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PREDICTIVE QUANTIZING OF TELEVISION SIGNALS

Robert E. Graham
Bell Telephone Laboratories, Incorporated
Murray Hill, New Jersey

Abstract

A system is described for digital encoding
of continuous information sources based on
quantizing the difference between the original
continuous signal and a predicted version there-
of, as opposed to quantizing the original signal
itself. The coding is tailored to the observer's
perception by employing fine quantum steps for
the small prediction errors, and coarse steps
for the large errors where the predictor, and
possibly the observer, are surprised. With this
tapering of the steps in the gquantizing stair-
case, the total number of levels needed in the
quantized error signal for high-quality re-
production may well be so small that a simple
nonstatistical coding of the error signal will
yield a substantially lowered bit rate compared
with conventional systems.

To extend the accuracy of digital represen-
tation obtained with this system, an additional
operation is described in which the "idle
times" - the blanking intervals in television -
are commandeered to allow the introduction of
extra samples in difficult regions of the
signal. This requires "elastic" delay of a
simple type in which the delay is varied step-
by-step in one direction until reset to the
starting point.

A series of photographs is included showing
processed pictures obtained by computer simula-
tion of the various coding methods.

General

The rapidly expanding interest in digital
transmission for a variety of applications has
stimulated research on the efficient coding of
continuous sources such as speech and pictures
into numerical data. This problem of source
coding is essentially independent of channel
considerations, involving only the statistics
of the source and the perceptual characteristics
of the human observer. The channel is here
relegated to the drab if difficult task of
providing error-free transmission of the dis-
crete output of the source encoder.

It is well known that straightforward
point-by-point quantization of picture bright-
ness— causes a particularly objectionable kind
of degradation, and that the approximate pic-
tures obtained are satisfactory to the viewer
only if a large number of discrete levels,

100 or so, are employed in the quantizing
process. This results in the generally ac-
cepted requirement of 7 bits per picture point
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for PCM transmigsiop of television signals.
Various workers<:3» 25,6 have attempted to find
more fortunate approximation means which would
afford acceptable reproduction at a reduced
information rate. Most of these attempts have
been based on elementary perceptual properties;
e.g., the viewer is very sensitive to dis-
continuities in brightness occurring within a
picture, but is relatively insensitive to
amplitude errors in reproducing such dis-
continuities. Some of the methods appear
definitely superior to ordinary quantization,
although the proven reductions in transmission
rate for high-quality picture reproduction have
so far been less than 2:1.

In principle it is possible to find ef-
ficient numerical approximations to the con-
tinuous pictures by elaborate testing of the
human viewer to map his discriminability for all
points of the picture space. (To be complete,
this must be the space of all possible picture
sequences.) Then the accuracy of approximation
may be tailored to this perceptual map. It would
be impractical to make an exhaustive map of this
kind for any picture system having a nontrivial
resolution level, but progressively improving
theoretical hypotheses can help to reduce the
testing required.

One method of assigning order in mapping
the observer's fidelity requirement is to
attempt coding schemes based on fragmentary
knowledge, and to make subjective evaluations
of the defects of the resulting pictures. Some
elementary experimental observations which sug-
gest the encoding approach to be described in
this paper are as follows:

1) The viewer's ability to detect
detailed amplitude distortions is
particularly low in chaotic regions -
of the picture. (This is true for
distortions of the type caused by
"granulating" or quantizing, not
for those caused by blurring.)
Examples are regions dominated by
random noise or complex texture.

2) Quantizing distortion or structure
must be kept low in regions which
the viewer can readily organize
into simple patterns, subgroups,
mnemonic structures - to which
he can readily assign meaning.
Examples are patches of uniform
brightness, straight lines

or ed%es low-frequency periodic
structuré.




The above categories may be separated by
the test of predictability. The "insensitive"
random or complex regions of Item 1 represent
regions in which accurate prediction from con-
text is difficult or impossible. The sensitive
but simply orgenized regions of Item 2 are
practically, by definition, highly predictable
from context. This suggests a quantizing
technique having the following properties:

1) The variable to be quantized will
be the instantaneous error between
the original continuous signal and
a predicted version thereof based
on the past values of the quantized
signal.

2) The discrete levels employed to
approximate the original signal
will be spaced close together
for small prediction errors and
far apart for large prediction
errors.

Provided that the predictor is designed to be
effective in simply organized regions of the
picture, then these two properties will allow
the numerical approximation to the original
picture to be fine or coarse in accordance with
the perceptusl abilities of the viewer. This
reduces the size of the numerical alphebet
needed to encode each picture point and thereby
reduces the information rate required to transmit
pictures of satisfactory quality.

Before proceeding to a description of a spe-
cific system, we summarize the a priori case
for predictive quantizing of television signals
as follows: There is evidence from psychovisual
observations, and from measurements on simple
circuit predictors, that in those situations
where the predictor mekes sizable errors - is
"surprised" - the perceptual discrimination
of the human observer is particularly low, so
that large quantizing distortions in encoding
these large prediction errors will not be
noticeable. The kind of signal behavior implied
by "low-predictability" situations depends to
a considerable extent upon the sophistication
of the prediction process. In dealing with
television signals very simple prediction such
as that obtained by estimating the oncoming
sample to be the same as its immediate prede-
cessor - "previous-value" prediction - will
yield large transient errors at vertical lines
or edges in the picture. Correspondingly,
observer discernement is fairly low in such
regions. Better prediction, achieved by more
detailed use of the signal past, may result
in sizable errors only in highly chaotic regions
of the picture or perhaps in situations where
there is rapid object motion. Since it is
in precisely such situations that viewer discrimi-
nation is very poor, it appears that the link
between prediction difficulty and large toler-

ance in reproduction is a strong one. This
points to a concept of predictive quantizing as
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a truly perceptual coding technique - in which
the primary objective is not necessarily ac-
curate prediction all or almost all of the time,
which frequently is impossible, but only ac-
curate prediction in those signal regions

where the observer perception is high. This
appears to be & more durable concept than that
involved in so-called statistical coding

systems - which tend to produce serious degrada-
tions whenever the running statistics of the
signal depart appreciably from those postulated
in the system design.

The use of a tapered staircase in quantizing
the prediction errors is an important step in
implementing the foregoing concept of perceptual
coding, the primary intention of the modified
quantization process being to reduce the size
of the coding alphabet and not merely to affect
the statistical properties of the transmitted
signal.

Predictive quantizing Systems

The basic predictive quantizing system is
shown in Fig. 1. An original bandlimited
continuous signal is sampled at an appropriate
rate, compared with the predicted samples, and
the difference supplied to a tapered quantizer.
The output of the quantizer is a multi-level
discrete error signal which is encoded for
transmission over the digital channel, and also
is fed back through a predictive accumulator
network to the input comparator. (The
straightforward coding and decoding operations
which are necessary for transmission by
binary PCM are not indicated in the figure.)

The accumulator network produces at
point "A" a picture signal identical with
that reconstructed by the receiver. Thus
we see that what is quantized is the error
between the original signal and the predicted
signal, where the prediction is based, not on
the past of the original signal, but on the
past of the epproximate signal as developed
at the receiver output. It is essential
that the transmitter prediction be made in this
fashion so that the receiver may duplicate
its action precisely - the approximate or
quantized signal being the only one available
at the receiver.

We may also describe the system operation
by noting that each reconstructed receiver
sample is derived by adding the corresponding
predicted sample value to the quantized version
of the prediction error. Thus, whenever the
quantizing distortion is small the receiver
output will be accurate even in the event of
bad prediction.

Some likely types of predictor for use in
this system are the so-called linear predictors?
such as "previous-value", "slope", "planar",
etc., as well as a nonlinear "variable mode"

predictor to be described in this paper. An




interesting point about the predictor function
in this system is that the predicted values con-
ceivably need not be comnstrained to a discrete
amplitude structure,* as was the case in the
earlier predictive-subtractive system.“ 1In
other words the predictor may be allowed to
generate a continuous signel, under the in-
fluence of the discrete output from the quan-
tizer, as its estimate of the original con-
tinuous wave.

A suggested form of the quantizing charac-
teristic is shown in Fig. 2. The particular
staircase illustrated provides 8 levels in
the quantized output, and thus may be coded
into 3 bits per sample. The characteristic is
made symmetrical about the origin since the
error signal supplied to the quantizer may be
of either polarity. As previously described,
the output or '"representative" levels are
closely spaced for small error inputs and
progressively more widely separated for larger
error amplitudes. Typically, the innermost
levels may be on the order of %l percent of
the original video signal range, while the
outermost levels are set at "saturation"
values of perhaps +20 to *40 percent. This
inner spacing is small enough to allow accurate
reproduction of uniform brightness areas, while
the saturation values are large enough to let
the system make a reasonable stab at rendering
large unpredicted transitions. There is con-
siderable latitude in choosing the quantizing
characteristic, although there are some limits
imposed by stability requirements. These
stability constraints depend to some extent upon
the nature of the predictor. As an example,
with simple "status quo" (previous-value) pre-
diction each representative level must be
less than twice the next lower decision level,
or the system output will not converge for
certain static inputs.

The simplest type of predictive quantizing
system employs the aforementioned previous-
value prediction. Fig. 3 illustrates this
limiting case, the "predictor" consisting of
a delay equal to the sample spacing.** Roughly,
the effect of this process is that of quantizing
point-to-point differences in the signal, hence
the name differential quantizing.

Several variants of differential quantizing
as well as a number of different picture coding
schemes, are now being tested by computer sim-
ulation on an IBM-704 digital computer.9s
Pictures consisting of 100 x 100 elements are

*
That is, not in any simple sense.

e
In this simple case, the operation reduces
to a sort of multi-level delta modulation,
in which an 8-level quantizing staircase is

used instead of a 2-level one.
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scanned at a 2-second rate, and the resulting
signals transferred in digital form to magnetic
tape. The data in this form i1s supplied to
the computer, which is programmed to carry

out the intended processing operations. The
processed picture signals are ultimately re-
converted to pictorial form for subjective
evaluation.

Fig. U4 consists of six processed pictures
obtained by this computer simulation and com-
pares the performance of two different quan-
tizing methods. The middle pictures are
"originals", representing straight amplitude
quantization to 512 brightness levels or 9
bits per sample. The left-hand pictures have
been similarly quantized, but only to 8
brightness levels or 3 bits per sample. The
right-hand pictures have been differentially
quantized also to 8 (incremental) levels and
3 bits per sample.t Some defects are visible
in the differentially quantized pictures at
the vertical edges where the elementary pre-
dictor is surprised. However, the resulting
picture quality appears considerably better
than that obtained by conventional 3-bit
quantization.

Nonlinear Predictor

In order to introduce a more effective
prediction technique, a typical scanning
raster is shown in Fig. 5 with crosses
marking the spatial relation of successive
sampling instants. The next sample to be
predicted at a given instant is labelled 0,0,
and a few of the neighboring past samples
are designated correspondingly. For previous-
value prediction the predictor takes Jjust the
past sample 1,0, as its estimate of the next
sample. For linear prediction in general,7
e constant-coefficient weighted sum of the
past values is employed.

A nonlinear predictor to be described here
employs & running selection from a number of
simple prediction modes, the choice being made
by logical tests on the past samples. In
effect the predictor tries out various pre-
diction modes on neighboring past regions of
the picture, and then proceeds to use that mode
affording the smallest trial error. A simple
predictor of this type employs Jjust two
possible prediction modes, "horizontal" pre-
vious-value and "vertical" previous-value.

The choice between the two modes is made by
an elementary computer according to the

*The representative levels are 1, 3, 8, 20,
and the decision levels are 0, 2, 5, 15,
all in * percent of the original signal

range. This original signal is gamma-
corrected, being proportional to the 0.k
power of the brightness of the subject

scene.




following rule, letting SJk stand for the sample
value at j, k:

Ir s. .| 5|s,, -8

|s1l - S, ;- So1 | , choose the

horizontal prediction, Slo.

-5

If |s 01|

L | < ISl1 , choose the

vertical prediction, 801'

In the first case, the two samples in a hori-
zontal line, Syj, Sp; are more nearly alike

than those in & vertical lime, S;3, Sjp. In the
second case, the opposite is true. The indicated
prediction choices will be exact, for instance,
whenever the brightness contours in the im-
mediate vicinity are either horizontal or verti-
cal. The largest errors tend to occur at
"corners", along 45-degree lines, and at detail
which is small in both the horizontal and the
vertical direction.

Fig. 6 shows the system transmitter em-
ploying the two-mode predictor. For obvious
reasons this operation has been called "alter-
nate-mode differential quantizing." The in-
dicated values of delay are for standard 525-
line television, a full scanning-line delay
being required to provide the vertical prediction.
It is not unduly difficult to obtain such a video
delay, but this component is clearly the most
expensive element required in the transmitter
and the receiver.

Fig. 7 is a series of photographs obtained
by computer simulation which compare "originals"
(center column) with the received pictures
obtained by 3-bit versions of differential
quantizing (left column) and alternate-mode
differential quantizing (right column). Again,
the "originals" represent 512-level convention-
ally quantized pictures. The representative and
decision levels for all the 3-bit pictures are
the same as those given for Fig. 4. The
pictures obtained by AMD. appear to be sub-
stantially better than those obtained by
straight differential quantizing. It is not too
surprising that for some types of pictures -
particularly those with very complex detail -
the 3-bit processed pictures occasionally look
better than the originals. In such instances,
the processed pictures appear to have been
sharpened or "crispened."

The relative frequency of level occupancy
for the pictures processed by AMDg is shown
in the following table:

TABLE I - Relative Level Frequency
for Pictures Processed by
Alternate-Mode Differentisl Quantizing

Representative Levels

Picture E3Y %3 8 20
Test Chart 0.77 0.12 .07 .0l
Girl No. 1 0.64 0.24 0.10 .02
Girl No. 2 0.64 0.23 0.11 .02
Men 0.48 0.24 0.21 .07

As a matter of interest, the apparent source rates
based on these monogram statistics were computed
for the four pictures, yielding in turn, 2.1,
2.35, 2.35, and 2.64 bits per picture point.

Thus for a picture as complex as that of the man,
a Shannon-Fano encoding on a sample-by-sample
basis would save no more than 0.36 bit per

sample relative to the 3 bits per sample re-
quired with simple coding.

Reservoir Coding

In sending conventional television signals
over digital transmission systems, we are free
to collapse the idle (blanking) intervals at
the end of the scanning lines and fields and use
this time to better advantage, eventually re-
storing the idle intervals at the receiving
terminal. One way to use this surplus time is to
insert extra samples during the signal processing,
not necessarily periodically, but only as re-
quired to ensure accurate portrayal of the
original signal. The 10 microsecond horizontal
blanking intervals in standard television afford
a reservoir of some 80 Nyquist intervals per
scanning line. This reservoir may be used to
allow extra time in "difficult" regions of the
signal . (The vertical blanking period consti-
tutes a reserve of about 8,000 Nyquist inter-
vals; however, it is simpler instrumentally to
make use of only the horizontal intervals.)

This reserve of extra samples may profit-
ably be used in & predictive guantizing system
to increase the accuracy of numerical re-
presentation without requiring a higher
transmission rate. This will be particularly
helpful whenever the incidence of large pre-
diction errors is fairly low - perhaps less
than fifty occurring within each lire scan.
Such statistical uata as is available on
picture siguals indicate that the number of
significant errors will almost always be
suitably low.
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A method for combining reservoir sampling
with predictive quantizing is to allow each
sample occupying the extreme positive or negative
quantizing levels to cue the introduction of an
extra sample. A system which operates in this
fashion is shown in Fig. 8. At the transmitter,
the band-limited input signal is passed through
a tapped delay line with a mobile output contact
before reaching the sampler and quantizer. As-
sume that the quantizer representative levels
are *(1, 3, 8, 28) percent of the signal range.
Then as long as only the interior levels #*1,
+3, +8 are occupied, the system operation is
the same as that of Fig. 1. Whenever the
predictor makes an error large enough to occupy
the +28 levels, the corresponding sample is
coded for transmission as usual, and the output
connection of the delay line is stepped to the
right by one sample period. This stepping action
causes the next sample taken from the incoming
signal to be identical with the preceding one.
Momentarily the input becomes a "sitting duck."
To take advantage of this situation, the pre-
dictor mode is switched to horizontal previous-
value, so that the approximation process on the
second trial will be much more accurate. At
the end of each horizontal scan the delay-line
connection is reset to the left end by the
leading edge of the sync signal, and the step-
ping operation proceeds as before.

At the receiver, the string of samples is
recovered by the decoder and supplied to a
predictive accumulator as in the system of
Fig. 1. The accumulator output is operated upon
by a controlled delay line similar to that used
at the transmitter, and then smoothed by a low-
pass filter to obtain the received picture
signal. The movable connection of the delay
line remains stationary whenever the smaller
sample values are received, and steps one
sample to the right* whenever an extra sample
is signalled by the occurrence of +28. When-
ever such a step occurs, the receiver blocks
the cueing sample from reaching the delay line,
since the next succeeding sample will itself be
the cumulative result of the two samples allotted

to a single ordinate of the original input signal.

The benefit derived from the injected extra
samples is suggested by Table II which shows
the alphabet of signal increments available
with and without reservoir sampling.

*Note that when the receiver delay connection
steps to the right, the insertion delay is
reduced.
mitter.

The opposite is true at the trans-

TABLE II - QUANTIZING ALPHABETS
(In percent (*) of Original Video Range)-

No Reservoir Sampling With Reservoir Sempling

No Extra Extra
Semple Sample**
1 1
3 3 3
8 8 8
20 20
25
27
29 -
31
36
56

The extended alphabet range afforded by the extra
samples tends to eliminate the visible defects

of the AMDQ pictures of Fig. 7. The statistics
presented in Table I indicate that for the four
subject pictures in Fig. 7, extra samples will

be called for 4, 2, 2, and T percent of the time
respectively. These figures are well within the
reservoir limits afforded by conventional hori-
zontal blanking allowances.

For the simplest mode of operation, not
allowing any carry over of reserve samples
from one line to the next, the maximum number
of serious prediction errors which can be
suppressed during any given line scan equals
the number of sample periods in the blank-
ing interval. In the event that the reserve
of samples is exhausted before the end of
a line scan, the system will become locked
in the normal or uniform sampling mode, and
the receiver alphabet will be limited to
(1, 3, 8, 28). The effect of this will
be to slow down any large unpredicted transi-
tions during the remainder of the particular
line scan, but no quantizing distortion of
the conventional sort will occur.

*¥
It is assumed that only one extra sample can
be grouped with each "normal" sample.
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Fig. 4. Linear vs. differential quantizing.
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Fig. 7. Comparison of differential and alternate-mode differential
quantizing.
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