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ABSTRACT

A television band compression scheme which dépends primarily on
matching in one sense the eye's sensitivity to flicker has been proposed.
For a static picture as the source material, it is found that the compression
ratio is not directly limited by the flicker effect, but the picture quality
assessed subjectively, falls quite fast as the compression ratio is increased.
A‘compression ratio of 1.5:1 is accompanied by a very small drop in sub-
jective quality. Using a "high frequency boost" circuit the compression
ratio can be increased to 3:1 under conditions of satisfactory picture quality.
Experiments were performed using as source a movie picture, and
higher compressién ratios than those for the static picture were indicated.
All the experiments were performed using a simulated television
transmission system. The system was based on a laser source, and it is an

improvement on a system designed by Otto Meier in 1968.

(i1)
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I. INTRODUCTION

Numerous puBlications and references [1] - [5], [11] deal with
the television bandwidth compression problem. The need for visual com-
munication is increased every day and a plethora of devices have been
proposed in this field. An example is the visual telephone. It is said
[4] that the sending of banking messages and the exchanging of technical
drawing messages will‘oﬁly be possible if a new television system usiﬁg
relatively narrow bandwidth can be.madé available.

Compression techniques have been classified [5] into three dif-
ferent categories: pure sta£istical, psychophysical and a combination of
the two. An example of the pure statistical approach is the work done
by Colin Cherfy et al. [4]. They pioneered a run—leﬁgth—coding method
and compression ratios of up to 3.5:1 for a half tone picture have been
obtained. Very elaborate work has been done by Schreiber's group [3] in
which the combination approach has been used. They took advantage of the
fact that tﬁe eye is very sensiti&e to the detection of edges and they
proposed a system called "Synthetic Highs'. Experiments were carried out
by computer-simulation aﬁd efficient coding and quantizing methods were
investigated.> The results were good, as shown by high compression ratios
of 5 or 6 to 1 for a half tone picture [5]. In comparison with building
electronic equipment, computer—simulation has many advantages. However,
computer simulation cannot be used for real time studies because it takes
many seconds to generate a single picture frame, and it is virtuaily
‘impossible to study the real television situation which involves motion
pictures.

An experimental system based bn a coherent light source for

processing visual signals has the remarkable property that it is very fast.



Real time studies can be undertaken and these can include the motion picture
problem. This analog system has noise problems but these can be tolerated
by the eye and filtering is easy to realize. In particular we have used
such an optical system to perform the Fourier and the inverse transform;

we could therefore study bandwidth compression under conditions which
approach the practical case very closely.

A start to the work reported here was made in 1968 by Otto Meier
{1), {2]. In his work a series of'high quality and low quality versions
of the same picture were presented alternately for equal intervals of
time, T, on a television monitor and a viewer was asked to state if he
could see any fliékering in the display. Meier showgd that the eye is
sensitive to flicker frequency by very different amounts according to the
highest spatial frequency present in the picture. With a view to obtaining
reduction in channel bandwidth, it seemed natural to suggest that the
television picture source encoder could be designed to match more closely
the flicker sensitivity of the eye. Although one can predict that up to
2:1 compression should be possible from Meier's results, he did not explore
higher potential compression ratios.

In the present work the apparatus used by Meier has been improved.
so that higher quality resolution was obtained. This enables us to explore
further the proposed compression scheme. The absence of flicker is only
one criterion that the compression scheme must meet. One might ask how
much the subjective impression of picture quality falls as the coﬁpression
‘ratio, C, is increased. A further series of tests were made using a series
of graded photographs in which a subject was asked to pair ﬁictures having
similar subjective picture quality. Uéing this technique, it was found
that the picture quality falls quite fast as CAis increased, but a "high

frequency boost" circuit offsets to a certain degree this decline.



ITI. BASIC OPTICAL SYSTEM AND CALCULATION

Meier's optical processing system used a laser, three lenses and
a closed circuit television camera-monitor display. A solution to the
problem of placing the lenses was arrived at using trial and error tgchniques.
An adequate theory to give the positions of the lenses and the stop sizes
was not available. This deficiency is éupplied by. the theory part given

- in this chapter which is based on Vander Lugt's notation [6].

>2.l Basic Optical Elements
2.1.1 Spatial Fourier Transform’

A spatial Fourier transform of a pattern is an array of points
whose position corresponds to frequency, and brightness corresponds to
amplitude. Fig. 2.1 shows a simple test pattern and its one- and two-
dimensional Fourier transform. Fig. 2.2 shows a half-tone picture and its

Fourier transform.

2.,1.2 Approximation and Operational Notation of Some Basic Elements
(a) light wave and film
‘light wave: A(x,y) = |A(x,y)|exp(if(x,y)]

film:  f(x,y) = [£(x,y)|exp[ij8(x,y)]

f(x,y)
/]
/
/ .
— -] Alx,y) £(x,vy) A(X’y{> A(%:Y) £(x,vy)
.
A(x,Y) /;;7
f(X,Y)
(a) ~(b)

Fig. 2.3 Light Wave and Film
(a) Optical System
*(b) Block Diagram






. (b) Spherical lens

1
If F = Focal length; £ =—E— and a function ¥ is defined as

follows:
. kf 2 2
Y (x,y38) = exp [J— (x7 +y7)]
Then the approximation and notation of a spherical-lens
will be: _ k 2 9
b(x,y;£) = expl-] Eir (x" +y ?] v(x,y:E)
f(x,y) exp [ ] £ony) —_—
f(x,y)¥(x,y;5)
v
£(x,y) K
., 2 2
(a)

Fig. 2.4 Spherical Lens
(a) Optical System
(b) Block diagram

(¢) Cylindrical lens
: k

P(x;£) = exp[-] oF X2]
L ~ k 5
Y(ysf) F expl-j 57 Y ]

(d) free space

D = distance between two planes
d 1
D

approximation of free space will be:

: 1 k
d “y(x,y;d) = exp [j-75 (x2 + yz)]



£(x,y) g(u,v)
e dl\b(X,y;d) fm—

£(x,y)
(a) (b)
Fig. 2.5 Free space

(a) Optical System
(b) Block Diagram

2.2 Design of the Optical System

The system using optical filtering techniques for this work con-
sists of three parts (Figure 2.6). The first part displays a Fourier
transform F(u,v) of a spatial pattern f(x,y), in plane PZ' The second
part is a filter H(u,v)-a side band stop and a chopping wheel-in plane P2.
The last part gives the inverse Fourier transform of the product F(u,v)-
H(u,v). Such a system is described by Vander Lugt [6] as a Variable-Scale
Correlator.

The necessary modification is made, two cylindrical lenses are
inserted in their appropriate places to obtain a "one-dimensional' Fourier

transform and reconstruction.

To simplify the célculation, we assuﬁe that L1 = 0; L, = 0.
Such an approximation is very reasonable because of two reasons:

}. All lenses are weak, that means: Fl’FZ’F3’L2’L3’L5’L6>>> Ll, L4

2. The lenses are not perfect; after some accurate calculation
fine aajustment by trial and error should be made.

The set up in this.lab. is a 1:1 symmetrical system. The sym-

metrical system is simpler than one with a scale change. Meier [2] remarks

- that it is practically impossible to align the asymmetrical system.



v : - | L —falL =] L ——a
Ll L2 3 4 LS 6
£(x,y) : H(u,v) s 8(r,s)
F/P/ r)//’
X Y
7 |}
u"// -
P p BJ
F L "2 . L3
1 ) . F F
: A 3 2
Fourier Transform Section i Inverse Transform Section

Spatial Filter

Fig. 2.6 The Optical System Experimented

F.: Laser beam expander

Fi: Cylindrical lens

F3: Spherical lens

Pl: Input plane

P2: Fourier Transform plane
P3: Qutput plane

To attain the one to one symmetrical set up the separationsin

Fig. 2.6 should satisfy the following equalities.

L3 = L5 . (2.1)
L2 + L3 = L5 + L6 = 2F3 (2.2)
If a two dimensional spatial coordinate test pattern function -
f(x,y) is placed in plane Pl’ the light distribution in plane P2 then
will be given by equation 2.3.

F(u,v) = C‘w(u,V;IB)Ifjf £Ce,y) ¥ (x,y351,-£1)

1 2
- 1, 1
P [x +-I§ u;-—z—————l
oty Lt
_ 13 42
i ] dxdy

(2.3)



image along the vertical axis in the plane P

To obtain the Fourier transform along the horizontal axis and

9 the conditions for setting

lenses are as follows:

The proof

of lenses

Imaging condition on vertical axis

13 e (2.4)
1, + 1574 |
or
1 +1 = 1 (2.5)
L, 1, 2

Fourier transform condition

lg
1, - f1- —=—— =0 (2.6)
+
1,+ 1,
or
Fl =L, + L, _ (2.7)

of equations 2.3, 2.5, and.2.7 will be found in Appendix A-2.

The lenses used here have the following characters.

Laser beam expander Fl = 4 meters
Spherical lens F3 = 2 meters
Cylindrical lenses F2 = 0.8 meter

In solving equations 2.5, 2.7, 2.1 and 2.2 the axial positions
are obtained as in Table 1.

TABLE 1

Theoretical Experimental Error

L, 2.895m 2.90 0.2%
L 2.895m 2.91 - 0.5%
L, 1.105m 1.1 0.5%
L 1.105m 1.09 1.4%



The close correspondence between experimental and theoretical
values in Table 1 indicates that the first order theory used in this the-

oretical treatment is quite adequate.

2.3 Frequency and Image-Position Relation

In this one to one system a 16 mm width picture in the input
plane will correspond to a 16 mm width picture in the output plane which
is received by a vidicon. The finest resolution can be resolved by the
vidicon is 250 lines/picture width, in this case 250 lines/16 mm.

To relate the position of image points in the F.T plane to
frequency, fx, in lines/p.w. in the input and the output planes a simple
test pattern was used. The distance from the first to second maxima was
measured and it is proportional to the number of lines/p.w. in the input
and the output pictures.

The calibration is shown in Fig. 2.7 and it demonstrates that

f‘7x - a linear dependence -.

(a) (b) fe—1/4" :50 1/p.w.
—3/16":37.5 1/p.w.

—1/8" :25 1/p.w.
fo——1/16":12.5 1/p.w.

Fig. 2.7 Image-Position Relation in Fourier Transform Plane

(a) enlarged photo of a test pattern
(b) one dimensional F.T of (a) shows a linear dependence of
fx with respect to x
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IIT. STATIC PICTURE TESTS

In this chapter a brief description of test procedure, apparatus
and results are given. It contains results of flicker experiments in

which the high quality picture is presented for a period TH and the low

quality picture for T. and it is shown that the sensation of flicker is

T

largely independent of —— . This suggests that large compression ratios

Ty

might be possible. The subjective evaluation of compressed pictures was

L

also measured and related to band-reduced but otherwise normal television
pictureé. It is shown that picture quélity falls rapidly as the compression
ratio is increased but it is also shown that a high frequency boost circuit

arrests to a certain limit this deterioration.

3.1 Basic Idea

The compression scheme considered here presents a series of high
quality and low quality versions of the same picture. The high quality
picture contains dc up to a highest spatial frequency fm. The low quality
picture contains dc up to a spatial frequency f£x. The difference between
the two sets of pictures is due to the spatial frequency components lying
between fx and fm and it will be shown that the eye needs to have these
components replenished at a low rate. Thus the basic idea is to produce
such pictures by a two-velocity-scanning systeﬁ and this will result in a
reduction in the channel bandwidth.

The experiments reported were performed using the analog apparatus

described in the next section.

Define:
TL: period in which low quality video signal is sent
T : period in which high quality video signal is sent

H
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fm: highest spatial frequency in high quality picture (lines/

picture width)

fx: highest spatial frequency in low quality picture (lines/

picture width)

f: frame repetition frequency
F: . the bandwidth needed to pass the high quality picture (in Hz)
FR: the bandwidth of the compressed system
S: dimension proportional constant (lines/p.w. and Hz)
L ;EL_ = (3.1)
T, R '
H
F = §:60-fm
R fx + £
Fo = S-f 22X T
1+ R

£ o f
P =~ F. 1+ R:-fx/fm

. - R (3.2)

The experiments obtained the limit fc < f/(1+ R) for which the flicker

effect is just not noticeable under a number of conditions.

fr = f(R, fx, Contrast, Brightness) (3.3)
1 1
fo = = (3.4)
TH + TL TH(1+R)

For a fixed value T fc = F(R) = F(fx)_'

H)

or ‘R = F(fx) = F(fc) (3.5)

Thus (3.5) and(3.2) can be solved to obtain the compressed

bandwidth.

3.2 Test Arrangement
Different pictures were put in the plane Pl of Fig. 2.6 as
test patterns.

A mask is placed at the Fourier transform plane P, to remove a

2
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half of the spatial frequencies of a symmetrical spectrum. The total
information to be reconstructed now corresponds to a single sideband of
a'television transmission system.

A chopping wheel with variable OFF:0ON ratio, R, was used to cut
all spatial frequencies above a certain limit fx temporarily at a variable
repetition rate fp. The high quality picture corresponds to the "ON" part;
the low quality picture corresponds to the "OFF" pért. The output picture

‘at the plane P was received directly by a vidicon (T.V; camera without

3
lenses)‘and appeared on a T.V. monitor.

An experiment'was started by setting fx to a chosen value and
rotating the wheel, Figure 3.1. At first when the chopping wheel rotated
slowly the flicker effect'was very‘pronounced and easily observed by a
subject who was at 1.5 m from the monitor. The wheel velocity was then
increased to a point where the subject felt that no flickering effect
appeared; The value of repetition rate at this point was recorded as
fc (critical flickering frequency).

Constrast ratio and brightness can be adjusted easily on the
monitor to give a pleasing picture aﬁd "maximum details'. Fig. 3.2 and

3.3 show the apparatus set up.
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..—..-—-

Laser and Beam L//,/

Pin-hole expander Test pattern

cylindrical cylindrical without lenses
lens . Sideband lens

chopping o

wheel s-op

}-n—-‘l.lm e 1.1m ———s-i

—1
Spherical i (:) S
lens
. T.V. camera r_

—

4m

=1 _ e ’W

| :::]
I |
viewing distance 1.5m

T.V. monitor

Fig. 3.1 Test arrangement

F.:

a2 > B o B =5 B v
w w N NP

Beam expander telescope adjusted to F=4m

Input plane; Test pattern:vl6 mm width slide

Cylindrical lenses; F=0.8m .

Fourier transform plane; chopping wheel and sideband stop
Spherical lens; F=2m

Output plane; T.V. camera without lenses

T



(a) Laser and beam expander

Fig. 3.2 Test Apparatus

SIS

(b) Test pattern
(c) Optical System
(d) Monitor

Fig. 3.3 Optical System Set up

(a)-(e)
(b)
(c)

(d)

Cylindrical lenses Fj
Chopping wheel
Sideband stop
Spherical lens

14
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3.3 Test Results
3.3.1 Test Resuits

Using different test patterns and different OFF:ON ratio R = 1,
2, 3, results were obtained and they are reported on the following pages.

To check the consistency of the results, three sets of tests
were carried out at different times at least one day apart.

It is shown that the experimental points varied slightly for
one subject but more noticeably from oné subject to another. . Only the
upper bound or the worse cases are presented and used for compression

ratio calculations.

3.3.2 Discussion

The results of these tests show that fc is largely independent
of OFF:ON ratio R. The only changing factor when R is changed, is the
quality of the output picture; this point will be considered more carefully
later.

The experimental points varied widely from one test picture to
the other; that means fc is strongly dependent upon picture content.

Contrast ratio and brightness, as reported in Meier's thesis [2],
ha§e little influence on fc.

The mask used to suppress one sideband produced deleterious effects
which are illustrated in the next section. It must be pointed out that
with normal television transmission the filters which eliminate one side-
band are designed to alternate at 6 db/oct on the skirts. The effects of
overshoot which we experienced are much exaggerated because we used a
"brick wall" filter. The problem was mitigated by placing the stop slightly

off center. Computations of fx take this into account.
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Fig. 3.4 Test Pattern No. 1

40

= 30| \

S ™~ "
20

10 e :R=1 o\
:R

A
o :R=3 ©
6 fx: lines/picture width
L ] | ] il _J
0 50 100 150 200 250

Fig. 3.5 Critical frequency as a function of limit
fx of test pattern No. 1
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Fig. 3.6 Test Pattern No. 2

o
° 0
= ] \A
o = 2 0\\\\
=3
fx: lines/picture width
) ] 1 | | 3
0 50 100 150 200 250
Fig. 3.7 Critical frequency as a function of limit

fx of test pattern No. 2
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3.8 Test Pattern No. 3

N
2~,
ANO
A
®
]
\\A
L
\7;\.
A
a
fx: lines/picture width
| | L )
100 150 200 250

Critical frequency as a function of limit
fx of test pattern No. 3
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"Over all' flickering always occurred when fx was lower than
25 lines/p.w. The value of fc at fx = O is just a mathematical extrapol-
ation.. The overall flickering effect is due to diffraction phenomena
and will be referred to when we discuss the limitations of the system.

The expression fc = fo exp [-kfx] used to apprdximate the Meier's
results is once again found to fit the experimental points.

Values of fo in the actual tests varied from 35 to 40 Hz. The
factor k lies between 0.00S to 0.01; fc is in Hertz jand fx "ds  in
lines/picture width. For the test pattern in Fig. 3.4, fc = 35 exp (-0.0056 fx);

in Fig. 3.6, fc = 35 exp (~0.0055 fx); in Fig. 3.8, fc = 40 exp (-0.0095 fx).

3.4 Limitation of the Experimental System
3.4.1 Noise due to coherent light source [10]

Let g(x,t) be the complex amplitude of an optical field. The

instantaneous intensity I(x,t) is given by:
I(x,t) = g(x,t)- g*(x,t) | (3.6)

where g*(x,t) denotes the complex conjugate.

As an image 1s a combination of weighted and displaced delta
functions, we first examine the results of a two-point-source addition.

. If g(x,t) = gl(x,t) + gz(x,t) ©(3.7)

Then I(x,t) = g(x,t) -g*(x,t)

il

gl(xat)'glw(x’ t) + gz(xyt)'g27‘(xyt)
+ gl(x,t)-g2><(x,t) + gl*(x,t)-gz(x,t)

(3.8)

The time average is:

lim 1
-/ I(x,t)dt (3.9) .
T—oo 27T

I(x) =




Incoherent addition
In the incoherent case gl(x,t) and gz(x,t) both vary randomly

with time and also vary randomly with respect to each other.

Hn Lyt tongyrennae = 2T g a0 g (x,0)des0
T~ 2T -T . T-w 27 ~T »
(3.10)
I(x) = Il(x) + Iz(x) (3.11)
in general fof n points
. n .
In(x) = iil Ii(x) (3.12)
Coherent addition
For coherent light:
BOxt) = g (6,0 £ g (6,t) = g () I 4 g e AT
(3.13)
where :
gl(x) = Al(x)eJ(b]_(X) _('3-14)
g, (o) = A, Goed 209 (3.15)
Then
1) = A, (0% + A, 602
' 1 2
A (0, G0 (3 01000200 ]
3 10260-01 601 | (3.16)
or 9
I(x) = [g () + g8, (x) | (3.17)
In general:
I G) =] 1 g 0l (3.18)
n -1 Ci .

i=1
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_____ Coherent illumination
Incoherent illumination

N\ -
I v )

(a) (b)

Fig. 3.10 (a) Theoretical intensity distribution in
the coherent and incoherent image of a
bar test (after Skinner [10])

(b) Photograph from T.V. monitor

Fig. 3.11 '"Contour noise" effects on a
half-tone picture due to
coherent illumination
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The effect of these cross-correlation terms in case of a bar
test pattern is shown theoreticélly and experimentally in Fig. 3.10. Fig.
3.11 shows this effect on a half tone picture.

The fringes due to coherent illumination are the main contributors
to. the flickering effect for high values of fx. Flicker was perceived
by the variation in intensity of fringe lines rather than the variation

of edges in the picture.

3.4.2 Limitation of fx in low frequency range
As mentioned earlier, when ﬁhe chopping wheel went too close

to the sideband stop, (fx <25 lines/p.w.) the flickering of the total
area occurred. This fact can be explained by examining the Fourier trans-
form of a bar test pattern. Fig. 3.12(b) shows the intensity distribution
in Fourier transform plane of a bar test pattern. The width L of the Oth
order diffraction pattern varies depending upon the size W of the bar test. In
Fig. 3.12 L. == 30 lines when W ©% 1/18 of picture width. TIf the wheel is in the
position shown in Fig. 3.12(b) then the output light from plane P2 (Fig. 2.6)
will act like a single slit light source. Reconstruction lenses will

produce a series of fringes in output plane Py, These fringes are the cause

of overall flickering and are shown in Fig. 3.12(c).
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(a)

W

Fig.

3.

12

(a)
(b)
(c)

i
b) (c)

Output of a bar test pattern from T.V.
monitor fx = fm

Spatial one-dimensional Fourier transform
of (a)

Fringesdue to limitation of bandwidth
fx<20 lines/p.w., output from T.V. monitor

€¢



3.5 Bandwidth Compression Ratio Calculations

For realizing the telévision syétem we propose a method using
two scanning velocities, a slow one for high quality pictures and a fast
one for band limited pictufes.

Equation 3.2 can be used to calculate the compression ratio C,

for such a system.

£ o1+ fo/fﬁ
F.=F — [ = 22/ -0
R 60 L 1+ R ,]
F
C == - é?l —t*+t R, : (3.19)
R 1 + Rfx/fm

In the limit case f (1 + Rfc < 60

- 60 1
C= 4 [ ! (3.20)
- 1 + Rfx/fm
1f fix T. = 1 second
we X Ay T %o
then
60
fec = (3.21)
i+ R

for each value of R, fc can be calculated, and the corresponding 1limit fx
can be found in the curves fc vs. limit fx.
Example: calculating the maXimum compression ratio for test

pattern No. 2, Fig. 3.6.

60
fe = = 30 -
1 +R

fig. 3.7 gives fx = 30 lines/p.w.

C = .é_q[___l._____]f::.lg
30 © 1 + 30/250 )

24
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60
fe = = 12
1+

fig. 3.7 gives fx — 180 lines/p.w.

¢ s
T 12 Y1 4+ 4 x 180/250

] &£ 1.29

It is interesting to note that the compression ratio in this
case goes down when the OFF:ON ratio is increased.
The upper limit of 1.8 for compression is disappointing but this

is predicated on the method of keeping T equal to a whole frame period.

H
This will not allow us to compress by a large amount. '~ Other questions
are: What is the resulting picture if we send only one part of the high
quality picture instead of a whole frame? How does the degradation change

with respect to the compression ratio? The work following provides answers

to these questions.

. 3.6 Picture Quality Studies
3.6.1 Potential compression ratio

High quality picture period in this case is:
1

T # 60

B (1+R)fc

The compressed bandwidth then is:

60
FR = S. —EE;ESEE'- fe[Rfx + fm]
Fo = 5:60 . [Rfx .+ fm] (3.22)
(1+R) _ ‘

The compression ratio will be:

F - S.60.fm

C = e— =
F
R 5.60 [Rfx + fm]
(1+R)
+
c=_ L *R (3.23)

1 + Rfx/fm
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C tends to (1 + R) when fx goes to zero.

The relation between: compression ratio and quality of the resulting

bicture will be found in the next section.

3.6.2 Test résults showing degradation vs. C

In order to gain high compression ratios we must take advantage
of the eye, by sending fc sets of fraction- of -picture-frames instead of
fc sets of whole frames. However for C large the difference in quality is
pronounced and noticeable. In this section the relation between compression
ratio and picture quality is reported.

To perform the test two series of pictures were taken. One of
them is a series of bandlimited but otherwise normal pictures; the others
are pictures obtained by varying OFF:ON ratio R and fc. The assumption is
made that the picture seen by the camera and by the eye are the same. In
order to check the assumption, a long exposure time was set, and a printed
picture obtained; this was compared with respect to certain critical detail,
with the same picture at a back of an unloaded camera. A close similarity
was established. \

The subjects were asked to match the compressed pictures to band-
limited pictures. The quality of the picture was_divided according to the
highest frequency contained in the bandlimited pictures.

Two criteria were used to judge the picture quality in this test.

(1) Details of the ﬁicture; this is related to high frequency
range. |

(2) Overall pleasantness of the picture; this seems to be related
to low frequencies range and the noise.

‘The results are summarized in Fig. 3.13.
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Fig. 3.13 Results of picture-quality-tests

A. Band limited pictures .
B. Compressed pictures; R=1
C. Compressed pictures; R= 4

Applying equatidn 3.23 to the experimental points of Fig. 3.13
we obtain the compression ratios for different resulting output pictures.
The results are presented in Fig. 3.14; picture quality vs. compression

ratio.

3.6.3 Discussion
Before discussing tﬁe results of this test, a few things related
to the picture quality should be. mentioned.
From Fig. 3.15 to 3.18 we see that the quality of the pictures
decreases-noticeablyi Fig. 3.16, 3.17 and 3.18 have the same bandwidth
but different output from the Fourier transform plane. Fig. 3.16 corresponds

to a double sideband modulation in plan P2 with fx = fm; the quality of



picture quality in %

100%
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compression ratio
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Fig.
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3.14 Picture quality vs. compression ratio

A. Dband limited pictures
B. compressed pictures R=l
C. compressed pictures R=4
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;.15! 3.16

3.7 } 3.18

Fig. 3.15

Fig. 3.17

Original picture Fig. 3.16 Output picture corresponds to double-
sideband transmission; fx = fm

Output picture corresponds Fig. 3.18 Same as 3.16 except fx = 1/2 fm
to single sideband trans-
mission fx = fm

6¢
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this. picture is obviously superior to the remaining two. Fig. 3.17 cor-
responds to a single sideband modulation. Fig. 3.18 is the same as Fig.,
3.16 except that fx fm/2. Although figures 3.17 and 3.18 correspond to

the same bandwidth in plane P, but Fig. 3.18 looks more pleasing than

2
3.17 in spite of the fact that 3.17 contains higher frequencies and more
details can be observed. The noiée in fig. 3.17 due to the brick wallb
stop, meﬁtioned in section 3.3.2, is another factor contributing to low quality
However, single sidebaﬁd simulation shoula be used to avoid the complexity
of two synchronous chopping wheels for stopping the high spatial frequencies
of both sides of the spectrum. It also corresponds to the practical case.
From Fig. 3.14 we see that for a compressién ratio smaller than
1.6 the system with OFF:ON ratio R=1 gives a higher output picture quality.
With the same compression ratio, say C = 1.5, Fig. 3.14 shows
that for R = 1 the degradation of the picture is about‘lO%, for R = 4 about
13%, whichmeans with this system we gain about 257 equivalent pictufe quality
over the bandlimited picture with the same bandwidth. For a higher compres-
‘sion ratio, a higher value of R is necessary but the quality of the picture
decreases faster as fx is lowered and the advantage over the bandlimited
system is very small. This point leads us to the suggestion of attempting

to restore the quality of the picture by boosting the high frequenciés.

3.7 High Frequency Boost

We can boost the high frequencies to increase the quality of the
picture.

The high frequency boost is a high pass filter which cuts down
one part’of the low frequency range up to about .75 MHz. The reéults uéing

the high frequency boost are shown in Fig. 3.19, 3.20 and 3.21.
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Fig. 3.19 Results of ''the high frequency .
boost" '

compression ratio

100% A. Band limited pictures
B. Compressed pictures; R=1
%0 C. Compressed pictures; R=4
D. Compressed pictures; R=4
using high frequency boost
. 60 !
(
[
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Fig. 3.20 Curves picture-quality vs. compression
ratio showing effects of the "high
frequency boost" :



(a)

(b)

cC= 1,5
(c)
c=1.8
(d)

C = 2.5

Fig. 3.21 Effect of the "high-frequency boost"

(a) normal single sideband picture

(b),(c),(d) compressed pictures, R=4, without
high frequency boost

(e),(f),(g) compressed pictures, R=4, with high
frequency boost
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For C > 2 Fig. 3.20 shows that the picture quality increases
about 20% when using the high frequency boost with respect to the ordinary
compressed picture. Better results still can be expected because of the
limitation in this experiment that the h.f. boost is an R.C filter whereas
a brick wall filter has been used to limit the quality of the low quality
pictures. The two filters should, ideally, have similar slopes on their

attenuation skirts.
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IV. MOTION PICTURE TEST

It is plausible to expect that motion‘picture reproduction will
enhance some defect in a compression scheme. The purpose of this chapter
is to describe experiments used to inveétigate this problem. It is shown,
perhaps surprisingly, that a moving picture can be compressed by a larger
amount than a static one before deterioration becomes noticeable.

In place of a test pattern, a projector with 16 mm film is used.
‘The projector speed is adjusted to match the T.V. camera in the sense of
avoiding stroboscopic effects. Different types of film were used for.testing

the flickering effect. It is found that:

(1) No flickering could be perceived when fx > 125 lines/p.w.
and the flicker effect was very weak.

(2) The quality of the picture in the film is generally low
because of a long exposure time that is employed in the

movie camera.

(3) The most noticeable flicker was produced using a film

_of a still object and this case will be discussed later.

4,1 Analysis of Motion Picture Projector Mechanism

In order to convey the illusion of motion a number of frames,
16 to 24, are projected per second. To eiiminafe the "smear" effect between
two frames a chopping wheel is used to cut-off the light source when frame
changes occur. The sequence of film presentation is illustrated schematically

in Fig. 4.1

———— —_—— ——

(a) 1 2 3 4 516 7

O ZERZ = S
1 1 2 <§E§j 2

—— ———

Fig. 4.1 Moving-object film projection

(a) film

(hY comnoners Af Film mnyocontatinn e +4ma
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From T to T
0 1

the wheel covers the light source and the frame
changing occurs. From Tl to T2 the picture is displayed, and so on. If a

still object was filmed the projected image vs. time follows the sequence

illustrated in Fig. 4.2

Fig. 4.2 Sequence of a still-object-film
presentation

Thus a static picture test and a second chopping wheel in plane Pl

will simulate the moving-picture version of a still object.
The arrangement of apparatus to perform this test is shown in

Fig. 4.3.

The speed of the motor driving the chopping wheel can be adjusted

to minimize the stroboscopic effect.

4.2 Test Results and Discussion

The same test pattern as Fig. 3.4 was used and the results are
presénted in Fig. 4.4.

The experimental evidence given in the graph of Fig. 4.4 for a
simuléted moving picture should be compared with the graph for the same
étatic picture. Contrary to expectation, the static picture presentation
is more critical than the moving picture presentatioﬁ. The éction of the
picture chopping wheel (Fig. 4.3) seems to make the eye less sensitive to

flicker from the chopping wheel in the Fourier transform plane. Thus we
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Fig. 4.3 Set up for motion-picture projector

simulation
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Fig. 4.4 Critical flickering frequency as a function of

upper limit spatial frequency fx, for test pat-
tern No. 1, Fig. 3.4, using the apparatus illus-
trated in Fig. 4.3 '
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can expect more bandwidth compression using a ''moving picture" than a static
picture.

Small scratches and the slight side way movement in the projector
give tremendous changes of the spectrum in Fourier transform plane, and the
reconstruction suffers in consequence from pronounced 'moise" effects. The
same film used with an incandescent illuminator and a normal projector
produced only slight noise effects. Good results were obtained using the

laser source only with nearly new film.
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V. CONCLUSIONS

A scheme fof T.V. band compression is described. It is based on
the eye's sensitivity to flicker in a sense which is explored in the thesis.
The ﬁethod is suppoerted by psychophysical experiments using a simulated
version of the television system.

In Chapter II, an adequate theory has been used to check the
design of the simulated television system. In this section the "linearity"
of frequency with position in the Fouriér transform plane is established.

The major findings of the thesis are contained in Chapter III.
There it is shown that the sensitivity of the eye to flicker, fc, is in-
dependeﬁt of the OFF to ON ratio and this rather surprising result would
lead one to expect unlimited compression ratio if the‘criteria were bésed
solely on the absence of flicker. Experimentally the maximum compression
ratio investigated was 2.75:1; at this ratio, however, the reduction of
Vpicture quality" was clearly marked. A high frequency boost was proposed
and it is shown that this is effecfive to a considerable degree in arresting
the fall off in quality with increase of C. In order to measure picture
quality, a comparison technique was proposed in which a compressed-pictufe
was '"'matched" to a ﬁormally scanned band-limited picture. The results using
this technique are contained in the important graphs, Fig. 3.20.

It is shown in Chapter IV that the motion-picture case is less
critical than the static picture case and that one can expect more bandwidth
reduction for the moving picture transmission than for the static picture one.

Some disadvahtages remain in the simulation system:

(1) Noise due to coherent light source. "Contour noise'" makes

the critical flicker frequency higher than it should be.
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(2) The brick wall filter used in the Fourier transform plane
did not‘match the R-C high frequency-boost circuit. Some improvement might
be expécted if such a match was made. |
The band compression scheme proposed here depends upon the prop-
erties of the eye. It seems reasonable to suggest, for further work, that
it be used along with a purely statistical encoder éuch as the run—-length

encoder of Cherry et al.
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APPENDIX
A-1 Properties of Function y
For the convenience of the reader some properties of ¥ functions

from Vander Lugt's paper [6] are given here.

Definition of function ¢ .

Y(x,y;£) = explj 5 (x2 + yz)]
The properties of Y function:’
pP-i V(x,¥38) = $(x,y;3~f)
P-ii P(~x,-y;£) = v(x,y;)
P-iii w(g,y;fl) 1] (x,y;fz) = P(x,¥; £+ fz)
P-iv vxy3E ) ¥yt = v(xyiEy - )
= 11) (Xay; f2 - fl)
P-v Y(ex,cy;£) = v(x,y; sz)
P-vi POGED ¥ (ysE) = blysE) U Gafy + )
P-vii T(ysf)) P (x,y:£,) = @(x;fz) @(y;fl + £,)

P-viii P(x-u,y=-v;if) = PE,y;E) ¥ (u,v;f) expl-ikf(ux - vy)]

P-ix b(x,y5£) = v(x,0) b (y36)
P-x lim @(x,y;d) =1
d—> O
 P-xi lim dy(x,y;d) = 6(x,y)

d —»
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A-2 Proof of Equations 2.3, 2.5, 2.7

The optical system and block diagram to obtain Fourier transform

in plane P, is shown in Fig. A.2.1.

2

L2 L3
\ P'
1 1 p
' 2 (a)
\ y F(u,v)
Fl F2
12¢(X,y;l_)-—aﬁg}—q,le(r,s;13)_F(2;V) b)

Fig. A.2.1 One-dimensional Fourier Transform Optical
System

(a) Optical System
(b) Block diagram

From the block diagram we get

F(u,v) = 1213 éf £{ w(x,y;fl)f(x,y)w(x,y;lz)w(r,S;lz)
1°1 :

exp[—jklz(rx + sy)]@(s;fz)w(r,s;l3)

w(u,v;l3) exp[—jle(ur + vs)] dxdy drds

(A.2.1)
After using P-iii F(u,v) becomes
F(u,v) = 1213w(u,V;13) éf g{ w(x,y;lz—fl)f(x,y)w(r,s;12 + 13)

171
@(S;fz) eXP[—jklz(rx + sy)]

exp[—jle(ur + vs)] dxdy drds

(A.2.2)
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Using P-vi

£Qu,v) = 1,100, V31, 1f>f Ir w(x,y;lz—f{f(x,y)w(r;lz + 13)

|
1 Pl )
Y(s;1l, + 1. -£.) exp [-jkl,r(x +——§-u)]
2 3 72 2 1
2
1
exp[—jklzs(y + v)] dxdy drds
1
2

From Handbook of Mathematical Functions, M. Abramowitz and I. A.
Stegun [9], we have the relation (A.2.4)
® ¢

JJ ¥(x,y;£.) exp[-jkf, (rx + sy)] dxdy = ———'w(r,s;fz/f ) (A.2.4)
oo 1 2 fl 2°71

Using relation A.2.4 to carry out r,s integration

2
' - 1q L
F(u,v) = C-y(u,v;l,) ff ¢(x,y;1.-£) f(x,y)ylx +=— u; ——o1]
3 2 "1 1
P 2 1 +1
1 5 2 3
R 13 12
vly 4-jf—-v;————-————} dxdy (A.2.5)
2 —
lzJ_rl:% £

This is equation 2.3. in Chapter II.

Imaging condition

To perform the imaging system we use property P-xi to get the

position of lenses. By property P-xi,

1 1 1 1
1J)[er__}_v;___z_] = §(y +..iv) - (A.2.6)
12+13—-f2 12 12+13—f2 12

12
2 > o orl +1_ =f
- 2 3 2
1,41 -f,
1 1 1
Ll = (A.2.7)
AR D)

~ This is equation 5 in Chapter II.
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Fourier transform condition

Applied equation A.2.6 in A.2.5 and using the sifting property of the

§ function, we have:

1 1.
3 3
= (G- : . —_ - 1 - ——
FQW) = Co(vily) b (s 1y-E)S b0, £ EGO= = )
L
Vix + u; ] dx
12 l2 + 13

Using property P-viii and collecting terms, we have:
1 '

F(u,v) = C+ (u;1,) [(v;1, + (1L ,-f ) ——] J f(x, - V)

3 3 271 9 1
1 2
2
2
l2
[x;lz—fl - — ]
12 + 13
- 1213
exp [-jk (———)xv] dx (A.2.9)
2 + 13

A.2.9 has almost a Fourier transform form. We will use P-x to make

the ¢ function inside the integral be equal to unity.

Thus by P-x 2
12 - _
1, - £, - = 0 (A.2.10)
2 1 1.,+1
273 -
or
L2 + L3 = Fl ' (A.2.11)

This is equation 2.7 in Chapter II and F(u,v) now is:

' | 1§ 1, 1,1,
F(u,v) = C-y(u,1)ylvil, + (1 -f ) ——] J f(x,-——v)exp[~jk(z——)xv] dx
3 3 2 717 1 T+1
| . 1 2 273
2
(A.2.12)

This equation shows that in plane P2 we obtain a one-dimensional

Fourier transform F(u,v) of f(x,y).



