luminance depends on the average signal level,
or luminance level, in the area under consideration.

w. Ty , MODULATION TRANSFER FUNCTION OF VISION

The response of the visual system to sine wave gratings is called
the modulation transfer function. This function is a subjective effect
and can only be determined by subjective measurements. The general
subject of visual response is of interest to many people and extensive
data on this function have been published, some of which is described
below.

The visual response as a function of spatial frequency has a peak
at an intermediate spatial frequency. The psychophysical phenomenon
that leads to this response has been deseribed® as a negative contribu-
tion to the response corresponding to a point on the retina due to
luminance values at surrounding points. The visual effect is apparent
as overshoot at luminance edges and is called Mach bands after Mach
who first deseribed it.

Lowry and DePalma®!® have measured 1%, for step-function and
sine wave inputs. Their measurements, at an average luminance of
68 cd/m?, show a peak in visual response at about 15 ¢/mm meas-
ured on the retina. This is not what might at first be expected from
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consideration of the smoothed form of the noise-weighting function
where the response has been shown to decrease with frequency. This
has led to published discussions'®'? concerning this difference.

We find from data presented by Schade*® and by Schober and Hilz'*
that the location of the response peak is a function of average lumi-
nance. Schade’s measurements were made with a television system,
but, unfortunately, his data are normalized and the curves at different
luminance levels cannot be compared.

For moving gratings Fowler® has reported measurements at one
luminance level and one spatial frequency. His results show a peak in
the visibility of a moving grating on a TV screen with motion cor-
responding to a frequency of luminance change at one point in the
scene of 5 to 7 Hz. Davson'® has reported Strughold’s measurements
that show an increase in acuity of the visual system when the target
is illuminated by a source flickering at 5 Hz. This increase in response
to a frequency of 5 Hz can be attributed to a negative after-image at
a delay of 0.1 second as reported by Bryngdahl.r?

Measurements at zero spatial frequency, when the entire field flick-
ers, show a peak in response at a flicker frequency of 10 to 15 Hz.®
The response to flicker at zero spatial frequency is dependent on the
angle subtended by the flickering field and on the average luminance
of the area surrounding this field.®

The effect of orientation of a grating on visual acuity has been re-
ported by Higgins and Stultz.® They find equal acuity for horizontal
and vertical orientation, but a 12 percent reduction in acuity for a
grating oriented at 45° to horizontal or vertical.

The modulation level of experiments must be considered. Measure-
ments of the modulation transfer function have been made at thresh-
old and suprathreshold levels. Some measurements over a very wide
modulation range® show some variation with the magnitude of modula-
tion. We are here considering only very low modulation levels where
we expect visual response to vary linearly with input modulation.

Adding two spatial frequencies not harmonically related offers no
problem of linearity due to relative phase. However, adding of har-
monie spatial frequencies which can form sharp edges in a picture may
well be a function of relative phase. Campbell and Robson?® find that
harmonically related spatial frequencies are detected independently.

It is apparent that the visibility of a grating depends on many
variables. For a complete understanding of the modulation transfer
function, we require knowledge of the variation of visibility with each
of these independent variables.
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v. T, TRANSLATION TO WORDS

In the design of communication channels, the prime consideration
is for best communication in spite of degrading noise. The weighting
function should be a measure of the degradation or annoyance of the
superimposed noise. In actual measurements, the viewer is instructed
to make his decisions by considering his ability to see the picture in-
formation in the presence of the noise. Since it is readily apparent
that the noise is the variable, this noise becomes of major interest to
the viewer. Hence, his decision tends to be based on visibility of the
noise. For this reason, measurements are reported as a measure of
visibility of noise. In the application of the subjective noise-weighting
function it must be assumed that a linear relation exists between
visibility and annoyance.

Absolute value judgments of a viewer are not very reliable, though
they can be improved by comparisons to a set of standards. When
noise power can be easily changed as in the work reported here, it is
useful to make direct comparisons of noise bands; one noise band
is attenuated until equally visible to another. One noise band, say
flat noise, can be used as a standard in all measurements. An easily
measurable level of visibility is the threshold of visibility. Both these
latter procedures use an easily identified visual response that mini-
mizes the effect of translation to words.

VI. NOISE-WEIGHTING FUNCTION MEASUREMENT

6.1 Procedure

The video system used presents a square picture with 160 lines and
a video bandwidth to correspond to 160 samples per line. Approxi-
mately 10 percent of each line and frame time is blanked for retrace.
Sixty frames per second are presented with no interlace. The horizontal
line frequency f, is 9.6 kHz. Synchronization of the monitor was
accomplished by a sync signal separate from the video signal. The
picture transmitted was obtained from a slide of “checkered lady.”
This presentation is shown in Fig. 3. Viewing was from a distance of
8 times the 4.5-inch picture height. Room illumination was about
400 lux and picture highlight luminance about 170 c¢d/m?2. The test
was to determine the relative visibility of the noise in the presence
of this still picture.

Fig. 4 shows a block diagram of the equipment assembled for this
experiment. The output of a white-noise generator was passed through
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Fig. 3 — Picture used as presentation for noise measurements.

a low-pass filter. This noise was modulated by means of a modulator
balanced for carrier suppression. The output was then further filtered
to remove baschand and harmonic components to give the desired
double-sideband suppressed-carrier signal. The noise bandwidth for
any carrier frequency was determined by the single low-pass filter.
This band of noise was added to the video signal and displayed.

Since the double-sideband noise signal is not Gaussian it was inter-
compared with single-sideband noise and noise passed through a band-
pass filter. The noise bandwidth in each case was about 2 kHz. The
noise band was centered in each case at 1.5 f;, or 14.4 kHz. For the
same power level, these three noise signals were found equally visible.

Referring to Fig. 4, the output of the white noise generator was
used as a standard for comparison. The narrow band of noise of 2
or 9.6-kHz bandwidth had an rms level of 1 volt before attenuation.
The reference white noise had an rms level 37.4 dB below 1 volt rms.
The noise in either case was added to a 1-volt peak-to-peak picture
signal.

The viewer could switch back and forth between the two presenta-
tions—the picture “Checkered Lady” with either the reference noise
or narrow band of noise added. The variable attenuator was adjusted
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by the viewer until he found the noises in the two presentations
equally visible. The attenuation value of the narrow-band noise is
taken as the measure of visibility.

6.2 Results

Using the noise bandwidth 9.6 kHz, visibility measurements were
made with the center frequency at 2.5 and 3 times f;. The difference
in attenuation for equal visibility was 1.0 dB.

Measurements of the smoothed version of the noise-weighting func-
tion were made using the 9.6-kHz band of noise. The band was always
centered on a harmonic of f;. the average results are given in Table I
and shown graphically connected by a solid line in Fig. 5.

Measurements of the fine structure of the weighting function were
made using the 2-kHz bands of noise centered at harmonies of f, and
midway between harmonics of f;. The average results of these meas-
urements are also given in Table I. These data are plotted in Fig. 5.
The dashed lines connecting the data points represent the envelope of
the fine structure of the noise-weighting function.

6.3 Discussion

The 9.6-kHz band of noise used in the experimental measurements
almost smooths out the fine structure of the noise-weighting function.
That it does not is to be expected since the noise generator is not
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FILTER

MODUL ATOR

BAND
PASS

VARIABLE

FILTER

ATTENUATOR

I J

L fh/2 I
T_ ATTE:(UEB‘OR LOW PASS
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Fig. 4 — Block diagram of apparatus for noise-weighting function measurement by
comparison with white noise standard.
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TABLE I — CoMPARISON OF NARROW-BAND Noises To WHITE
NoISE STANDARD

Noise bandwidth 9.6 kHz Noise bandwidth 2 kHz
Atteunuation for Attenuation for
Center frequency equal visibility Center frequency equal visibility
kHz f» harmonic dB kHz i harmonic dB
0 0 43.8 19.2 2 49.6
19.2 2 43.7 24.0 2.5 38.2
48.0 5 44.7 48.0 5 48.6
96.0 10 42.3 52.8 5.5 36.8
192 20 40.7 96.0 10 48.2
384 40 39.2 100.8 10.5 38.4
768 80 36.3 192.0 20 47.7
196.8 20.5 38.8
384.0 40 44.6
388.8 40.5 37.7
768.0 80 40.8

exactly flat due to flicker noise, the low-frequency cutoff of the noise
amplifier, and the low-pass filter to bandlimit the noise to 4.8 kHz.
The experimental results agree qualitatively with the noise-weight-
ing function expected by treating the noise as a sampled function.
That is, spatial noise in the horizontal direction can be related to
the overall frequency characteristic of the noise-weighting function,
and spatial noise in the vertical direction can be related to the fine
structure of the weighting function with a period equal to the hori-
zontal frequency. From Fig. 5 we see that the fine structure of the
noise-weighting function measured with 2-kHz bands of noise for low
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Fig. 5 — Noise-weighting function.



SUBJECTIVE EFFECTS OF NOISE 247

harmonies of f; has a variation about equal to its overall change across
the band, about 12 dB in either case. For the higher harmonics, the
variation is roughly as expected from the calculated grating spacings
involved.

VII. VISIBILITY OF SINE WAVE INTERFERENCE

7.1 Ezperimental Procedures

For these measurements, the same system was utilized as for
measuring noise weighting, the reduced-resolution TV system which
has 160 lines per frame and 60 frames per second with no interlace. The
viewer sat 8 times picture height from the 4.5-inch TV presentation.
The gratings were presented on the TV screen with no additional
picture signal present. The input frequencies for generating the desired
gratings were obtained by counting down from a common high fre-
quency oscillator from which the horizontal and vertical drive rates
were determined. In this manner, any one of a set of gratings could
be reproduced precisely as desired. The input frequencies used in these
measurements were all below one half the horizontal line rate. Thus,
all gratings used had a horizontal spatial frequency m equal to zero
and vertical spatial frequency n corresponding to the input-signal
frequency,

f=Ffn

The threshold of visibility was used as a convenient measure for
the visibility function. Since the noise levels of interest for the weight-
ing function are very low, the threshold of visibility is a reasonable
measure.

The tests were conducted by having the viewers, knowledgeable
colleagues, attenuate the grating signal by means of a step attenuator
until the grating was just invisible; the attenuator gave calibrated
-one dB attenuation steps. The data taken for each grating were
averaged over all viewers.

The measurements made were of T, T;T ., as for the noise measure-
ments; the complete transfer function was measured. We call this
sine-wave visibility function V to distinguish it from the noise visi-
bility function W.

7.2 Motion

To measure the dependence of V with motion, a set of measure-
ments was made at an average screen luminance of 15 c¢d/m?. Four
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TABLE 1] — DIFFERENCE FREQUENCY AND ATTENUATION FOR
THrRESHOLD ViISIBILITY OF MovING SINE WAVE GRATINGS

Video frequency
4 kHz 1.2 kHz 480 Hz 120 Hz

F dB F dB F dB F dB
0 65.00 0 72.14 0 71.00 0 58.14
1.88 65.85 0.94 73.57 0.95 75.57 0.49 62.42
3.75 67.57 1.88 73.57 2.05 76.00 1.01 66.14
5.62 67.71 2.81 74.57 2.99 78.28 1.41 67.00
9.34 67.42 5.60 74.42 5.05 78.14 -2.00 69.71
16.76 61.85 10.2 73.28 10.0 76.57 3.00 70.28
29.63 47.71 16.65 67.00 15.0 71.71 5.00 72.28
29.27 56.71 22.0 64.71 10.0 70.85
30.0 57.71 15.0 65.85
23.0 61.14
29.4 55.16

input frequency ranges were selected: 2, 4, 10, and 20 times the frame
rate of 60 Hz producing gratings with spatial frequencies of 2, 4, 10,
and 20 cycles per picture height. A set of frequencies near each of the
selected frequencies was used to present the desired moving gratings
on the screen. Room lighting was adjusted only to reduce reflections
from the TV screen.

The average of the data for all viewers is given in Table II and is
shown in Fig. 6. In Fig. 6, we see that for any spatial frequency there
is an increase in ¥V with motion for difference frequencies F less than
5 or 6 Hz.

From these measurements above and the measurements of Fowler¢
it appears that this peak at F = 5 to 6 cycles per second is inde-
pendent, of the spatial frequency and the average luminance.

For F = 0, or stationary gratings, we see that there is a peak in
transmission vs. spatial frequency as found by Lowry and DePalma.® t°
The peak as shown in Fig. 7 occurs at a lower spatial frequency corre-
sponding to the lower luminance level, at about 15 cycles per picture
height. For moving gratings with luminance changes at 5 Hz, the
peak in transmission with spatial frequency is shifted to lower spatial
frequency, at about 8 or less cycles per picture height. This is also
shown in Fig. 7. Integrating over frequencies F from (p — 1)f, to
(p + %)f», as would be done for random noise inputs according to
(1), it is evident from Fig. 7 that the peak for W, if it exists, would
be shifted to much lower frequencies than is evident from stationary
grating measurements.
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7.3 Average Luminance

Assuming that the peak with motion occurs at 5 Hz independent of
the average luminance, a series of measurements was undertaken
using in all cases F = 5 Hz. Measurements were made at average
luminance values of 0.86, 3.4, 15, and 51 cd/m? Room lighting was
reduced and arranged such that the low reflection kinescope screen
gave a luminance by reflection of room lighting of 0.086 c¢d/m?.

The results of these measurements are given in Table III and
shown in Fig. 8. As in Schade’s results,® the peak in visibility with
spatial frequency at any one luminance value moves to lower spatial
frequencies as the average luminance is decreased. There is a peak
in visibility as a function of luminance. This peak occurs at a lumi-
nance value of about 3.4 ¢d/m? independent of spatial frequency.

7.4 Ortentation

We consider the dependence of the acuity of vision on the angle of
a test chart. Threshold measurements by Higgins and Stultz?® show
that a 12 percent increase in grating spacing or decrease in spatial
frequency is required for a grating oriented at 45° to the horizontal to
appear equivalent (just visible) to a grating oriented either hori-
zontally or vertically. If we assume that for the particular circum-
stances of measurements reported above there is a similar variation
of visibility with angle, that is, a 12 percent decrease in spatial fre-
quency for 45° orientation to appear equivalent to horizontal or
vertical orientation, than we can estimate the effects on the weighting
function.

We need to know the maximum change in the measured weighting
function for a 12 percent change in spatial {frequency for a given orien-

TABLE III — ATTENUATION FOR THRESHOLD VISIBILITY OF SINE
WavE GRATINGS

Average luminance 51 15.4 3.4 0.86 ed /m?
Spatial
frequency

(c/ph) (dB) (dB) (dB) (dB)

80 49.6 56.0 59.0 56.4

40 66.2 68.6 73.4 70.4

20 75.2 77.0 80.2 78.0

8 73.4 79.8 84.8 83.6

~2 63.2 70.4 79.8 78.6
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Fig. 8 — Threshold visibility of sine wave grating vs spatial frequency for F = 5Hz
and various average luminance values.

tation of grating. This will give us the maximum effect on the weight-
ing function that we should expect as a result of eye anisotropy.

For narrow band noise located at harmonics of f; for relatively large
harmonics, these noise bands produce mainly gratings with vertical
bars, i.e., large m and small n. From (6), with small n, then m and
video frequency are linearly related and hence the spatial frequency
of the grating is linearly related to video frequency. From the data in
Fig. 5, the maximum change of the curve through these points is about
0.6 dB for a 12 percent change in frequency. Thus, we expect this curve
to reflect everywhere less than 1-dB variation due to a phenomenon
related to the variation of eye acuity with orientation.

7.5 Modulation Level

The threshold measurements with sine waves were all made with
the signal more than 45 dB below 1 volt rms at a gain setting corre-
sponding to a 1-volt peak-to-peak video signal. The suprathreshold
noise measurements were all made with noise-power levels below 35
dB below 1 volt rms for a 1-volt peak-to-peak video signal. We do
not believe that this difference would be significant in regard to the
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transfer function on a relative basis. A constant ratio should exist
between the two curves. '

VIII. RELATION BETWEEN V AND W

It has been considered by many that the modulation transfer func-
tion as measured with sine waves and bands of random noise were
quite incommensurate. With all the known nonlinearities involved,
(1) certainly cannot give an accurate statement of the noise-weighting
function from measurements made with sine-wave interference.

However, the data on sine waves presented here indicate that a
very reasonable estimate of the noise-weighting function can be ob-
tained. Ignoring grating orientation and modulation level we are
considering visibility in a 4-dimensional space. The visibility V of
each video frequency component of the interference has been dis-
cussed as a function of the corresponding spatial frequency 1/\ and
motion » of that component and the average luminance ! at which
it is viewed. This is written as

V=Vl

Many values of V for particular values of the parameters have been
measured which indicate the form of the function. Through our knowl-
edge of the scanning procedure we can transform V(\, v, I) to a func-
tion of video frequency f and I, V(f, 1).

For normal television viewing, the noise signal is superimposed on
a picture such that the noise is seen at a continuum of brightness
levels in the various parts of the TV screen. Thus, for V to correspond
to noise-weighting we require an integration over the range of average
luminance. Measurements of amplitude statistics on the electrical
video signal voltage indicate a rather flat density function. This is
equivalent to saying that the area in the picture from a small signal
voltage range is independent of the voltage. We expect from this
that an integration of V should be performed over luminance levels
specified as video signal voltage levels. This problem is easily solved
by the measurement of visibility of sine waves superimposed on a
TV picture.

The resulting function V(f), after smoothing average luminance
effects, contains all the structure of the noise-weighting function. The
microstructure stems from the motion of gratings and the overall
function and fine structure are due to the constituent gratings as
described in Section III. W and V are qualitatively alike.

The fine structure of W measured with narrow bands of noise



SUBJECTIVE EFFECTS OF NOISE 253

discussed in Section VI stems from smoothing the variations at multi-
ples of the frame rate. There is also a partial smoothing of the fine
structure due to the actual bandwidth of noise, 2 kHz, which is not
small compared to the period of this structure occurring at multiples
of 9.6 kHz. The corresponding version of V is obtained from the sine
wave data by first integrating with respect to v, or equivalently F,
since the microstructure stems from this variation. This involves
integration over the curves displayed in Fig. 6. The curves have a
logarithmic scale. Since these curves are all similar but displaced
vertically the integral would be approximately a constant times the
peak value. This constant is applied to the average curve of visibility
with spatial frequency as in Fig. 8. ’

The average of the curves of Fig. 8 should approximately represent
the first portion of the fine structure of the weighting function, that is,
for m = 0 and n varying from 2 to 80 ¢/ph.

For the smoothing due to the 2-kHz noise bandwidth, we consider
the curves of Fig. 8. The data points between 0 and 10 ¢/ph and be-
tween 60 and 80 c¢/ph can be “visually averaged.” The difference
between these two average values indicates less than a 17-dB varia-
tion for the fine structure of the weighting function. This is 4 dB
larger than the 13-dB measurement of W. Considering that there were
two “integrations” performed over average luminance and motion and
not all luminance values are considered, this difference should be
expected.

There is a peak in visibility in the “average” of the curves of Fig. 8
at about 4 ¢/ph or less. A rather narrow band of noise, 60 Hz, would
be required to verify the existence of this peak in the fine structure
of W.

The overall weighting function is obtained by smoothing out the
fine structure. There is a substantial difference in the fine structure of
the weighting function across the band. The fine structure at the low
end of the band corresponds to gratings of spatial frequencies varying
from 1 to 80 ¢/ph. At the high end of the band there are spatial fre-
quencies varying from 80 to 80 \/5 ¢/ph. We do not expect the inte-
gration to lead to a constant times the peak of the fine structure.

The peaks of the fine structure measured with 2-kHz bands of noise
as shown in Fig. 5 give only a 10-dB variation for m varying from
2 to 80 compared to the 12 to 14-dB variations measured for the
equivalent change in n. For complete smoothing of the fine structure,
Fig. 5 shows that only an 8 or 9-dB variation was obtained for m
varying from 2 to 80.
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IX. APPLICATIONS AND IMPLICATIONS

9.1 Notse Weighting for Photographs and TV

The data of Section 7.2 show a significant difference in the noise-
weighting function depending on the presence or absence of motion.
Huang’s measurements'* with still pictures verifies this difference.
His weighting function has peaks at spatial frequencies that corre-
spond approximately with those measured for stationary gratings.

Signal processing of a single TV frame can be conveniently accom-
plished on a multipurpose computer to quickly examine some of the
many possible processing procedures. It must be remembered that the
resultant noise viewed on the single output picture has a different
noise weighting than the completed system processing a sequence of
TV frames to be viewed.

9.2 TV Frame Storage and Repetition

Consider a frame-repeated television presentation?! where one frame
of a television signal is stored in a memory such that it can be repeti-
tively flasked & times on the kinescope, then another frame is accepted,
stored and repetitively shown, etc. Examine any one point on the
kinescope presentation, as in Section 3.3. For human vision, which
does not see the 60-cycle flicker, there is presented a luminance value
which is held constant for %k frames, then a new luminance value is
presented. As a sampling function this represents one sample for
every k frames of the original TV signal without frame repeating.

We wish to examine the visibility of noise for TV frame repetition.
All frequencies of the video input have been shown to contribute to
the flicker at a point in the frequency band from 0 to 30 Hz for the
nonrepetitive (k = 1) TV presentation. Each frequency also con-
tributes to each 30-Hz wide band above 30 Hz but vision filters out
almost all contributions above 30 Hz.

The frame repetition procedure samples the video signal at each
point on the screen at 60/k Hz. Each input video frequency contributes
to flicker in a band from 0 to 60/2k Hz. The repetition of frames, in
effect, holds this sampled value for k frame times. This filter action
reduces flicker frequencies above 60/2k Hz; the 60-Hz frame fre-
quency is filtered by the visual process. Considered as a true sample and
hold filter the response would be (sin z)/x where * = = kF/60. The
first zero would be at F = 60/k.

The net effect of frame repetition is to fold noise from the 0 to 30-Hz
band into the 0 to 30/k-Hz band. From Fig. 6 it is evident that for
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k = 2 the flicker noise is in a frequency region, 0 — 15 Hz, where
on the average it is more visible. For & = 4, the noise is in the band
0 — 7.5 Hz where it may be somewhat more visible than for k = 2.
For k > 4, the data of Fig. 7 indicates that the noise limited to a
band < 7.5 Hz will be less visible than for k = 4.

9.3 W and Average Luminance

The data for the sine wave interference visibility at various values of
average luminance show a substantial variation. However, the noise-
weighting function is to be used as a relative measure. Since the curves
of Fig. 8 are all similar except at very low spatial frequencies, it
appears that W measured at any one luminance value is reasonable.

9.4 W Applied to TV Transmission System

Two examples are given below of the application of the noise-
weighting function as a figure of merit for television systems.

9.4.1 Analog Transmission

Thermal noise, assumed flat over the video bandwidth, is added to
the signal in the analog channel. A TV signal has extensive structure
in its power spectrum.® The power is densely packed at harmonics of
frame and horizontal line rates and predominately at low frequencies.
Most of the frequency band has very low signal power.

It is possible to increase the signal-to-noise ratio by linear pre-
emphasis of the signal before transmission with the inverse recon-
struction operation at the receiver.?? The pre-emphasis filter increases
the signal power where it is very low with a corresponding reduction
in power where the original signal power was high to maintain the
transmitted power constant. The reconstruction filter performs the
inverse action on the signal plus noise. Thus, where the original
signal was of low power the noise is substantially reduced, whereas,
where the original signal was of high power the noise is increased.
Since the usual T'V transmission channel is actually peak-power limited,
the expected improvement is further limited by this constraint.

However, if we consider the signal-to-weighted-noise ratio as a
criterion?® a quite different result is obtained. Wherever the TV
signal power is high, at harmonics of f, and f, and at low frequencies,
the noise-weighting function is also high. The filtering procedire
above increases the noise power where it is most visible. Even with
the optimum filter pair?® designed for maximum signal-to-weighted-
noise ratio there is very little improvement possible.
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9.4.2 Bandwidth Reduction for PCM-TV

Noise in a pulse code modulation (PCM) system is principally
due to amplitude quantization. It is possible to shape the power
spectrum of this noise. This fact is utilized in differential PCM?* and
error-feedback coding.?®2¢ The combination of pre-emphasis and re-
construction filters with noise-power-spectrum shaping has proved
effective when using horizontal picture correlation which corresponds
to the smoothed power spectrum of the video signal.?22¢

The pre-emphasis and reconstruction filters are employed as in the
analog transmission system of Section 9.4.1 to boost signal where it
was originally low keeping total power constant. Noise-spectrum
shaping is used to reduce the noise at frequencies where the original
video-signal power was high. This noise filtering is accomplished by
a feedback loop around a quantizer and gives an increase in total
quantization noise power.

A differential system incorporates the signal pre-emphasis and
quantizing-noise shaping in the one filtering path of the quantizer
feedback loop. O’Neal?” has calculated the signal-to-noise ratio for
some differential systems. He considers operation on the overall
signal-power spectrum and on the power peaks at horizontal line
harmonics both separately and combined. He finds that either opera-
tion separately gives a substantial increase in signal-to-noise ratio,
but that the combined operation does not give any additional improve-
ment.

Since this combined operation redistributes the noise power to
regions where it is less visible we expect that the signal-to-weighted-
noise ratio should be increased for the combined filtering operations
over that obtained for either filter operation separately.

9.5 Measurement of Smoothed W

Previous measurements of W have been with relatively wide bands
of noise.2®* The bands of noise chosen for these measurements have
not always been the best. With noise bands selected on an octave
basis? there is a confounding of the results by the fine structure at
the low frequency end of the band. With an input noise bandwidth of
exactly f; the spatial-noise power spectrum along y would be flat,
independent, of the center frequency of the input noise band. Using
these relatively narrow bands of noise we expect to smooth out the
fine structure of the noise-weighting function and make a more precise
measurement of the gross noise-weighting function than with wider
bands of noise.
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9.6 Disproving an Hypothests

The hypothesis®® has been suggested that anisotropy of the noise
is important in visual response. We take as a definition of anisotropy
that the spatial power spectra in orthogonal directions are not the
same. The hypothesis states that the more anisotropic a noise is the
more objectionable it is. However, judging from our results, this cannot
be true. If we examine our experimental results for frequencies about
1.5 f, and 2 f;, then we have low horizontal spatial frequencies. Near
2 f5 the narrow band of noise is folded to appear as low vertical spatial
frequencies. The result for this noise, which is fairly isotropic, is that
it is annoying. Near 1.5 f, the narrow band of noise is folded to
appear as high vertical spatial frequencies. Our result for this aniso-
tropic noise is that it is less annoying than the isotropic noise. This
is in contradiction to the hypothesis under consideration.?

X. CONCLUSION

The subjective noise-weighting function consists of the transfer
functions of the kinescope and the visual process. The scanning pro-
cedure of the kinescope produces a complicated variation in the spatial
and flicker frequencies of the display as a function of the input video
frequency. A rather extensive discussion has been given for the scan-
ning process for a square picture. These results are applicable to any
rectangular picture also. A change in the picture height control to
form a rectangular picture requires only that a constant factor be
applied to all vertical spatial frequencies. The modulation transfer
function of vision is strongly dependent on spatial and flicker fre-
quencies. The resultant weighting function has a fine structure re-
lated to scan-line-frequency harmonics and a microstructure related
to frame-frequency harmonics.

Subjective measurements were made to determine the fine structure
and microstructure of the noise-weighting function. Noise near a
multiple of the horizontal line frequency is much more visible than
similar noise between multiples of the horizontal line frequency. Sine
waves differing by 5 Hz from a multiple of the frame frequency are
much more visible than sine waves midway between multiples of the
frame frequency and, particularly for low spatial frequencies, are
much more visible than sine waves at multiples of the frame fre-
quency.

The measured visibility of noise and sine-wave interference in
television is in good agreement with that expected from considering
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the TV presentation due to scanning. This indicates a quite linear
system for the small additive interferences. This linearity leads to
rejection of a hypotheses that visibility of noise in TV may be a
function of anisotropy of the spatial noise power spectrum.

The subjective noise-weighting function is valuable in determining
a figure of merit in many applications. When considering the results
of caleulations on only one frame of a television sequence, as is done
in computer simulations, one can be lead to erroneous results of
visibility of noise due to a significant difference in visibility between
stationary and moving patterns in a TV presentation. The variation
in visibility with motion leads to conclusions about the visibility of
noise with television frame repeating which have been tentatively
verified by others.?! A variation in visibility with average luminance
must be considered for noise-weighting function measurements on a
flat screen at only one average luminance level.

The use of weighted noise as a measure of merit for television
transmission, as an analog or PCM signal, leads to a significantly
different result in either case from published results considering only
the noise as a measure of merit.
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T, transfer function of kinescope

T, transfer function of vision

T. translation to words

v velocity of moving grating patterns

V' sine wave visibility function

W subjective noise-weighting function

A spatial wavelength of grating patterns
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Low-Resolution TV: Subjective Effects
of Frame Repetition and
Picture Replenishment

By R. C. BRAINARD, F. W. MOUNTS AND B. PRASADA
(Manuscript received September 19, 1966)

Using the experimental television facility described in a companion
paper, frame repeating and point-by-point selective replenishment of pic-
ture elements have been accomplished in real time. On the basis of initial
experiments, using the head-and-shoulder view of a person as the picture
source, such as s likely to be encountered in a visual communication system,
the following tentative conclusions have been reached:

(¢)  The motion rendition with a 15 new pictures/second frame repeat-
ing system, while not flawless, 1s reasonably good.

(72)  Selectively replenishing one-quarter of the picture points per frame
gives a betler continuity of motion but results in objectionable
patterns.

(¢72) Picture quality greatly depends on the pattern of picture replenish-
ment. Of the five replenishment patterns tested, two result in pictures
which are significantly better than the other three.

(@) In informal viewings, opinion has been so divided that no preference
has been established between simple 15 new pictures/second frame
repeating and the more satisfying schemes for picture replenish-
ment.

(v) The frame repeating and replenishment systems produce gross
tmpatrment during zooming and panning; consequently, these
systems in their present form are unlikely to be useful for broadcast
television.

The tmpairments observed in these systems are subjective and mot yet
predictable. This emphasizes the importance of subjective testing of systems
in real ttme.

261



262 THE BELL SYSTEM TECHNICAL JOURNAL, JANUARY 1967

I. INTRODUCTION

Experiments on real-time operation of various frame repeating and
replenishment systems were performed with a low-resolution TV sys-
tem described in a companion paper.' The head-and-shoulder view
of a person was used as the picture source as might be used in a visual
communication system.

As is well-known, the lower bound on the number of presentations
per second in a television system is set by the flicker requirements. No
systematic study of motion in TV pictures has been possible in the
past because the flicker requirements dictate that for a screen lumi-
nance of, say, 8 cd/m? (25 fL), something of the order of 60 pres-
entations must be presented every second to alleviate the flicker
problem. The presentation requirements for producing smooth per-
ceived motion for most of the common types of movements are much
less than this. In the past, suitable means have not been available
for the study of the lower bound on the picture rate necessary for the
satisfactory rendition of motion in television systems.

With the availability of large-capacity, high-speed ultrasonic delay
lines,? it is now possible to store, in digital form, large quantities of
information. Delay lines with a total storage capacity of 25 kilobits
and an input-output rate of approximately 1.5 megabits/second are
readily available now. Using eight assemblies of lines and a picture
format of 160 samples per line, 160 lines per frame sequentially
scanned at 60 frames per second, allows storage of one complete pic-
ture frame encoded as 8-digit PCM at a sampling rate of 1.536 MHz.

The stored information can be displayed several times on the dis-
play monitor at a suitable rate to satisfy the requirements for display
flicker. This allows sending new information through the channel to
satisfy only the condition of suitable rendition of motion. The avail-
ability of frame storage has made it possible to study motion rendi-
tion separated from display flicker effects.

The rendition of motion by rapid superimposition of a sequence of
still pictures is based on the exploitation of a perceptual property of
the viewer, namely, the persistence of vision. Qur knowledge of the
human perceptual mechanism is still quite incomplete and primitive.
Hence, it is obvious that a system exploiting perceptual redundancy
can only be evaluated by obtaining the subjective responses of the
viewers in controlled experiments. To obtain the subjective responses,
the operation or simulation of the systems on the time scale identical
to the original motion is imperative and its importance cannot be over-
emphasized.
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Frame repetition is taken to mean that one complete frame is
transmitted to the receiver, stored in the memory and then shown
repetitively a number of times on the TV screen. In a replenishment
system a portion of the picture information from each frame is
transmitted during that frame time. At the receiver this information
must be inserted in the memory in the appropriate time slots. Com-
plete pictures are read out of the memory each frame time for display,
but the picture changes from frame to frame as the new information
is added.

II. SYSTEM DESCRIPTION

A block diagram of the basic system is shown in Fig. 1. The details
of the system’s components are described elsewhere.* The video signal
is generated by a vidicon camera system designed to sequentially scan
the vidicon at 60 frames per second with a square raster of 160 lines.
Suitable low-pass filtering limits the bandwidth of the signal to less
than 768 kHz. Unless otherwise stated, the picture was restricted to a
head-and-shoulder view of a person.

The video signal is sampled at the rate of 1.536 MHz and the
samples are encoded by an 8-digit PCM encoder. The output digits of
the encoder are in parallel form. Each digit is routed to a 1/60 second
delay line. The switch S in Fig. 1, at any instant, connects each delay
line input either to the respective encoder output or to its own output.
If the switch is at position A, new data is inserted into each delay line
and is also decoded and displayed. If the switch is at position B, the
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Fig. 1 — Basic frame repeating and replenishment systems.
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data, which has been previously stored and displayed, is displayed
again and is recirculated through the delay lines. Whatever the
switch position, the monitor display rate remains constant at 60
frames/second. The switch S operates fast enough that any selected
sample or group of samples can be replaced.

By generating different switch control waveforms, we can make
the basic system operate as different frame repeating or replenishment
systems. By constraining switch S to remain at position B, we can
operate the memory in the ecirculating mode and store its contents
indefinitely. This feature allows close scrutiny of any particular frame
and also eases the problem of taking still photographs.

While the subject is producing exaggerated hand and head motion,
the memory may be placed in the circulating mode. This ensures that
a single frame is frozen in the memory and is available for photo-
graphing. This procedure has been followed for taking all the photo-
graphs included in this paper.

Observations were conducted in the laboratory at a reduced room
illumination of approximately 300 lux (30 fc). The monitor was
adjusted to have a highlight luminance of dpproximately 340 cd/m?
(100 {L).

2.1 Frame Repeating Systems

The basic frame repeating principle can be illustrated by Fig. 2.
The vidicon is sequentially scanned every 1/60 second. However, only
every nth frame is displayed on the monitor and stored in the memory.
This frame is then repecated (n — 1) times on the monitor. The pres-
entation rate is maintained at 60 frames per second to combat flicker.
In other words, every nth frame is sent to the receiver which uses
zero-order interpolation to fill in the missing frames.

In the basic experiment described above, the camera is sequentially
scanned every 1/60 second. Switch S’ is open. Thus, the visual signal
is integrated on the camera photo-cathode for 1/60 second. The prob-
lem of the optimum integration period will be discussed later. Switch
S” from the noise generator is open for these experiments.

2.2 Replenishment Systems

In a replenishment system, only a fraction of the total picture
information is replenished during each frame period. Using signal
storage, replenishment systems build up a picture by sending 1/n of
the total number of samples contained in a frame in one frame period.
Thereafter, in every presentation, 1/n of the samples are new while
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the rest are old.* Thus, new samples continually replenish old ones
according to some predetermined scheme.
1II. SOME RESULTS

Several frame repeating and replenishment systems have been
operated in real time. Impairments are produced only in those areas
where there is real or apparent movement, i.e., where the luminance at
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Fig. 2 —Frame repeating.

a point changes from frame-to-frame. Further, the type of impairment
for a particular system depends on the type of motion. The impair-
ments introduced in motion rendition are subjective and are extremely
difficult to describe. However, these will be described as best as pos-
sible. Photographs will be used to illustrate the effects wherever
possible. As all the impairments are produced only in the presence of
motion, photographs are not very satisfactory. Fig. 3(a) and 4(a)
show a picture when no frame repeating or replenishment is used.

3.1 Frame Repeating Systems

Using a vidicon integration time of 1/60 second, frame repeating
was observed using rates of 30, 20, 15, 12, 10, 8.6, 7.5, 6.7, and 6 new
pictures/second.

* This assumes replenishment of equal number of samples every frame time.
This assumption is not necessary in a general case.
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As we go from higher rates to lower rates, the impairment, which
appears in the form of a jerky motion, increases. For the head-and-
shoulder view of a person conversing, no impairment is noted at 30
new pictures/second. At 20 new pictures/second, fast large-area mo-
tion produces a slight amount of jerkiness. At 15 new pictures/second,
noticeable jerkiness is observed for large-area motion, such as head
motion. However, the lip motion still appears natural. At 12 new pic-
tures/second, the jerkiness is quite pronounced and some discrepancy
can be noticed in the lip region also. As we go down to lower rates,
further gradual increase in jerkiness occurs. At 6 new pictures/second
the picture is quite jerky. The coordination between the lip motion and
the sound is almost completely lacking.

Responses of several engineers after informal viewing suggests that
the threshold of acceptability may be between 12 and 15 new pictures/
second. The change in quality as we go from 15 new pictures/second
to 12 new pictures/second seems more drastic than for any other pair
of adjacent rates. It is proposed to check this observation by careful
subjective experiments.

In another experiment, a broadeast TV program was displayed on a
TV receiver and was used as the picture source for the system’s
vidicon camera. Everything else remained the same. It was observed
that frame repeating produced gross impairment during zooming and
panning of the broadcast studio camera which is quite common in
entertainment TV programs.

3.2 Replenishment Systems
The following replenishment systems have been observed in real
time:

3.2.1 2 :1 Replentshment.

The replenishment pattern is shown in Fig. 3(b). The camera was
scanned sequentially at the rate of 60 frames/second. The samples
marked 1 were replenished in frame 1 and the samples marked 2 were
replenished in frame 2. Thus, the total replenishment time was 1/30
second. A still photograph depicting the system output is shown in
Fig. 3(b).

Very slight impairment in the rendition of motion was observed for
this condition.

3.2.2 4 : 1 Replenishment.

The camera was scanned sequentially at the rate of 60 frames/second.
Samples were replenished according to five different replenishment
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patterns to be described. In each case, the sample positions marked 1
were replenished in frame 1, 2 in frame 2, 3 in frame 3, and 4 in frame
4. Total replenishment time was 1/15 second.

3.2.2.1 Pattern 1. The replenishment pattern is shown in Fig. 3(c).
The replenishment pattern is vertical. Vertical bars were quite visible
in the presence of motion. The impairment was substantial. Fig. 3(c)
shows a still photograph depicting the output of the system in the
presence of exaggerated head motion.

3.2.2.2 Pattern 2. The replenishment pattern is as shown in Fig. 3(d).
As the replenishment pattern is diagonal, the visible bars in the
photograph (Fig. 3(d)), are diagonal. In real time observations, these
are less visible than the vertical bars in pattern 1. However, the pat-
terns were still visible enough to be objectionable.

3.2.2.3 Pattern 3. The replenishment pattern is as shown in Fig. 4(Db).
As can be seen by an inspection of the replenishment pattern, simple
vertical or diagonal patterns are nonexistent for the replenished
points. This system performs much better than the two previously
described replenishment systems of corresponding rate. Moderate and
fast motions do cause some “ragged”’-edge effects.

3.2.2.4 Pattern 4. Another replenishment pattern is shown in Fig.
4(c). This figure also shows a still photograph depicting the output of
the system in the presence of exaggerated head motion. The perform-
ance of this system is similar to that of the system described in Section
3.2.2.3 dbove.

3.2.2.6 Pattern 6. The pseudo-random pattern. In this system, the
average bit rate is the same as in the other 4 : 1 replenishment systems
deseribed above. However, the pattern of replenishment is not regular
over blocks of 4 picture elements but is pseudo-random. One quarter
of the total number of samples stored in the memory is replenished, in
a random pattern, each TV frame period. All information stored in
the memory is replenished once and only once during any four con-
secutive TV frame periods. The same replenishment pattern is re-
peated every four TV frame periods. Fig. 4(d) shows a still photo-
graph depicting the output of the system in the presence of exaggerated
head motion. The system performance is not satisfactory. Moving
edges break up and produce a sparkling effect.
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3.3 Frame Repeating With Increased Vidicon Integration Time

The vidicon is a storage type of camera tube. In the standard
sequential operation, the light distribution of the scene is integrated
on the camera photosensitive element for 1/60 second. For fast motions
this integration produces a blur. This effect can be contrasted with a
shuttered or a nonstorage type of camera unit that would have pro-
duced jerkiness in such a situation. It is felt that a trade-off between
sharp but jerky pictures and blurred but smooth pictures exists and
there may be a subjectively optimum integration time and charac-
teristic for different uses of television.

In the frame repeating experiments described in Section 3.1, the
integration time was 1/60 second. On the other hand, if the camera
is read out only when a new picture is desired, the image will be
integrated on the camera photosensitive element for the full n/60
second if the system uses 60/n new pictures/second. Possibilities exist
to obtain any arbitrary integration characteristic if we use external
storage. :

A preliminary experiment was tried using the vidicon itself as the
integration element. No conclusive results were obtained. The Switch
S’ in Fig. 1 is closed to pass a gating signal to the vidicon to read out
the integrated picture every fourth frame time for storage in the
memory. However, the nonlinear brightness-current characteristic
of the vidicon, the increased stickiness, and the effect of lateral leak-
age in a vidicon system with increased integration time could have
contributed more detrimentally to the resulting display than the im-
provement from the anticipated integration characteristic.

3.4 Frame Repeating With Noisy Signal

The effect of frame repeating on the visibility of additive noise was
observed. The switch 8” in Fig. 1 was closed to add noise to the picture
signal.

For a reduced number of pictures per second, the noise pattern
remained frozen and then suddenly changed to another pattern as a
new picture was read in. The noisy picture lost its “busy” look to a
certain extent. The impression gained was one of a superimposed
noise pattern moving jerkily. The visibility of the noise increased as
the number of new pictures/second was decreased.

IV. DISCUSSION

The impairments produced by the frame repeating systems and the
replenishment systems are very different.
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In the frame repeating systems, the impairments are in the form
of jerky motions. These are most visible where the moving edges are
the outlining contours of large areas. There also seems to be a correla-
tion between the average brightness of the area and the visibility of
jerkiness. Tt is an apparent flicker effect.

In the replenishment systems, the jerkiness is missing. However,
the impairment appears in the form of ragged edges of the moving
objects and the superimposition of visible patterns. The replenishment
experiments described clearly bring out the importance of operation
or simulation of systems on the time scale identical to the original
motion for the purpose of subjective evaluation. It may be recalled
that for the same bit rate, the performance of the replenishment
systems varied widely depending on slight changes in the replenish-
ment patterns. On the basis of observations made so far, there seems
to exist a correlation between the visibility of undesired patterns and
the spacing of the points replenished in the same frame. For example,
in Fig. 3(c), all the points replenished in any particular frame, say
those designated by 1, are in a vertical column, and this produces a
vertical bar pattern. In Fig. 3(d), all the points replenished in frame
1 are along a diagonal. In this case, we see spurious diagonal bar
patterns.

In Figs. 4(b) and (c), all the picture points designated 1 are
separated by only one sample of another frame in both horizontal and
vertical directions. Of the five cases studied, patterns are least visible
in these cases. It is interesting to note that the pseudo-random re-
plenishment pattern did not perform as well.

V. ACKNOWLEDGMENTS

We wish to thank J. E. Berrang and R. L. Eilenberger for their help
and cooperation in carrying out the experiment. We would like to
express our appreciation to W. T. Wintringham for his leadership and
many helpful discussions and suggestions.

REFERENCES

1. Mounts, F. W., Low-Resolution TV: An Experimental Digital System for
Evaluating Bandwidth-Reduction Techniques, B.S.T.J., this issue, pp. 207-238.

2. Meitzler, A. H., Ultrasonic Delay Lines for Digital Data Storage, Trans. IRE
Prof. Group Ultrason. Eng., UE-9, December, 1962, pp. 1-8.






Contributors to This Issue

T. A. ABeLg, Diplomvorprufung, 1955, Dipl.-Ing., 1958, Dr. Ing.,
1960, Technische Hochschule, Aachen; Institute for High Frequency
Techniques, Technische Hochschule, Aachen, 1958-1962; Bell Tele-
phone Laboratories, 1963—. At the Institute for High Frequency Tech-
niques, Mr. Abele was engaged in teaching and research. At Bell Tele-
phone Laboratories he has been concerned with the development of
microwave transmission components for the TM and TD-3 radio relay
systems. He presently supervises a group which is responsible for the
design and development of microwave networks and circuits. Member,

NTG.

Vicrav E. BexgS, AB., 1950, Harvard College; M.A. and Ph.D,,
1953, Princeton University; Bell Telephone Laboratories, 1953—. Mr.
Benes has been engaged in mathematical research on stochastic proc-
esses, traffic theory, and servomechanisms. In 1959-60 he was visiting
lecturer in mathematics at Dartmouth College. He is the author of
General Stochastic Process in the Theory of Queues (Addison-Wesley,
1963), and of Mathematical Theory of Connecting Networks and
Telephone Traffic (Academic Press, 1965). Member, American Math-
ematical Society, Association for Symbolic Logic, Institute of Math-
ematical Statistics, STAM, Mind Association, Phi Beta Kappa.

R. C. Brainarp, B.S,, 1951, M.S., 1954, Case Institute of Tech-
nology; Ph.D., 1959, University of Cincinnati; Bell Telephone Lab-
oratories, 1958—. Mr. Brainard has been concerned with signal process-
ing for digital communication systems. Member, IEEE, SMPTE,
American Physical Society, Tau Beta Pi.

CraytoN B. BrownN, B.S.E.E., 1952, Polytechnic Institute of Brook-
lyn; Bell Telephone Laboratories, 1937—. Mr. Brown has been engaged
in the development of central office switching apparatus and solderless
wrapped connections. He is currently a supervisor at the Columbus
Laboratory responsible for the development of crossbar switches and
wire spring and miscellaneous relays.

273



274 THE BELL SYSTEM TECHNICAL JOURNAL, JANUARY 1967

Earu F. BrowN, RCA Institutes Inc., 1955; Bell Telephone Lab-
oratories, 1955—. Since joining Bell Telephone Laboratories Mr. Brown
has been engaged in means to improve the quality of television pic-
tures, subjective evaluation of television pictures, and means to com-
press the bandwidth of television signals.

E. A. J. MagcaTtini, Aeronautical Engineer, 1947, and E.E., 1948,
University of Cérdoba (Argentina); research staff, University of
Cordoba, 1947-54; Bell Telephone Laboratories, 1954—. Mr. Marcatili
has been engaged in the theory and design of filters in multimode
waveguides and in wave-guide systems research. More recently he has
concentrated in the study of optical transmission media. Fellow,

IEEE.

J. PeETER MITcHELL, B.A., 1955, M.A., 1957, Ph.D., 1960, University
of Toronto; Bell Telephone Laboratories, 1963—. Mr. Mitchell was
first engaged in the study of thin insulating films for use in supercon-
ducting computer circuits. Recently, he has been concerned with prob-
lems of radiation effects in semiconductor devices. Member, American
Physical Society, IEEE.

F. W. Mounts, E.E., 1953, and M.S., 1956, University of Cincinnati;
Bell Telephone Laboratories, 1956—. Mr. Mounts has been primarily
concerned with research in efficient methods of encoding pictorial in-
formation for digital television systems. Mcmber, IEEE, Eta Kappa
Nu.

Birenpra Prasapa, 1.8, 1951, Central Hindu College; B.S., 1953,
Banaras Hindu University; Masters in Physies, 1955, Barnaras Hindu
University; Ph.D., 1960, University of London; Bell Telephone Lab-
oratories, 1963-1965. Mr. Prasada was engaged in studies of picture
processing to find more efficient methods for transmitting television
images.

Do~arp K. WiLson, B.S., 1950 and M.S., 1951, Pennsylvania State
University; Ph.D., 1963, Rutgers University; Bell Telephone Labora-
tories, 1951-1954, 1956—. Mr. Wilson has worked on alloyed and dif-
fused silicon diodes and transistors, measurements of bulk semicon-



CONTRIBUTORS TO THIS ISSUE 275

ductor properties using optical spectroscopy and electron spin
resonance, and the development of diffused GaAs devices including
injection lasers. He is currently engaged in the study of radiation
damage phenomenae in semiconductor materials and devices. Member,
Phi Beta Kappa, Sigma Xi, Sigma Pi Sigma, American Physical
Society, IEEE.






B.S.T.J. BRIEFS

The Effect of Noise Correlation on Binary
Differentially Coherent PSK Communication Systems

By W. M. HUBBARD
(Manuscript received October 6, 1966)

Several authors have calculated the probability of error in binary
differentially coherent phase-shift-keyed (DCPSK) communication sys-
tems."**** All of these calculations make the assumption that the
sample values of the noise at the sampling instants in adjacent time
slots are statistically independent random variables.* Because the noise
is band-limited this assumption is not strictly true. The purpose of this
note is to justify the assumption for most cases of interest and to point
out where the assumption introduces some discrepancy.

Consider a signal of the form

S(t) = Q.(¢) cos wt + Q,(f) sin wt (1)

which is corrupted by additive, band-limited, Gaussian noise which can
be expressed in the form

2(t) = z(f) cos wl — x,(¢) sin wt. )]
The properties of such noise are well-known. They are given, for ex-
ample, in Davenport and Root® on page 158 ff. We follow their notation
and state their results without proof.

We assume that the signal is processed by an ideal product demodu-
lator.® The output of this device is

V() = {80 + 2S¢ — 7) + 2t — 1}, 3
where 7 is the differential delay of the product demodulator. Therefore,
we are interested in z(f) at the times ¢t and ¢ — 7. Set

xcl = xc(t) :vsl = xs(t) (4)
Top = 2(t — 7) Ty = x,(8 — 7).
The covariance matrix of these variables and its various cofactors are

given in Davenport and Root (loc. cit.). The joint probability density

* Noise correlation in other types of systems has been considered, for example,
R. R. Anderson, et. al., Differential Detection of Binary FM, B.8.T.J., 44, January,
1965, pp. 111-159.
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function of ., Z,1, Z.s, Z,» is given in Davenport and Root® in equation
8-101, page 162. From this joint probability density function, one can
obtain the probability density function of ¥, where

Vi= 4@ + x..) + B@Q.. — x.) ®)
and
V, = V(@
Qo = Q) Qo = Qu.()

Q:z=QU —7) Qu=0Q( —1)
A = 3[(Q.: + 7.2) coswr — (Q,2 — Z,2) sin w7]
B = 1(Q.; + z.) sin wr + (Q,2 — X,0) COS w7].
It is given by

1 ” “ 1
PV = gy [ o [ o

2 2 2
; exp (_xcz 2t2 xx2> eXp <_(V1 20-2 VO) ), (6)

where
or = (A" + B)(1 — ¢ — &)
R. Ri()
v = f‘(;i; ¢ = ___ET_)

[

Vo = A(Qu + Y. + <szz) + B(Qsz — Yz, + €0xcz)-

Following the method of Bennett and Salz® as extended in Ref. 6 one
obtains the probability of error

1 f dxezf dxwexp< ”22_1;7“)

{erfc p\f“:z + erfe \/‘%} %

where 10 Log ¢ = S/T = ratio (in dB) of expected signal power to
minimum signal power required for proper functioning of the regen-
erator.

In order to proceed further, it is necessary to make some assumptions
about the spectral density of the noise. As an illustrative example we
assume a raised cosine noise spectrum centered at f, with full bandwidth
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A. One then obtains

sinw Ar
¢=0 V=ra = a0y

Ordinarily one is interested, in a DCPSK system, with either a
signal that changes phase by an amount 0 or = between sampling points
or one which changes phase by /2 or —=/2 between sampling points.
In the first case, one chooses wr = n, in the second wr = (n + 1) in
order that the possible signal states be anticorrelated in the product

1.5
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Fig. 1— (a) Degradation in signal-to-noise ratio for 10~° error probability for
w. (b) Degradation in signal-to-noise ratio for 10~? error probability for
12ddB. (c¢) Degradation in signal-to-noise ratio for 10~? error probability for
9 dB.
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demodulator. These cases can be specified for the purpose of this cal-
culation as

Casel: @Q,, = Q.. =0 wT = nw. 8)
CaseIl: Q,,=@Q., =0 wr = (n 4+ P 9)
If we assume S(f) has constant amplitude then we can write

Q.. = Q cos 6, Q.. = Q cos 6,

Q.. = Qsin 6, Q.. = @ sin 6,, Q a constant. (10)

Rather than imposing the constraints (8) and (9) we impose a weaker
constraint which includes (among other possibilities) the situations
specified by Case I and Case II. Namely, in (10), we put

6, =0, 0, = wr. (11)

Introducing (10) and (11) into (7) and performing the indicated in-
tegration numerically gives the results shown in Fig. 1. This figure
shows the change in signal-to-noise ratio, S/N, which is required for
a 107° error rate due to the effects of noise correlation as a function of
wr for various values of 8/71" and A. The graphs are plotted for wre[0, =]
only since inspection of the integrand reveals that the integral is sym-
metric about = and periodic in wr with period 2.

From this figure one concludes that the error rate is not significantly
affected for noise bandwidth greater than about 1.4 times the bit rate,
whereas if the noise is limited to bandwidths smaller than this the effect
does become appreciable for wr = (n -+ %) For wr = nr the effect is
small if n is even regardless of S/T, whereas for n odd, the effect is
comparable to that for (n + %)= if S/T is small.
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Excited Level Populations in
High Current Density Argon Discharges

By R. C. MILLER, E. F. LABUDA, and C. E. WEBB
(Manuscript received November 2, 1966)

Spontaneous emission intensities of Al and AII in the range 2500
X to 11,500 A have been obtained from 2-mm diameter capillaries
operated at filling pressures between 0.45 and 5.0 torr and currents up
t010 amperes. Only the AIT results at 0.6 torr and 5 amperes are reported
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Fig. 1— Level population in the 4p and 4p’ configurations of AII in a capillary
discharge. Capillary diameter = 2 mm, discharge current = 5 amps, filling pressure
= 0.6 Torr. The value of electron mean energy E was obtained from shielded double

probe measurements and the absolute value scale from Ladenburg-Reiche meas-
urements.

here. The spectral sensitivity of the detection system was calibrated
with a standard lamp, and the resolution was ~1 A. Effects of optical
gain and absorption were verified to be negligible for AII.

Relative AII magnetic sublevel populations, N,/g,, determined by
dividing relative spontaneous emission intensities by measured or
estimated A-coefficients’'**'*"® and by the statistical weight g, of the
emitting level n, are shown in Fig. 1 as functions of excitation energy
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E, above the AII ground state. The results have been normalized to
the 4p*P;,, population, designated (N,/g,), at B, = 155,044.07 cm ™.
Hence, the quantity plotted is (N,/N,)(¢./¢.). An approximatc absolute
value scale of N, /g, , obtained from optical absorption measurements,’
is also shown.* When A-coefficient estimatest existed for several transi-
tions originating from the same level, their self-consistency was checked, {
and the average value was used.

The 4p and 4p’ populations appear to be grouped along straight lines
in the semilogarithmic plot of Fig. 1. Thus, for each of these configura-
tions it is possible to define a ‘‘ configuration temperature” T (measured
in energy units) by the relation

(N./N)(g:/g,) = exp [(E, — E)/T].

This yields 7' &~ 0.45 and 0.2 eV for the 4p and 4p’ levels, respectively.
A line corresponding to T = 2.5 eV (the measured value® of electron
mean energy) has been included for reference.

The existence of an approximately common ‘‘temperature”, con-
siderably smaller than the prevailing electron “temperature”, for all
levels within a given configuration (regardless of spin) implies that
intra-configuration thermal equilibrium is achieved by rearrangement
of configurational populations in a time short compared to AII 4p and
4p’ radiative lifetimes, and does not involve charged particle impact.§

Our present belief is that although the excitation energy of AII states
is provided by electron impact on the ion, these states can interact
rapidly by collisions with the ground and excited states of AI, the final
state ion being in the initial AIT configuration but not necessarily in
the initial level of that configuration. The existence of such collisions
might account for part of the large Lorentz broadening of AII line pro-
files at high current densities.® The present experiments yield no in-
formation on actual details of these collisions, but there are experi-
mentally documented processes such as formation of molecular ions

* These measurements show that AII 4s metastable populations are in approxi-
mate Boltzman equilibrium with the AII ground state at the prevailing electron
mean energy.

1 The lifetime measurements of Ref. 1 and the calculations of Ref. 2, because of
their generally excellent consistency, were adopted in preference to earlier estimates
whenever such choice was possible.

1 This check was possible only for the AIl 4p — 4s calculations of Ref. 2 where,
with one exception, the self-consistency was better than 30 percent.

§ This latter restriction is required by the AT and AIT spontaneous emission radial
profiles,” provided that AII excited level populations are derived ab <nitio from
electron impact on the AII ground state. The fact that ‘“‘configuration temperatures’
are much lower than the electron mean energy independently suggests that electron
impact is not responsible for the rearrangement.
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(regarded here as a non-stationary intermediate state) which provide
a basis for discussing population rearrangement.

If a resonant nature is supposed for the proposed interaction,® then
AII leve's are expected to interchange populations rapidly if their
excitation energy differences are no larger than the measured 0.1-0.2 eV
ion and atom thermal energies.®”® The maximum energy differences of
0.1 and 0.2 eV which exist between adjacent levels of the 4p and 4p’
configurations, respectively, imply that the achievement of intra-
configurational thermal equilibrium is plausible. Inter-configuration
interaction rates, on the other hand, will be small if the energy gap
between them is much larger than =~0.1-0.2 eV (true for the 1.1 eV
energy difference between the highest 4p and the lowest 4p’ levels),
so that different configurations may very well attain different ‘‘ tempera-
tures”. Also selection rules may reduce or prohibit inter-configuration
interactions, core changes, e.g., being difficult to achieve from impact
parameter considerations. The existence of an approximately common
“temperature’ for doublet and quartet 4p levels implies that at least
some rearrangement cross-sections involving spin change are comparable
to those involving no spin change.

From measured discharge parameters®'® it can be shown that, if
the AI ground state were the sole source of rearrangement collisions,
cross-sections &2 X 107" em® would provide ““thermalization” times
shorter than typical 4p radiative lifetimes (5 X 107° sec). This value
is experimentally plausible for resonant collisions between heavy parti-
cles,'" particularly if one of them is in an excited state. Finally, it should
be noted that if -the above collisions are predominant over radiation,
then the determination of cascade contributions to individual levels
cannot, in general, be made simply by comparing the total spontaneous
emission rates out of and into the level.

0

Note added in Proof: Where comparison is possible, the absolute
level populations of Fig. 1 are in fair agreement with values obtained
by Bennett, et al'® at somewhat lower (pd).

* We do not wish to imply that the suggested collisions must necessarily be
treated as a charge-exchange process.
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CW Operation of LSA
Oscillator Diodes—44 to 88 GHz

By JOHN A. COPELAND
(Manuscript received November 14, 1966)

Bulk n-GaAs oscillator diodes have been operated on a continuous
basis in the LSA (Limited Space-charge Accumulation) mode' at fre-
quencies from 44 to 88 GHz. This is the first time a practical solid-
state oscillator has operated continuously in this high-frequency range.
The reason the LSA diode can produce millimeter wave power at higher
frequencies than other solid-state devices such as transistors, tunnel
diodes, IMPATT diodes, and Gunn diodes is because it is the first
device which is not subject to the ““transit-time limitation.”

The “transit-time limitation” exists for these other devices because
they must be designed so that the time required for a charge carrier
to move from the source contact to the drain contact must be shorter
than or on the order of one RF cycle. A common principle of all these
devices is the bunching of space charge which remains until it drifts
into a contact. Since carriers in semiconductors such as silicon, german-
ium, and gallium arsenide have maximum drift velocities on the order
of 107 em/sec, devices for higher frequencies must be designed with
proportionally thinner active regions. The power and impedance of such
a device both decrease proportionally to the thickness of the active
region, so the maximum value of the product of power and impedance
decreases as the square of the thickness or as the reciprocal of the square
of the frequency, f. The lowest impedance which is practical increases
with frequency at microwave frequencies because of skin effect. The
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result of all these considerations is that the transit-time limitation causes
the maximum power of a given device to decrease faster than {2 as f
increases.”*®

The LSA diode is not subject to the transit-time limitation because
it derives its ability to transform de to ac directly from the negative
differential of drift velocity of the individual electrons with respect
to electric field*'® rather than to the movement of space charge across
the device. There are two main requirements for preventing space
charge from accumulating and distorting the electric field which would
lead to Gunn oscillations at a lower frequency: The ratio of doping to
frequency must be within a certain range, which for n-GaAs appears
to be 10* to 2 X 10° sec/cm?®. Also, the resonant circuit must be properly
loaded so that the clectric field swings into the positive conductance
region below 3000 V/ecm for part of each cycle to quench out any
space charge which has started to accumulate.'

The existence of the LSA mode was first verified on a pulse basis
at 1, 10, and 30 GHz, then the experimental effort was directed toward
producing a 50-GHz CW oscillator. In interpretation of the results
shown in Table I and Fig. 1, it should be kept in mind that these are
only preliminary results. In particular, no attempt was made to obtain
high pulse powers, the pulse powers reported are from the same devices
that operated CW at lower voltages and much lower efficiencies.

Table I gives the results obtained from the first diodes that operated
on a continuous basis. All of these devices were made from a wafer of
epitaxially grown n-GaAs with a carrier density of about 8 X 10'® em™.
The active region was 5 microns thick, and the current maximum oc-
curred at 2 volts. Noise due to the diodes could not be detected on the
HP-851A spectrum analyzer, indicating the carrier-to-noise ratio was

TaBLE I —LSA Diopr ExPERIMENTAL RESULTS

Diode Voltage RF Power Frequency Efficiency
\4 (mW) GHz (%)
Continuous
D1 3.5 20 84-88 2.0
D2 3.6 15 51 0.7
D3 3.3 20 44-51 0.7
(40%) (1.4)
Pulsed
D1 5.0 50 84 4.0
D2 7.0 400 51 9.0
D3 11.0 500 44-51 3.0
(700%) (4.0)

* Holder cooled with dry ice.
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Fig. 1— Power obtained from three types of solid-state oscillator diodes vs fre-
quency as found in the literature. The LSA points were all obtained at Bell Tele-
phone Laboratories except for the 10-GHz pulse result (Ref. 8).

greater than 90 dB in a one-cycle bandwidth one MHz from the carrier.
Similar operation was obtained on a pulse basis at four times higher
voltage with material with a 20-micron active region; however, heat prob-
lems prohibited CW operation of these samples.

Heating limits the CW efficiency of the diodes by restricting the bias
voltage and by causing the carrier velocity as a function of electric
field to become less favorable. The heating problem can be alleviated
in the future for this device configuration by using a lower carrier den-
sity, by using smaller areas, and by making the substrate and liquid-
regrowth contacts thinner. Details on the circuit used will be presented
in Ref. 6.

In order to fully utilize the LSA mode of oscillation, a radical change
in device design is needed. The devices reported on here were originally
designed to be used as Gunn diodes at lower frequencies, from 5 to 20
GHz and are thinnest in the direction parallel to the current.” In order
to increase the power and operate CW at lower frequencies, future LSA
oscillator diodes should be long in the direction parallel to the current
and thin in a direction perpendicular to the current. The heat will be
removed from the sides and the thin dimension perpendicular to the
electric field will eliminate skin effect problems.
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