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4BSTRACT

The present day conventional TV signél is highly redundant
from an Informstion-Theoretical standpoint; redundancies result
from the gtatistical structure of the video signal idself and also

from certain pgycho-phvsicsl limitatiops in humsn vision. Removal
of these redundancies may lead to bandwith reduction in the sig-

nal which may then be transmitted over a channel of reduced oapacity.
Economie considerations apart, success of any such band-saving
system depends ultimately upon favourable subjective asseasment.

A bandwidh compression schems is proposed in which the un-
necessarily high field repetition rate, set to obviate picture
flicker on display and pgot justified by the time resolution of the
human eye, is reduced for narrow band transmission by a factor of
four. Periodicaelly selected full rate fields are stretched in
time and successively transmitted over the relay as in con-
ventional television. The line receiver functions so as to provide
the received fields in real time and also the interlaced fields and
missing frames by a process of ipterpolation. The interpolation is
such that the contours represented by large brightness gradients |
are geometrically preserved together with their motion, with the
restriction that edges are sssumed to be linear over three adjacent
lineas and moving uniformly over three consecutive frames; near=-

horizontal contours and fast vertical motions fall ocutaide the system's



contour presserving capabilities. 4 ‘'picture transformger',an

optico-mechanical machine with elaectronic control, has bean

constructed in order to test and demonstrate the principle of

‘gontour intgrpolation' with stationary pictures. The device simulates

the reosiver routine for 2:1 field interpolation at speeds around
one ten-thqgsandth that of telsvision and provides results in
"pﬁbﬁbéraphiciform for subjective appraissl.

The Thesis concludes by extending the principles to fully
eiectronié-interpolation schomes and includes baslc systom designs
for two, four, and eight~to-one TV compression using praéantly

available conventional equipment.
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e INTRODUCTION.

Talevision is the art of instantaneous transmission of s time

varying scene at one point through a communication channel to an ob-
gerver at another point. The present day system, involving periodic
scanning which converts the simultaneous spatial brightness information
into & sequential temporal signal, has been chosen as a compromise
Batwaen the sconomic and practicable limitations of the resulting on-
gineering systom and the'psycho—physical’limitations of the human eye.
The channel bandwidth (jusf over 3 Me/sec for the British 405
line, 50 field/se¢, 2 : 1 interlaced éystem) is set for uniform~rate
trangmission of meximum detail pietures of fixed horizontal and vertical
regolution and field repetition rate. 4s a result of inter-elesment,
inter-line and inter-field correlations, the infbrmation rate of trang-
mitted TV pleturses 1s non-uniform; Information Theory shows that
“channel efficiency may be increased by averaging out the information
rate and matching the channel (including the observer) to it. One
result of this is a potential bandwidth reduction which offers many
attractiveladvantages: increased efficiency in the utilisation of
waveband space in the RF spectrum allotted to television, with a po-
tontial increase in picture definition, or provision of space for a
colomr signal; posaibility of intercontinental television using s
short wave carrier or submarine link; direct recording of video sig-
nals on magnetic tape using conventional methods, are a few. As the

realisation of compression schemes is costly, their chief application
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will be in TV relaying whare the economics is not so important as
in broadcasting, compatibility is irrelevant and achisvement of
results is important.
The following Seétions,describe the applidation of Information

Theorj to television and give a short survey of work on bandwidth

comprégsion together with a‘biﬁliography-

The most impdrtant results in the theory can be compressed
into two classical formulas dus to SHANNON (1) which are concep-
tually simple but difficult to interpret and apply in practices

The first relates to the information source:

N .
H=~2 Pjlog,P; bits/symbol (1.1)
1
gives the information per symbol in an N symbol alphabet, if Py is

the probability of the ith symbols These symbols may be amplitude

values of picture elements, groups of elements forming known shapes,
complete lines, etes To transmit N' symbols per second with idesal
coding requires a channsl of capacity N'H bits/sec. Channel Qapacity

is given by

Ciax = Wlog, (1 + P/N) bits/sec. (1.2)
with W the waveband, F/N the mean signal to noise powsr ratio assum-

ing Gaussian signels and noises« The result is approximately valid
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for restricted signal powers, and represents an efficiency which can
only be approached in practice; 1t also shows how the three parameters
may be interchanged still meintaining constant channel capacity.

In the 1light of these formulas then, reduction of bandwidth
1s achieved by sxchanging it for savings in average powsr, which are
obtained by uniformly distributing the signal power oyer.the frequency
gpectrum; this is done by equalising the symbol probabiiiﬁies to
maximise H in equation 1.1 and transmitting the resulting !Gaussian!
sequence uniformly in time. |

The ovaerall potential compregsion factor for the picture source-
observer channel may be computed : Assuming 32 intensity levels (the
number required to reproduce a subjectively satisfactory picture has
been investigated by GOODALL(z)) and 4002 elements, the orthodox channel
can tranamit 32160’000 possible pictures with its capacity of about

6 bits/sec for a 3Me/sec bandwidth and p-p signal/RMS noise

30x 10
ratio of 30 dB*; real pictures ars not Gaussian however, and also
the result of studies in visual perception (3) indicates that ths
human intake rate is perhaps 50 bits/sec at most; this yields s
potential compression of a few millions to one!

Information Theory can show what may be achieved but gives no

indication of its reslisstion.

* Unless stated otherwise, the British system will be assumed in the
remainder of the text, using tho American nomenclature of field and

frame rather than the British frame and picturs.
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1.12 Poggibilities in Television Bandwidth Compression.

There are two distinct typss of redundancy in conventional
video sighals; the first is statistical redundancy and results from
the various picture correlations, the second is human or non-
statistical redundancy, resulting from limitations in human vision;
they can be combatted, theoretically at least, by statistical and
nonstatigtical coding respectively., Under these headings, the
various known redundancies will be listed, together with an indicatién
of their reduction pogsibilities.

STATISTICAL REDUNDANCY :
1. Inter-element correlations. . Measurement of second-order or
trangition probabilities for real pictures indicates a possible

saving. If the brightnéss intensity of one picture point is

'it, the information given'by the next is from SHaANN(N!s formula
H = —%Pi(k)logzPi(k) (1.3)

which is a maximum for all Pi(k) equal. Statistical coding (of
the Shannon-Fano ﬁype)(4> cr variable velocity scanning will
equalise the transition probabilities and reduce the redundancy.
Higher order trangition probabilities should yield an increased
saving. (The first order distribution is not expected to provide
any worthwhile gain.)

2e Inter-line correlations. Since high vertical cohergnce is charac-

teristic of pictures, adjacent lines are highly corrslated unless
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they contain 'surprises'; an alphabet of line symbols would be
very large and the rosultant saving from statistical coding small.
The high correlation however does suggest an economy by transmif—
ting only & fraction of the full number of linea/field and pred{
icting or interpolating the remainder at thas recoeiver.

Inter—frame correlations. Except for complete scenc changes, there
is a strong temporal cohorcnce betweon adjacent frames. Powor |
and/or bandwidth reduction may be theoretically achieved by trans-
aitting frame-difference signals only, until & 'surprisoc! frame
occurs(5); alternatively, the transmitter sends a reduced numbor
of frames énd the receiver interpolates the missing ones. Coding
completo pictures is obviously absurd but redundancy could be
reduced theorstically by coding typical scenic areus (dress mat; :
erial, grass, sky, etc.) and indexing these from a suitable |
gtore at the receiver.

Spectrum redundanciss. a8 a result of the scanning mechanism ‘
involved in orthodox TV, the video signal froquency spectrum con-
sists of harmonics of the line scanning frequency, and with each
of these is grouped a number of discrete sidebands spaced by the
fiesld frequency(é). The spectrum structure is dependent on the
horizontal corrslation (Wiener's Theorem - the autocorrelation
function is the Fourier - transform of the smoothed power
spectrun), the power distribution in the line harmonic sidebands
is dependcnt on the vertical correlation, and the modulation of

the field haraonics depends on frame coherence or motion detail.



The 'gaps' in this spectrum may be used to accomnodate addition-
al infornation(”) (this is pmecisely what is dome in the
N.T.3.0. Colour System).

R Quantisation. The present TV channel hags a video bandwidth of

3Mc/s at a S/N ratio of 30 to 35 dB at the output (the actual

transpmission channel nust be rather better - around 50-60 dB).

With 30 dB signal: noiss, logz(l + P/N) = 10 which is sufficient

to transmit just over 1000 levels whereag 32 are enough (2).

This represents a redundancy of about one half, assuming complet=
ely uncorrelated picture elements.

NON-STATISTICAL REDUNDANCY :

1. Field frequency redundancy. The pregent field rate of 50 eycles/
gec is designed to remove flicker at conventional display
brightnegs intensities and is not justified by the time resolut-
jon of the eye. Exploitation of this leads to reduced field
transmission rates with the receiver neking up the full number
by suitable interpclation or repetition. (ef. frame repetition
in conventional cinsmatography).

2. The eye concentrates and tends to hock on to object edges
(brightness transients) and is relatively poor in its ability
to determine the absolute brightnsss of largs areas(s); this
guggests separate channels for 'edge! and 'large area' inforn-
ation.

3. The eye is unable to notice tha exact amplitude and shape of
short brightness transients and the number of perceptible con-

trast levels appears to be an inverse function of frequancy(g)

°
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This indicates a saving by grading the number of»quanti;;ng levels
according to frequency band with a band difided video signal, and
is equivalent to taper-quantizing the 'rate—@f—change~':signal.
Vigual acuity falls off with decreasing field brightno;g?)a Te-
dundancy which msy bo reduced by tpansmitﬁing fewer gamples i.e.
a reduced waveband, in the low brightness fgéiqns.
Visual resolving power peaks into a very narrow cone-angle and in
particularkfalls off at the edges cf the picture if subjective
interest is concentrated at the centre-region of the display;(lo).
In such a case, bandwidth economy may be achieved at the picture
edges. In general, this may be extended to a compression scheme
in which only the 'interest areas! of the picture ars sent with
full resolution.
Human redundancy, which cannot be exploited using present-day
techniques, results from the compressed visual transmission

in the observer's eye~brain channel.

The above list of non-statistical redundancies is by no

means exhaustive; it must be emphagised that compression schemes

reducing redundancies (stitistical and human) are not necessarily in-

dependent, and sny large saving must result from the combination of

twoc or more independent schemes; the ultimate criterion of success

depends on favoursble subjective assessment.

1.2 SURVEY OF TEIAVISION B.NDWIDTH COMPRESSICH BESEARCH.

Rather than give a chronological account of previous work in

this field, this short survey will attempt to list the various attacks



- 5 -
on the problem as under the headings given in Section 1.12 above.

The first order probability distribution for pictures has been
measured by KRETZER(M); the results showed that first order statis-
tics are not !'stationary' and that no saving could be expected from
efficient coding with a 32 level picture. The sscond order probability

distribution has been measured by SCHREIBER(lQ)

using analogue equip-
ment at TV rates and also by STODDARD(13> using digital eagdpment to
determine the joint probability distribution of the 32-level gquantized
intensity of adjacent signal samples. Stoddard!s derived conditional
entropy of 1l.24 bits for a medium detail picture indicates a 4 : 1 re-
dundancy in specifying the second element of each pair with the same
uncertainty as ths first. SCHREIBER(14) has also measured third order
statistics but with disappointing results; the potential channel capa-
city savings indicated by the work of Kretzmer and Schreiber is reviswed
theoretically by CAPON(15> who also describes the measurement of auto-
corralation functions of still pictures using optical squipmont.

The removal of firgt order correlations has beon investigated by
HARRISON(lé) in exporiments with linear prediction in television; he
explores the possibilities in using suitably weighted samples derived
from 'previous samploa', ;slope', 'provious-line!, 'planar and circular'
points, to predict the next signhal sample uéing a computser. The re-
duced power in the error signal ('actual' minus 'predicted! values)
indicates the possible saving; he showed that the gain provided by
slope and planar prediction is only incrementally greater than that

afforded by previous valuo prediction,
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Sevsral velocity modulation schemss have been proposed in which
inter—-slsment corre%@tions ara affectively reduced. In 1934 a variabls
velocity scanning systea was described by BEDFORD and PUCKLE(17); the
gystem transmits a display scanner waveform which brightness-modulates
tho trace of a fixed intensity writing CRT gpot, and assumes therefore,
on an information thsory basis, a directly proportional 'picture detail!
- brightnoss law. In schemes proposed by SGHRG&ER(lg), CHERRY and
GOURIET(lg), the measurs of picture detail is taken as the square of
tho rate of change of brightnoss intensity<20) and the scanning spead
is varied inversely with this quantity. The potential gain of 4 or 5
by this method.cannot bs fully exploited bocauss surprisingly high det-
ail lines would be incompletely scannsd, and also because the scanner
feedback mechanism becomss unstable if the maximum scanning speed is
mors than about 3 tiues the asan. NOVIK(Ql) has analysed mathematically
velocity modulation as a function of rise time of TV signal changes.
CHERRY, PRaSADa and HOLLUJAY(ZZ) have proposed an 'Open.Loop! television
comproession system in which picture detail is quantised into a few dis-
crote levels and the signal is sumpled at a quantised rate dependent on
that detail; the amplitude modulated pulses are shuffled into time-
uniformity and the final spacing defines the compressed bandwidth -

this work is still in its initial stages. GOURIET(ZB)

describes an
alternative scheme in which significant brightness changes and their
positions are transaitted in separate or multiplexed channels as equi-

spaced amplitude modulated pulses; assuuning the channels to carry

independent information and the number of significant changes per
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(20)

line to be &% of the number of line elements , Gouriet computes a
theoretical channel capacity saving of around 7 : 1 and also describes
the instrumentation of a practicable system which approaches that com-
pression figure. Bandwidth saving based on the direct transaission
of co-ordinates of plcture elements which indicate a brightness change
by at least one minimwa perceptible increment is described thecretically
by TSUKKERMAN(24). & non-uniform scanning system suitéble for 2-level
facsinile~type transmission, and usable when constancy of frame rate is
irrelevant, is described by Ha¥N&S and HOGER(ZS); in their system, a
precisely controlled spot resting tiame removes the edge~transient from
the channel, the bandwidth being determined by the average 'edge-ratel
The 'Dot arresting' system cof SCHLESINGER(Zé) substantiated
the theory that the eye tends to concentrate and hook onto brightness
transients (although it is unable to notice the exact amplitude and
shape of such changes), a fact which has suggosted to several workers
the possibility of limited anplitude specification of high frequency
detail. KRETZMER(27) describes 'hyperquantising! in two frequency
bands, with about half the number of amplitude lsvels in ths high fre-
quency band, and also 'taper-quantising' on the per-slement differsnce
signal based on the assuapbion that the eys is more sensitive to srrors
in snall auplitude changes than large ones. 4another hyperquantizing

(28)

gystaem, developad by aNDO , transmits the high-frequency components
as a two level pulse train indicating contour positions, polarities
and widths; the pulso width informetion is used to form simple tri-

angulsr shaped transicnts in the reformed pieture the results of which
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are claimed to be promising. In the experimental system of SCHREIBER,
KNAPP, and KAY(zg), the high frequency transionts are synthesised from
a digital code signal giving ths location and quantized amplitude of
the sdges and added to the low frequency signal which is separately
transmitted in analogue form. an alternative system involving coarse
quantigation in the high fregquency regions has been simulated by
JULESZ(BO) on the IBM 704 computer; only 'surprise! samples are transg-
aitted and the receiver linearly interpolates :intérvenihf samples with
a maximum consecutive interpolation of 16 Nyquist intervals; suitable
coding would provide a 2 : 1 compression in such a schems. Computer
simulation has also been used by GRaHAM and KELLY(31) for a 'predictive
quantizing' systea in which observer coding is achieved by employing
fine quantum steps for small prediétion errorg and coarse steps when
the predictor is surprised; YouNGaLood(32), aBOUDT and FaN0(??) are
investigating rate of change quantizing which, even without statistical
encoding, provides a potential redundancy reduction. Youngblood has
also suggested combining slope quantisation with interpolation schemes
and this work is being extended by GUNNINGHAM(BA) who programmes a
computer to averagse the intensity levels of 3 by 3 and 5 by 5 sample
blocks and obtain a full high freguency picture by algebraic inter-
polation between these data blocks.

4 2 : 1 bandwidth reduction schemne, dependent upon the periodic
structure of the wvideo signal frequency spectrum, has recently been

described by BELL and HOWSON 35); the band 1.5 - 3.0 Mo/s amplitude
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moculates a sub-carrier of frequency equal to an odd multiple of ?he
half-line frequency and the lower side band is !'frequency interleaved!
with the first band of O - 1.5 Mo/s. Results show that subcarrier dot
crawling which is tolerable with still pictures becomes very noticeable
with picture movement. The effect of movement of, and in, TV pictures
on the fregquency spectrum has besen theorutically investigated by the

Engineering Division of the Australian Post Office(Bé) and this Div-

ision has algso investigated the relation between auto-correlation,
power spectra and entropy bounds in video signals(37) (38) (39),

The general problem of TV bandwidth reduction and coding has
boon discussed by SEYLAR%O), craman4l), pErBoRD(4%) and POUERS and
sTaRas (43). |
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’ 1) (2
2. THE PRINCIPLIE OF CONTOUR INTERPOLATION (1) ()

2.1 INTRODUCTION

The aocst wasteful redundancy in conventional telovision
systaas 1s the unnecessarily high field repetition rate justified
only by flicker suppression. One of the two interlaced fields in each
frane provides littls additional inforastion and the frame frequoncy
(30/s in the U.S. and 25/s in Burops) is nct justified by the tima
raesolution of the ayoc. It is known thot 16 frame/sec cinsmatography
with a shutter fraquency of 48&/scc is subjectively satisfactory, and
also thet in systoms with 'optical equalisation' in which one picture
fades continuously into thoe next, the frame rate may be reduced to &/ sec.
or less. This indicates a possible saving of 8 to 1 in television : 2
from the saving of overy second interlaced field and 4 from the saving
of 3 frames in 4.

'Contour intsrpolation' takes in two data simultensously (as
compared with one in conventional television and thousands in visual
perception) and recognises one type of pattorn - a short length of an
outline assumned to bo straight; it provides a systea for displaying
motion ovor the best optical equalisation systeins.

2.2 LINBAR oND CONTOUR INTSRPOLATION.
2.21 Linocar Ipterpolation.

Linear Interpolation represents optical equalisation and is

illustratod in Fig. 2.1(a)« Lincs 1 and 2 can be considerod as next-

but-one linos in one frame (adjacent lines in ono interlaced field) or
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as corresponding lines in next-but-one frames. If the line signals
are S;(t) and S,(t), the interpolated line signal is given by

1 1
S10(x) = 531 (x) + ZSQ(X) veeee(2.1)

and this preserves sharp edges only if they are vertical and stationdays
whereas slanting contours and noving edges are blurred; normal detail
is accurately interpolutod if there is s linsur variation in intensity

between corresponding elements of lines 1 and 2. It is probable that

linear interpolation could be used for halving the frame frequency in
orthodox televigion.
2.22 Gontour Interpclation.

Contour Interpolation is mere intelligent in preserving sharp
outlines and is illustrated in Fig. 2.1(b). If a step function coiizences

at 3, in line 1 and %, in line 2, the interpolated signal is glven by

1

S1p(b = & ] + ty) =38 (t = t7) + 38,(t = t3)  .eeen(2.2)
and is a step function coumuencing at % (] + t,) with the mean amplitude:
of steps 87 and S,. This is the correct guess for a uniforuly moving
adge and a good approximation for other outlines which are not too
capricious.

One wethod of wmechanisation is shown in Fige 2.2; ths top

sketeh shows the contour (narrow zone of stesp intensity gradient) cut ‘
by thse two lines 1 and 2 at xq and X5 and asswing it is important

enough (the gradient exceeds a certain absolute valus) the procedure

is as follows: Two scanning spots, vertically aligned, proceed at equal
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velocity v, along lines 1 and 2. When the first one reaches the contour
(in the sketch, the upper one at xl) it stops deuad, and the second pro-
ceeds instantaneously at double spsed 2v until it finds the other end _
of the contour. The sccond spobt then stops dead, the first jumps up to
double spoed and subsoequently the first spot is decelerated and the sec-
ond acecelerated until they are again vertically aligned and procoeding
with equal uniforn speod Vo in this process the mean spot velocity
-é—(vl + v2) is constant and equal to v, the speed of the interpolating
spob.  The intensity of the interpolated 1line is derived by the follow=-
ing gignal distribution rule:
V18, t V,8y

= ¥

S 'U...(Z'B)
12 viT otz

which includes the rule for linear interpolation when VyE V=V
in contour interpolation each spot contributes to the interpolated int-
ensity in proportion tc its velocity and the velocity plots .in the skeich
represeht the signal weightings. In the contour-search region, the whcle
gignal is transferred to the moving spot i.e, with vy = 0, vo = 2vo,

we have 815 = 85 and this is the correct result if this region ig either
structureless, or contains vertical detail, or is a stationary background
of any type in the caose of frame interpolation. The advantage of the
velocity overshoot-routine after the second spot finds the contour is
that it puts the correct amplitude in the contour itself, a refinement

which may be unimportant because of the inability of the eys to notice

the exact amplitude of short brightness transients.
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4 rodified routine is available in case the second spot aisses
the contour snd this is illustrated in Fig. 23. The control of the
contour-search mechanism is such that if, after a distance.dlxmaX
after the arrested first spot position, the second has failed to find
the contour, the two velocities return to the normsl value v_ without
gvershoot and this has the effaect of terainoting the contour below the
first line. |

For interpolstion between adjacent field lines, the distance
val Xoax 0V bs set at 6 — 8 gpot widths restricting the interpolation
to contours inclined more steeply thun 1 in 3 or 1 in 4 to the horizon-
tal. If the scarching distance is too great there is too great a risk
in finding u spurious contour in ths intervul.

For fraae interpolation, the moximum searching distancedﬁkxmax
corresponds to the zaximwa distauncae @ contour hus moved between two
tranamitted fruaeg and therefors sets an upper bound to ths horizontal
velocity of motion for which the above routine is effective. Transmisg-—
ion of one frawe in four provides a tiae interval of 0,16 sec and,
agsuaing an object .oving across the complete picture width (say 400
eloments) in two secondg, to be the fastest motion we need consider,
this gives an objoct shift of 32 points in the intsrframe psriod.

Expoerimentation must show whether WithiQ§X1 = 30 picture points there

HISh o

is too great a chance of hocking onto the wrong contour.

2¢3 FUNCTIONAL AILEMENTS QF CONTOUR INTARPOLLTION SYSTEMS

There are five busic functional elements in a contour inter-

polation system und they mey bo listed as follows :



l. INPUT STOR&: Scquential lino data sust be stored and available
simultaneously, i.e. two lines in one field or cor-
responding lines in two frames/fields.

2. TWO SENSING ORGaNS: These anay be .oving spots with an organ which
decides when the contour interpoclation mechanism shall
be put into snd out of action.

3. VELOCITY MODULATING ORGali: Performs the contour searching routine
when put intc action by the above organ.

4. SIGNaAL DISTRIBUTOR: an organ which weights the data froa the
two sensing organs according to the scanning velocities
and adds the:a.

5. OUTPUT STORE: To store the interpolated signals when they are not
instantansously transmitted.

4 line of* field contour interpolation system is shown in sche-
matic fora in Fig. 2.4; in this diagram the two sensing organs have

been expanded into two scanners, contour detector- gotes and a control

cireult and it should be noted that each sensing crgan scunner provides

separate control and .ain writing channels; this allows the control

acticn tc be advanced on the iain interpoléting channel and compensates-:
for switching delays in the velocity modglator feaedback circuit and sig-
nal distributor, it aslso ocbviates possible instability in variable velo-

city scunning systems which work to a resolution of a fraction of a

picture point.

A complete compression system involves a trangmitter which stores
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gelected fields, frawes or both,and 'stretches' these uniforaly in
tiae, and @ receiver with field and/or fraue contour interpclation
which compresses the received signuls into resl time and produces the
wissing signals by interpolation. an 8:1 coupression scheme is shown
diagrammatically in Fig. 2.5 To progress from the broad functional
gchens to electronic realisation is not an easy matter and this is
discussed in Chapter 6, It was decided to test the principles involved
in contour interpclation initially in a slow spased device working at a
rate of about 1/10,000 that of television and this work is described in
Chapters 3, 4 and 5.

24 SPEGIaL FRATURES oND LIMITATIONS OF INTERPOLATION SYSTEMS

It is uéaful at this stage to consider the theoretical advantagss
of this form of bandwidth compression and also particular expected limi-
tations in the ultimately derived televigsion pictures.

.41 GSpecial advantages of Bandwidth Saving bv Interpolation.

Compared with other forms of bandwidth cowmpression, contour
interpclation possesses the following outstanding advantages:

(1) Contour Intorpolation offers a fixed high compression
ratio; a figure of 8:1 is not too sanguine conmpared with about 3:1 in
rate equalisation systous.

(2) In the interpolation system, complexity in thae terminal
equipment lies mainly in the lino receiver; the transmitter for signal
stretching is comparatively triwial.

(3) The stretched signals for channol transaission are slow
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gpesed conventional picturc signals which may be subsequently independ-
ently furthor compregssed in bandwidth by a tandem rats equaliser or
statistical coder.

(4) Interpolation systems are compatible with Standards Con-
version and these functions nay be combined in transmission.

(5) For fixed bandwidth channels, signals may be time-
miltiplexed if transmitted unstretched.

(6) Direct monitoring of tho transmitted comprossed signal is
possible using a siaple long-persistence display.

Re42 Lipitations in Contour Interpolation.

We shall list in this section, certain obvious picture-motion
types of programne in which contour interpolation fails. as in conven~-
tional transaissions, suitable programme editing romoves objectionable
failure-effects and ultimate picture quality must be assessed
subjectively.

(1) In field and frame interpolation only thoge contours which
axceed the pro-set threshold engage the mechanism. Low intonsity slope
edges are equalised with linear interpolation; this is no great dis-
advantage if we assume that subjoctive intersst lies mainly in the
large intensity gradients.

(2) & contour 'dotector! which works with the picture rate-of-
chango signal is slso sensitive to geometrical contour slopec and the
output is weightod, increasing with this slcpe tc the horizontal. For
a givon rate-of-change thresheold, ncar horizontal contours will be un-

detected completely. This may be advantageous with very low slope edges
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where the searching mochanism would turn off prior to finding the socond
adge point and the second point would prosent ancther 'initial! contour.

(3) In fioeld intorpolation, the systom is able to rscognisc
changes in geonetricel edge slops once in every two ultimate scanning
lines and in frame interpolation, accelerations are detected at half
the conventional rate for 2:1 couproession.

(4) ‘'Surprise'! information, such as sharp corners and fust
aotion with associatéd suddenly reveakd contoufs, will buat the systoen,
if the spurious contours are dotected and takon to bo coherent. In
framne interpolation it night be nocessary to adopt further criteria
to ensurs that detected edge points urs coharent. =« simple criterion
wuight bo contour brightness phase identity which would cortainly deal
affectively with close pattorning in field interpolation whore the pati-
aern structurc coalescss with tho norual contour routine.

(5) Tho vertical resolution to horizontal structures (s.g.
grids) is imacdiately halved in fisld interpolation and the spurious
patterning which is prescnt with such structures(normally avoided in
programmne natorial) would bo mors objsctionahle than in conventional
systons. In particular, a horizontal bar pattern of vertical wave-
longth oqual to two convantional line widths is totally missed in
2:1 interpolation, ths resultant frame showing a unifora arsea of inten-~
sity lying on or botwoen the two bar intensities und dependent upon
the relative positions of scanning linss and bars.

(6) Vertical motions which tako the presont systen to the

1init will not beur coupression by horizontal interpolation. This
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would include fast ball games takon vertically and possibly mouth

novenents in certain typaes of spoeach.
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3. THE PICTURE TRaNSFORMER

T ————————
e — S ——————

——

The picture transformer is a device which has been built for
testing and demonstrating at slow speed the principle of 2:1 field
contour interpolation in television. It is an instrument which
consists essentially of a facsimile transmitter and receiver in
which the transmission of alternate lineg is purely optical with
mechanical synchronisatior; +the optical transmission is modulated
by electr~nically controlled mechanical devices which operate
according to the proviously described routine.

a4s an ingtrument, it is of interest in itself, as it could
be incorporated with conventional picture transmittor/rocciver
equipment cnabling the users to transmit at full bandwidth for half
the radio tiue; this economic saving is particularly valuable for
multiple picture transmission. 4s early as 1934, the London -
Melbourne air Race finish was transmitted back to London on facsimile
equipment as a sequence of 35mm. cinematograph frames(l),\and today
'Telecine! frames are successively transmitted through the transatlan-
tic cable link and recorded on conventional film.(z)

In the picture transformer, the original record, a paper print
or drawing, is placed on a roteting picture drum and scanned with
0.15ma. spots with a double line spacing of 0.30mm. The gonerated

60 x 70ma. picture is recorded on conventional '120!' size film carried



by a second drwa, and a full recording consists in an interpolation
(200 1ines) followed or preceded by the transcription of the original
200 lines which erce interlaccd with the others; for this purpose a
thalf-line shift! is provided. The wmaxinun transformation rate aimed
at in the design is 1 picturse element per nmillisecond i.e. @ maximun
thorizontal bandwidth' of around 500 c.p.s. & variable speed (10:1)
notor drive provides 7 forward scanning rates from 500 to 50 c.p.s.
plus o fasv roverse drive. The apparatus is completely light tight
and may be operated under normal lighting conditions.

The complete picture transformer (minus the control circuitry)
is shown in Plate 1 with the cover plates removed to show the interior
conatruction and components. We now briefly describe the gensral
mechanical hardware of the apparatus end its facilitioes and thon
proceed to describe in full detail the functional components. The
design and operation of the electronic control circuits are given in

the following chapter.

. ARDW OF TH& PICTURA ORME
A scale drawing (Fig. 3.1) of the picture transformer is attached
to the end of this thesis; the motor drive and light source assermblies

are not shown but appear later in this chapter.






3.11 Geperal Congtruction

The picture transformer has a fabricated steel buse frame,
ground on top and milled gt the sides. The end plates are pinned
and screwed to the base and a cumiro-plate divides the apparatus into
geparate 'writing! and 'reading' sections; two steel side bar members
join the sideg of the three plates at the top of the apparatus.
Through these plates runs a tubular silver steel shaft carrying two
drums, cach with 1" dismeter and 24" length, which is motor driven
at the ‘'reading' end. The druas are pinned through free axial slots
in the tube wall into a brass rod with a 0.3 mm. pitch screw section
(80 threads/inch) at the ‘writing!' end, thus enabling then to revolve
with the tubular shaft and precess along it with double line spacing.
Fig. 3.2 shows the picture and film drums together with the slotted
gspool retaining mechanisms. The tubular shaft also corries two brass
wheel~flange assemblies (Fig. 3.3) which provide nechanical drive to
the velocity modulator.

The optical circuit is supported by two ground steel cross-bars
and a rectangular steel platform fixed to the underside of the side
bars of the transforaer; the optic axis is set at 335" above the top
of the apparatus base. The 'half-line shift! facility is provided by
making the writing cross bar a swinging arn (Fig. 3.4). The
optical-drive lamp assoubly fits into a brass lenmp tube which is inset

into the stesl side bar.
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The velocity modulator with its actuator assembly is mounted
onto the reading stsel cross bar above the microscope objective and
the signal distributor is placed on the ground surface of the apparatus
base. Electrical connections to the modulatorg are made via a Plegsey
multiway connector inserted into the reading-box end-plate. The
photocell screened output leads are taken through to the writing box
and terminate on two Belling Lee co-axial sockoets serewed to the
writing-box end-plate.

Both the reading and the writing sections are made light-tight
with independent top and side cover plates cut from 16 Gauge mild steel.
The gide-plates run in steel guides with black velvet sliding surfaces
to ensure complete screening. The cover plate nearest to the picture
drums conbains o small red filter window for picture 8canning observa-
tion and algo carries a Johnson fFilm Loading bag'! at the writing
gsection for loading and unloading film under normel lighting conditions,

The apparatus is rigidly screwed to a 1" Japanese Osk base plate

and is electrically mains sarthed.

3.12 The Motor Drive ssseibly (Fig. 3.5)

The nmotor drive is supplied from a 4Owatt Garrard shaded pole
induction motor, and provides a speed step down ratio variable in 7

discrote steps between and including the limits 240:1 and 20:1. This
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is achieved in two stages; the first stage is a variable position wheel
drive onto a brass plate; and the second stage is an 18:1 reduction
worm gear, the driven wheel of which is fixed to the picture transformer
tubular shaft. The cowplote assembly is supported on a steel platform

anchored to the end plate gf the apparatus.

Iaoble 3.1 Scanning Velocdities for 0.15mm Picture Element.

SPEED RaNGE | PERID FOR [SCaNNING PICTURE HORIZONTAL
200 LINES [VELOGITY ELEMENT BaNDWIDTH

EXTRA SLOJ 1000 secs. fLéaysec 10.0usec 50 C.P.S.

1 496 B2 5.0 100

2 396 /,0 4+ 0 125

3 320 50 3425 155

4 244, 5/, 2.5 200

5 152 1ps 1.5 333

6 76 210 0.75 666

Six of the seven forward speeds and a !reverse gear! are provided
by a square sectiocn steel motor extension shaft carrying a rubber
rinned drive wheel (Fig. 3.6), and the'extra slow! spsed is provided
by a fixed rubber rimisd brass wheel (Fig. 3.7) which fits the motor
shaft directly. Both wheels are spring loaded onto the brags reduetion

plate with an adjustable stesl tensioning spring attached at one end



to the pivoted motor housing (Figs; 3.8, 3.9), and at the other to
the fixed wora~reduction plate bearing mount. (Fig. 3.10)

Table 3.1 gives the moasured drive speeds in terms of scanning
velocities and equivalent horizontal bandwidths; the reversing time

for 200 lines is just over 2 minutes.

3.2 OPTICS OF PICTURE TRANSFORMER.

The function of the optics is to provide two separate optical
channels; two .iain beams which simultsneously scan alternate lines
on the picture drum via a velocity modulator recombining through a
gignal distributor to write interpolated lines at the receiving drum,
and twc advanced control beams scanning the same lines one or two
picture points ahead of the previous beams and transmitting the pick-
up signals to two photocells for controlling the modulator and dist-

ributor routine previously described.

21 ar Degeriptio i Systen.
The basic optical system of the picture transformer is shown
in Fig. 3.11. 4 point source (Pointolite lamp) illuminates an
aperture plate via a collimating lens; theo total magnification in

the optical tract is 30 and with writing/reading spots 0.15mn diameter,
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the apertures are made 4.5ma diameter with centre spacings of 1-2
diameters. The optimum spacing is a matter for experiment as this
depends upon the total closed loop reaction time of the modulators.

Physical separation of the main and control beams may be augmented
by wavelength separation, using red light (above 5000 a.U.,) for
control, as photocells have good sensitivity in this region, and blue
light for writing as films respond well in the blue-green region.
Suitable Wratten filters sre No.25 (RED) and No.38a (BLUE); the dis-
advantage of filtering is that it inereases the attenwiation in the
optical tract and with perfect collimation it is not necessary; with
imperfect collimation contral-main beam eross-talk leads to instability
and then filtering, frequency selective or otherwise, is the solution.

after passing the aperture plate, the approximately collimated
light beams fall on a beam splitter cube, with near equal reflection
and transmission coefficisnts. The reflected beams pass through the
moving magk of the signal distributor (explained later) and onto two
biprisms; the first horizontally diverges each bsam by two spot
diameters (9mm) at the second which re-aligns each bean pair. The
two control beams pass through the 'sensing'! prism or double beam
splitter which is inoperative in the forward direction and the two main
beams pass under it.

The four beams are then reflected at a 90O prism, turning them at
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right angles and inverting their order, towards two small ggcillating
pirrors which are normally at 450 to the horlzonbal. These mirrors
effect the velocity modulation and present the four beams to a 30X
microscope objective with a focal length of ", and numerical aperture
0.5+ The velocity modulation is described in detail later on.

After reflection at the picture drum, all beams return on the
game paths on which they came; it is egsential to prevent interline
crosstalk by ensuring that each beam is not reflected back by the
wrong mirror and this is achieved by placing black partitions between
the beam pairs; the movement of the cscillating mirrors (assuming
small amplitudes) is eliminated in the return path.

The return rays are turned through 9OO by the reflecting prism
and the control pair are gemi-reflected ocutwards by the sengsing doubls
bean gplitter towards 90O prismg; these turn the beams upwards and
small short focus lenses focus each beaw onto the photosensitive area
of a photocell. With filtered beams, any main beam interaction is
eliminated by placing a red filtering mask in the optical tract prior
tc the lens-photocell systern.

The main beams pass back underneath the gensing prism and are
recombined by the two bi-prismns and pass through the oscillating mask
once again. This mask may be placed just before or just after (as in

the figure) the bi-prisms, and in the final design it worked out more



convenient to perform the signal weighting prior to recombination.
The signal distributor mask must not operate on the control beam
and is allowed to weight the lower beams only by limiting the mask
height to just over one beam diameter. Normally, one half of sach
semicircular beam ig transmitted by the mask aperturse.

The weighted combination writing beam next passes back to the
beam splitter cube where ik is semi-transmitted through into the writing
box to two reflecting prisms and a 40X microscope objective (4mm,0.7.N.A.)
for writing the spot on the film drum. The writing objective has a
shorter focal length than the reading one gince the apparent aperture
is closer to it than to the latter; this equalises picture and film
drum scanning spot diameters to approximately 0.l5mm. The control beam
is eliminated by a mask placed to stop it after transmission through
the beam splitter; therse is no advantage in blue filtering both beams
at this point as they are still physically separated, and any contrel-
to-main beam interaction is negligible as the control beam undergoes
an additional double beam-splitter transmission compared with the main
beam.

The above describes the ideal optical system with perfectly
collimated beams. Initial scan tests with the picture transformer
showed that exact collimstion was impossihle and the best writing

results (largest signal amplitudes) were obtained by (a) allowing the
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collimating lens (a 2" microscope objective with numerical\aperture

0.15) to focus the pointolite source at a point near the reading

reflecting prism and (b) by relying upon geometrical spacing alone for

the main and control channel separation. These measures successfully
combatted the prohibitively lerge attenustions in the main and control
tracts to give sensible signals at the photocells and film drum. The
auxiliary effects are:

(i) The beams cross prior to the oscillating mirroxs. The vertical
inversion puts thermain gpot in advance of the control; this
was corrected by placing a roof prism between the mirrors and
reflecting prism. The horizontal inversion simply interchanges
lines 1 and 2 at the picture drum. '

(ii) Interchannel crosstalk at the photocells is large with the sensing
prism by-passed on the forward transmission by the main beamw
Filtering prior to the cells is impracticable with such low
control gignals involved and it was found that simple filter
attenuation at the first aperture plate could eliminate modulator
instability and still write a good half-tone signal.

(1ii) Unwanted glass-to-air surface reflections or 'ghosts' are more
troublesome with uncollimated beams sincoe the usual precaution
of $ilting the surfacoes a few degrees away from normality may be

cancelled in the worst case. The bsam splitter cube possesses a



largs ghost/signal ratio since the stray reflection is the high

level direct semi~-transmission of the aperture plate imags, and

the signal is the low level picture return beam. This ghost was
oliminated by increasing the gseparation of the wanted from the

- utwahted. sighel with an suxiliary lens placed just beyond the
beam splitter inside the writing section.

4 bad %host’from the reading reflecting prism was eliminated by

increasing the distantge of this prisu from the double-beam splitter

to reduce the main beam reflection from 90° and to increase the
effective tilt.
(iv) The above described auxiliary lens is also required to re-focus

the writing beam at a point between the two reflecting prisms;

at this poirt an aperture plate eliminates the strays and passes

only the wanted beam; movement of this aperture corrects for

unequal signal weightings - these result from unequal mirror
reflection coefficients, inequality in each half of the sensing
prism and incorrect mask setting of the signal distributor.

It is possible to calculate approximately the attentuations in the
optical tracts. Beam splitters at best possess an efficiency of 1/3 |
(Maxwells thecry gives 25% transmission, 25% reflection, and 50%
absorption); a large numorical aperturs objective will eapture only

about 4 of the reflected light with the half which transmitted the
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initial beam; the signal distributor reduces the total intensity by

% and ths biprism splits the control beam into half. Ignoring refleotiop
inefficiencies at mirrors and reflecting prisms, and assuming perfect
collimation, the atterfmution in the control tract from aperture plate

to photocell is certainly not less than 3.2.2.3.4.3. = 450K and the
attenuation in the writing tract between the aperture plate and

writing aperture, is probably greater than 3.2.4.3. = 450/6 X. With

an aperture separation of 2 spot diameters, the mininun attenuation

is 9X at the aperturec plate for each beam; hence the total sourcs
system-to~photocell control tract attenuation is at leoast 4000X and

the main dract attenuation about the same, if we assume that filtering
~at the aperture plate snd stopping at tho writing end accounts for a
factor of 6. Pointolite sources are available with Candle Powsrs up

to 150 C.P.; photocells have sensitivities Tanging from about 100us/
Lumen for the gas-filled cell, to about 34/Lunen for the photocenductive
cell; and conveniently fast filas such as Kodak 'Verichrome Pan!

Film (29° Scheiner) are available with 'middle characteristic' (density
of 1.2 approx.) exposures of laess than 0.1 Metre-candle-secs, for
writing speeds between 15 and 100 n/sec with a 0.15 ma spote The

above quoted attenuations are not prohibitively large therefore; the

choice of light source and £ila speed are discussed bslow.
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(s) Point Sourco and Collimator. The light flux froa a lens-
peint source combination ig directly proportional to source brightness
and tho square of the leng numerical aperturce. a4 short focus nicro-
scopa objective (2", 0.15 N.i.) was solected for the collimator and
a 30 C.P. Pointolite Lamp, 1004 overrun (about 120 C.P.), for the point
sourco, the small glass bulb cnabling the shortfocus lens to bc used.
(a 150 C.P. Pointolito was rejected because the incremental brightness
gain of 15Q/120 is offset by the nuch smaller numerical aperture lens
necessitated by the very largse bulb.) Tho 30 C.P. bulb operatos
nornally on 200 Volt D.C. with an arc current of 0.454 betweon a
tungsten bsad (anode) and Ioniser, and the arc is initiated with an
Ioniser current of 4.54 for 3 geconds. & 400 volt D.C. supply with a
potentiometer control ranging from 200v upwards was used for overrunning
the laap (ionising at 200v and arcing with 200-400 volts depondent upon
required writing flux). Tho bulb was oporated horizontally. The brasé
lamp housing and lens tube arc shown in ssctionsl form by Fig. 3.12.

A small focus adjustient is given by sliding the laop housing back
tubs, which ig welded into the aiain one, over ths tubular lens mount.
The design ensurss that the pointolite tungsten bead lies on tho
optic axis of the picture'transforner. 4 light chimney (Fig.3.13)

has been included to provide adequats draught around ths overrun bulb.
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The lanp life with the above operation was limited to a fow
hourg; as a result of this, and becausc the manufacturers (s.E.I.
Lamp and Lighting Co. Ltd.) ccased production of 30 C.P. bulbs, gonme
wmodified lamps were congtrueted; 150 C.P. Foitolite assembliss, with
now filaments wound by hand froa 0,008" diametor tungsten wirs, wers
ingserted into small pyrex bulbs, with a nitrogen gas pressure of 6"
mereury. (The .aanufacturers quote 3" with the large bulb). The
advantages are (i) the lamp is run pormally on 230 volt 4.C, and (ii)
the assembly is inherently more sturdy in operation with double tungsten
bead arcing, and with the filament usod only for ionising. Small porous
tungston chips were included ingide tho bulb for abrasively cleaning
the glass intorior surface; despite conventional de-gassing of the
asserbliss in the bulb cgvacuation process, light attenuating deposits
fori on the glass inner surface. In operation, the twin beads are
placoed in line along the optic axis such that the foremost one only
contributes to the driving flux.

The flux output frow the above gysten is evaluated as follows:
agsuaing a point source of intengity I candle-power to be at a distance

4( from a perfoct lens of entrance radius r, the collected flux
2

f is given by f = 4;:/(‘11»2 (3.1)

With I = 150, r = 0.5 cn (for the 2" cbjective) and £7==Acm, Equation

(3.1) gives 0 = 30 lumens. A4 nore exact formula is derived in



4appendix 7.3 for a finite size spherical source. Equation (17) gives

2
E=_I . 3D=2(Rg+R) lwmens/en - = = = = = = = = = = (3.2)
8I7 D-2(Rs+R)

with I the source candle-power, D the source tc lens distance, L the
gource to entrance pupil distance, Rs and R apparent lens and source
radii respectively. With 0.15 N.A. leng, sand D = 4 cms. R = 1.5 mn
(hot boad of 150 C.P. assembly), we have L = lem, and Rs = 0.45 cos.
Substituting in (3.2) gives E = 63 lumen c:fz or = Enﬂi = 40 lumens .
The eofficiocncy of the above systom, assuning unity transmission through

the lens, is givon by /il = 2%.

of}e

The aperturs platc is a 1/32" brass plate with 2 circular holes
4+5 i dismeter spaced vertically by 4.5 - 9 mm, depending upon the
roquirenent.

oan itters. (Rof. to Fig. 3.14) Tho beam splitter

° . 480 reflecting Crown glass prisms

cubs consits of two 480 - 84
(Prism 4) with the largest faces !'C! cemsnted togothor with Canada

Balsan with a semireflecting fil:n interfacs. The double beam splitting
sensing prisa (Prism B) is a four component crown glass combination cerr
ented with Canada Balsan; Interfaces kl, ko and jy, o contain the semif
reflecting film and the interface betwoon k, and j2 is blackened to

prevent interchannel interference in tho forward path. All transmissicn

air-glass surfaces possess a 3° tilt to reduca tghosting!.

The sepmi-reflecting films of both beam gplitters are gold and have
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been svaporated onto the prism faces using conventional laboratory
gvaporation technique(B) (4). Tho evaporating currents and durations

tc produce the desiraed films were detorained experimantaliy by evapor-
ating gold onto glass slids specimens 15 mm square, and visually compar-
ing the results with two calibrated filters of transmissions 50% and
75%. A film with 75% transaission prior to contacting with a further
glass surface gives a final rosult of near oquelity in transmission

and reflection. This was checked visually in a very elementary way:

the comented slides (and final prisms) were placed vertically on black
volvet with a white paper strip placed underneath one edge and obliquely
to the glass; the transmitted and reflected rays were monitorod togeth}
er by observing them back through the glass. Prior to evaporation the:
prisms were cloaned with detergent, caustic soda, dilute Nitric 4cid :
end a Tessler coil discharge. 4an oven film was ensured by centering
the pertinent prism faco above the evaporator boat and maintaining a
small feapture! solid angle. In particuler, both halves of the sensing
prism were gpluttered simultansously.

Both beaa splitters are mounted upon optically flat paxolin bases;
the sensing prism base is tunnolled to allow the main beam to under-
pass it.

(¢) The Bi-prisms. (Ref. to Fig. 3.14) Each bi-prisa is made

up of two 28° + 10! Crown glogs prism components (Prisn D). The
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doflection given by a small angle prisn x° is approximatoly

xsp—l) % x/2 for/y(glass) = 1.5. The first biprism splits the 4.5 nn
diameter beams into twc pairs of semicircular beams of half width,
diverging by 28°. The roquired total separation of 9 nm is reached

at a distance (4.5 -~ 1.125)/ Sin 14° mm beyond the biprism i.s. 15 oo.
At this point is placed tho second biprism which re-collimates the bsams
by deflecting them back by 140 before the control pair enter, and the
main pair underpass, the sensing prism. (Fig. 3.15). Both prisms have
been mounted on flat paxolin basses.

d) The 5 Reflscting Prisus (Ref. to Fig. 3.14) Four of these
are 48° - 84° - 48° Crown glass prisms (Prisn &) $ilted 3% to reduce
tghosting'. The prism prior to the writing objoctive (Prism C)
handlos the singlo interpolated spot and is made 45° ~ 90° - 45°.

The two prisms for deflecting the control besams vertically towards the
photocells have been mounted on identically di mwonsioned brass prisms
with ground bases; the 450 brass facoes are channelled 1 mm deep to
provide adequate glass~air surfaces. Smell shortfocus (") lenses

for photocell focus are held just above tho prism top facss by paxolin
side plates affixed to the brass bases. The two horizontally deflecting
prisms are mounted on flat paxolin bases and the small writing prisn

is placed on top of the microscope objsctive lens mount.

(o) Oscillating Mirrors. Each mirror has been cut from a 1 mm
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thick glass nicroscope slide and is rectangular, +" across and 9/16"
long. The reflscting surfacoes were prepared by evaporating aluminiun

directly onto the glass under vacuuz; these surfaces have been left

untroeated.

(£) _The Photocells. With 40 Lusen driving flux and a control

tract attenuation of at loast 4000 times gives a peak signal of 0.0L
lumen at the cells. Including roflection losses the peak-to-peak
signal at each cell is unlikely to oxceed 0.001 L. The following
photocells were considered:

(1) Gas-filled photovoltaic cell 55 CG: Sensitivity of about

100 us/L at 0.005L with a 1 M load resistance; large arca cathode.

High impedance, low level output. Bandwidth limited to around

1 kq/sec.

(ii) Phototransistor OCP71: Sensitivity about 0.34/L; low

impedance output; 1 mm square sensitive area; thorially sensitive.

(1i?) Photoconductive Cadmium Sulphide Cell: Sensitivity about

148/L; 1.5 nn sduare sensitive area; bandwidth linited to about

1 Kc/sec.

The photoconductive cell was selected on grounds of high level
output, thermal stability, and compatible element size. Each cell is
mounted on o cubical brass base assembly (Fig. 3.16) and is optically

aligned by sliding -en the picturs transformer ground stecl !prism

platform’',
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(g)  Moving Arm for Interlace. Thoe mechanical design of the arm

igs given in Fig. 3.4. If the reflecting prism is positioned at radius
Rp from the bar fulcrum, the adjusting arm at radius R,, and the
objactive at radius Ro, then n rovolutions of the adjusting secrow of
pitch P moves the objsective a distance nPRo/RA rolative to the drum.
In addition, the optical beam is deflectud by angle 2nP/R4 and for a
gpot focussed at the writing drua from infinity, tho deflection relative
to the drum is —2nP£/RR, with £ the focal length of the writing objec-
tive, Rosultant deflection is givon by & = nPR/R, - 2nPf/RA

For perfoct interlace, & = P/2, (since P has boen made aqual to the

wil *

gscanning line pitch) and this givas n = Ry Ry - = - -(3.3)
2Ro~4Af 2Rq

gince for the X40 objective, 2fCRo. With R; = 5.5 cm, and Ro = 7.5 cm,
Equation (3.3) gives n = 0,37 turn, i.c. 1350. Theoretically thaeraforas,
a 135° turn of the adjusting screw on the swinging 'writing' arn should

move the writing spot exactly botwoon lines for perfect interlace.

3.23 Tegting the Optical Circuit.

Prior to incorporating the above described optical system with
the picture transformer, the optical attenuation of sach component was
exparimentally detoermined by the moethod of substitution. The procedurs
was as follows: Light from a 30 candle powor pointolits was collimated

by a 2", 0.15 N.4. microscope objoctive and led past a motor driven
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vane interrupter which square-wave modulated the beam at 50 c.p.s.
The modulsated beam was pasgsed through a red or blue filtered 4.5 ma
diameter aperture, depsnding upon the measurement to be perfornmed,
and finally passed to the optical circuit with prisms arranged such
that the output beam torminated at a gas-filled photocell (Mullard
55 CG); the coell output measurement was porformed by amplifying the
ac-voltago signal with o high gain (40dB) single oudio pre-~amplifier
(EF86) and coupling the amplifier output to the Ay amplifiocr of a
Cogsor oscilloscopa 1035.

The fundamental optical circuit was a single rcoflcecting prism
(48O - 840 - 480) turning the boeam through a right~angle; The reflec~
tion officiency of this prisi was detormined by augmenting the circuit
with two identicul prisms and observing the rolative decrsasc in photo~
coll signal; & linsar photoccll regponse was assumed with tho small
intonsities involved. The remaining conponents wore determined by
augmenting, for transmission mcasurements, and replacing, for reflcc-
tion measurciionts, tho single rofleeting prism with the portinent
conponants. Cars was takon to ensurc that the ultimate signal boan
always foll upon the same area of the coll photocathode. With
chromatically solective beam splittors and a photocell response poeaking
in tho rod to infra-rod region, tho aeasurcmonts porformed only yield

approxinate attenuations for componcnts oporating in the final optieal



system in which the beam splitters handle filtered transmitted/reflected
oubputs from each othor.
Table 3.2 bolow swierisos the results obtained, and enables the

attenuetions in tho control and Loin writing tracts to be computed:

COMPONENT CIRCUIT 1 GIRCUIT 2 REFLECTING TR4NSMITTING REFLECT- TRANSMIT-
RED (25) RED (25) ING TING
BLUE (384) BLUE(384)

Refleet- 1 reflec- 3 reflec- 0.92 - 0.92 -
ing Prism ting Prism ting Prisn

Boan Splitt. 1 Rofl. Boaa Splitt, 0.45 0.23 0.40 0.18
Cube Prism  /plus Rofl.

prism(trans)
Sensing 1 Refl. Boam Splitt
Prisa(both Prisu /plus Refl. 0.43 0.18 0.48 0.18
halvas prism(trans) '

Bi-Prisn 1 Refl. Bi-Prisn
Prisn plus Refl. - - Q.45 - 0. 45
Prisn

Oscillating 1 Refl. Single
Mirrors Prisao Mirror 0.90 - 0.90Q -

X30 Objactive 3 3 Refl.Prisms

and White Refl. sensing Prism 0,12 - 0.12 -
card Prisns Objectiva/card

Blue Filter 1 Refl. Refl., Prisa

Wratton 384 Prisnm plus Filter - 0,40 - 0,90

1Red Filter 1 Refl. Refl. Prisa
Wratten 25 Prisa plus Filter - 0,92 - 0.50
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ATTENUATION IN THE CONTROL TRACT

aperture Plats, 4.5 ma 0 aperture
Bogia Splitter Cuboe Reflscting
Bi-Prisms (0.9 x 0.45)

Signal Distributor Mask

Sensing Prism Transaltting Red
Reflecting Prisn

Oscillating Mirrors

Picture and Objoctive (peak white)
Oscillating Mirrors

Reflecting Prism

Senging Prism Reflecting Red
Refloecting Prisn

Suppleaentary Lens (theoretical)

Transmigsion through photocsll glass (thecretical)

TOTAL TRaNSHMISSION

Transaission
0.11
0.45
0.41
1.00
0623
0.92
0.90
0.12
0.90
0. 92
0.43
0,92
0.9
0.9

-4
1.2 x 10



ATTENUATTION IN MAIN WRITING TRaCT

aperture Plute, 4.5 na 0 aperture
Beam Splitting Cube Reflecting
Bi-Prisus (0.9 x 0.45)

Signal Distributor Mask

Sensing Prisa (omitted)
Reflsecting Prism

Oscillating Mirrors

Picturs and Objsctive(peak white)
Oscillating Mirrors

Reflecting Prisn

Sensing Prism (omitted)

Signul Distributor (transaits fully & initially
passed)

Bi.Prisms (recombine and attenuate 0.9 x 0.9)
Beam Splitter Cube Trangmitting Red
auxiliary Lens (theoretical)

Magsking Plate (1 mn 0).

Reflecting Prisa

Reflecting prisn

Objective

TOTAL TRANSMISSION

Transaission
0,11
0.45
0e41
0.50
1.00
0.92
0.90
0.12
0.90
0.92

1.00

1.00
1.62
0.23
0,90
0. 05
0.92
0.92
0.9

=5
1.1 x 10



Hence with 40 luaens initial flux, cach photocell recseives a
peak signal flux of 0.005 luaens; also the writing flux at the $ila
drun is 4.4 x 10— luaons, approximately one tenth of the centrel flux,
for a poak white picture. This writing flux is concentrated in a
0.15 .xa spot or, allowing for spreading on the film and assuming that
the gpot just fills half the lins spacing (80 per inch), is concen-
trated in a 1/80" 0 spot (factor of & for spreading); this gives an
illumination of approximetoly 5000 lumen motrs . Running the picture
transformer at 50 c.p.s. horizontal bandwidth (spot peried 10 milli-
gecs) gives a poak exposurc on the f£ilm of 50 luaen matre_E seconds
i.ss 50 Metre~Cancle-Secnhnds, which is certainly pust the aiddle
point of the dongity-exposure charucteristic of ediunm fast panchro-
matic fila (Kodak Ltd., quote an exposurs of 0.2 dotro-candle- seconds
for a density of 1.2 with Verichroms Pan Film, 290 Scheiner).

alignmoent of thoe optical cireuit is doescribed in Sec. 5.21 of

Chapter %,

3.3 THE VELOCITY MODULALOR

The function of this organ is to carry out the velocity modulation
routine previously degcribed, each time the pilot spots encounter a
gufficiently pronounced amplitude gradient, with a minimum of response
time. The mean velocity of the spets is the peripheral speed of ths
picture drum, and only the velocity difference nust be applied to the

mirrors gynchronigsed to the drum speed.



Pogsibilities for this modulation include :
(1) Driving the mirrors mechanically and controlling the drive
with electromechanical trangducers; this has the advantage of
direct synchronisation to the pilcture drum scanning spsed, and
is the method which has been adoptod.
(2) attaching the mirrors to two wmoving coil meter-type systems
and driving the coils with rauwp functions of current of slopoes
depending upon picture gcanning velocity.
(3) Direct mirror deflection with an slectromschanical trans-
ducsr; piezoclectric bimorph slements and magnetic deflectors
are posgibilitiocs; a magnetic system would bos difficult to control
linearly.
If a mirror bohind a leons with a focal length f tilts by an anglo
x, the reflected ray rotatos by 2x and the focussed spot by a distance
2fx assuming the spot to be in the focal plans of the lens. Hence
half thoe required modulation is achievod if the axis of rotation of
the mirrors is at 2f froa the drum and it connscts with @ lever 2f long
with the drua surfaco. i.o. the spot instantancously starts to follow
the rotéting picturs and spot motion is arrested relative to it.
1

It is impossible to pregent the mirror axis " from the drum

with a £" reading objective from dimensional considerations and also



becauss the picture/drum must not be damaged. However, a lever of
length r ongaging with a drum of radius R gives the same result,
providing they satisfy ths relation:
r = 2fR/Ro

where Ro is ths radius of the picture drum. For the contour ehasing
routine, the same tilt must be applied to the second mirror but with
opposite sign; in a gsimilar way, this may be performed by connecting
the second mirror with a flange rotating with the picture drum.
Unfortunately when applied to the picture transformer design, the
gecond flange radius works out embarrassingly large. Both engaging
drum and flange may be made conveniently small if the mirrors work
through an angular reduction mschanism.

The realisation of the velocity modulator is based upon the
above considerations. The modulator functions optically, is driven
mechanically and the contrnl is electronic and performed by magnetic

actuatorsa.

3.31  General Degign and Overation

The final device ig illustrated in Plate 2 and Fig. 3.17 shous
a sketch approximately to scale and full size. The two mirrors are
carried on independent shafts and are fixed on a balance arm which may

be porizontally deflected, such that when one engages with the innesr

rotating surface, the other engages with the outer flangs on the opposite
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side. The balance arm is about 160 mm long and the motion requiraed
for engaging it is between 0.1 to 0.2 mm; the response time aimed at
is 1 millisecond.

The lever arms aro about 5 mm long and thay ongage with the drum,
radius 29 mm, or with the flange, radius 39 mm, respectively. The tilt
angles become exactly equal and oppeosite if we make the inner arm radiﬂs

4+3 mm and the outer one 5.7 mm long since,

R.20 = 30.12 = 20,12 = 6.2
r Ro 5-7-13 4'3'13

where £ = 6 mm and Ro is taken to be 13 mm (3" raedius plus picture
paper thickness). The angular motion is too large by a factor of 6.2
and a reduction mechanism is incorporated. This is effected by
dividing each mirror shaft and coupling the two components by two
horizontally end-fixed spring steel wires pinned to them; each wire
is cantilsver deflscted by the driven steel shaft and the reduced
deflection some distance down the wire is transmitted to the second
shaft cerrying the mirror. 4 long straight wire deflected in the
cantilever mode exhibits a cubic daflsction profile, providing a
deflection distance proportional to the cube of the distance from the
fixsd ond. Rigid coupling pins are therefore inserted into the inner .
and outer sections of the divided silver steel shaft at a distance
ratio of l:6.2§ or about 1l:1.8 from the clamped ends. For small

angular deflections whers Sin @ / @+ 1 this gives angular reductions






of 6,2 : 1 as required, The actual design is rather more complicated
since the spring stesel wire exhibits & torgional deflection mode in
addition to the above; this is elaboratsd in & latsr section. The
reduction gear also provides the restoring force from the cantilever
and torsional stiffness of the coupling wires; the restoration must
be performed within the minimum picture element period and should be
aperiedic. Damping is provided by the frictional aluminium bearings
carrying the shaft sections.

The advantage of the reduction mechanism is that it provides a
convenioent mothod for stopping the mirrors beyond the maximum oxcursion
roquired (apart from any electronically controlled limit). The
maximum searching diatance Ly wax Ovor which we need sesn is about 6
t0 8 picturs points; this means 0.45 mm (3 points) for each mirror.
With a focal length of 6 mm this corresponds to angular deflections
of + 0.45/12 = 0.0375, about 2°, The lever arm maximun dofloction is
then 12.4° and this 1is eagily realised By making the lever arm profile
circular over 12.4O only; this gives 1.0 and 1.3 mm widths at the
inner and outer lever arm peripheries.

The rastoring torque for the balancs arm is provided by a Porspew
torsion shuft. Perspex material is choscen because of its excellent
damping qualities. The natural undamped frequency of vibration of a
torsional shaft of radius r, lengbth L and aodulus of rigidity G

carrying an inertia I is given by :



w2 = WI:ACT ________ 3-4
n 2LI

With a shear modulus for porspex about 3 x 10lO dyne cm-2 and an
estimated moment of inertia of 500 gn cﬁ% for the balance arnm, a
torsional shaft +" diametor (radius 0.3 em), I= 1 cm gives & natural
froquency w, of about 900 radian sec_l, or roughly 150 cycle sec-l.
With dumping, the roestoring time is of the order of 3 milliseconds and
corragponds to 3 picture points at the maximun scanning speed.

The balance arm is switched by magnetic actuators plaoced sbove
it; in operation, one of the two laminated 'Stalloy' armatures
attached to the bolance arm is voertically sttracted by its core~coil
gsysten when the coil is energised with a large current pulse. The
active 8ide of the balance arm therefors engages the lever arm in the
flange and produces doubls velocity scanning; the non-active sids
parforns the spot arraesting mechanism. The magnetic actuators are to
be doescribed morse fully later on (Section 3.32). It is possible to
. egtimate roughly the forces which the actuators must exort on the
balance arm by assuming that the arm is to be tilted a muximun
amplituda of 0.1 ma at the armuture position in 1 millisscond. The
t1lt angle is 0.1/40 = 1/400 rds. for armatures situated halfway along

the arm; this gives an angular acceleration of _2_ . 106 or 5 x 10?

400

rd sec-2 agsuaing constant acceleration in motion. With an inertial



moment of 500 gn cmg, the initiol torque required to produce this
acceleration is 2.5 x 106 dyne~-cii, and this gives a force of 500 guas w£.
with the armsturesplaced 4 ca froo the balance arm'axis; this
actuator force, increases inversely as the square of the nagnetic gap
distance (working below saturation) and compensates for the retarding
restoring torque supplied by tho Porspex torsion bar. With the large
forces involved it is obviously expodiont to work the magnetic circuit
with as large an initial magneto-iotive force as is practicable with
the available winding space and allowable thormal dissipation. The
armatures contribute to the inertia of the balance arm and their posit-
ion on the balance ar: should bo optimised in order to mininise the
regponge tiue.

The previously described !overshoot! routine may be realised with
this nodulator if the damping of the balance arm is not aperiodic
such that on relsasing the attracted armature, the torsional stiffness
of the Perspex bar revorses the ara tilt and the lever arms engagce the
opposite rotating surfaces. The disadvantoge of this nothod of
overshoot is that the tilt reversal is o« double amplitude swing and
if the control spot advance is set to compensate for the switch-on
delay, it will bo late for the switeh off; noreover, the 'missing con-
tour! routine aust be perforied without ovorshoot and so it is necessary

to control the overshoot electronically, if it is required, and siuply -



reverse the torque instantaneously by energising the second actuator.

The drws/flange design has been given in Fig.3.3 and they are
constructed fron brass; thé engaging surfaces have been stched with
a fine Merlin wheel; the etch resolution is within that of the
picture points and the circular profiles of the steel lover arms are
sinilarly knurled to mutch. Damage to the knurled surfaces is
negligible with forces of the ordsr of 200 gau.wt. acting at the con-
toct points.

The balance arm (Fig.3.18) has been designed from maximum rigidity
and minimum inertia considerations; the frame consists of four
oluminium blocks housed in a 0.020" thick steel U-channel open at the
mirror faces. It was found that welding the blocks to the channel
in order to minimise the inertia produced distortion of the balance
arm, and consequently they have been inserted with threo small stesl
scrows aplece. The lever arm shafts and the coupled mirror shafts are
g" diameter silver steel. The oscillating mirrors, 4" by 9/16" and
1 mm thick have besn fixed onto the flats of the innaer shafts by
taralditnt casting roesin used as a cement. The mirrore, set at 450
to the horizontal, slightly overlap the steel channel and to accommod-
ate their motion, a rectangular recess has been cut into the top and
bottom horizontal steel faces of the channel.

The lever arms are made from 1/16" stecl and have bsen cut from

a 10 mm diameter knurled disc; +the contrse hole is offset 0.3 mm to
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provide the necessary asymmetrical lover radii of 4.7 and 5.3 mm.
These arms have been screwod into the gilver steel shaf'ts with large
head-diamstor screws.

& brass bush, screwed into the back of the balance arm holds
the torsion bar by providing a tight push fit " dia. and a 1/16" dia.
steel retaining pin. It is essential to reduce any slackness at this
point to a minimum, as it is liable to give backlash in the cantllever
deflection of the torsion bar, thersby upsetting the balance at theo
two lever arms. Bearing slackness in the silver stesl coupled shafts
is also detrimental to the position balancing of the deflected balancs
arm and to minimise this, the two shaft sections form an additional
bearing at the common ends by running 7/32" of the inner end of the
lever arm shaft into the mirrcr shaft. The other end of ths torsion
bar, and hence the entirs balunce arm with it, is gripped by a sprung
brass end-nount shown in Fig, 3.19., This end-mount has a ground base
and ig screwed to the gteel 'reading! cross-bar of the picture trans-
former at the end opposite to the lamp assembly (Fig.3.l) with four
6Ba screws. This mount provides the facility for setting up the
balance arm in the quiescont position; vertical adjustment is obtained
by in*roducing 0,00L" spacer plates between the cross-bar and the
mount bage, and angular adjustment is performed by enlarging the split
in the top of the mount with a wedge and gently tapping round ths bal-

ance arm. Due to secentricity in the drum-flange assembly, thogse satbimgs



were found to be extremely critical.

The magnhetic sctuator system is carried by a ground steel bridge
gcrewed to the 'reading! cross-bar of the picture transformer (Fig.3.20)
and the vertical centre-line of this mounting bridge passes through
the oscillating mirror axis. The base ¢f the mount is tunnelled
through the four sides to allow the balance arm, the perspex torsion
bor, and the four light beams to pass through.

We now describe in detlail, the mugnetic actuator system, the
balance arm switching performance, and the design of the angular

reduction mechanism in turn.

3.32 Degign and Construction of g 1 ot tuatorg.

(1) DESIGN
The power requirement of each actuator is derived from the
following criteria:
(i)  4ssuming linear motion of the balance arm subsequent to
actuator energisation, the initial torque Ti required from a
single actuator, placed at distance r from the torsion bar, to
yield a response T seconds for an actuator deflection of ? is

given by,

where I is the total inertial moment of the balance arm including
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the armatures. With I = 700 gm cm2 (experimentally determined -
Sec. 3.33), 5 = Ol mm at r = 40 mm, ond T= 0,001 secs, equation
3¢5 gives Ti = 3.5 x lngm—cm, i.o. with r = 40 mm, the INITIAL

force F % 10 Newton,

(i1) . at peak angular deflection, the torsion bar provides a

N,
restoring torque TR given by:
A 52
Tp = 4M°Ifn"y === == ~=-= (3.6)
r

wherefn is the natural frequency of the balance arm, With
A
fn = 200 csps8s, equation 3.6 gives Ty = 2.5 Newton-metre, i.e.

A
a FINsL restoring FORCE at the actuator Fy = 60 Newton

(1ii) The lever arm shafts of the mirror angular reduction gear
require a total maximum downward pressure'€>at the maximum deflec<

n
tion & given by :
A A
P = ko‘g —————————— (3'7)

B

where p is the lever-arm radius,/u the coefficient of dynamic
frietion botween lever profile and etched drum/flange, and ko the
A

dynemic stiffness of the lever arm shaft at deflection &.

. A A o -5
Equation 3.7 gives P = 13 Newton, for © = 12, ko = 5.6 x 10
Nm., deg‘l (see Sec. 3.34); P =5 X 1073 motre, and a pessimistic
minimum}p = 0,01l. With actuators placed at 4 em from the mid-
point of the § cm radius balance arm, this gives a total required

N )
actuator force FM of approximately 50 Newton for FRICTIONaL drive
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N
of the reduction gear. FM = 50 Newton

The required maximum actuator forcs FMAX for peak deflection of -

N A
the balance arm is given by Fy.x = Fp + Fy 3 100 Newton, and this

i
must be provided when the magnetic gap is closed; the !'fitting!
magnetic gap is assumed to be 0.05 mm (roughly 0,002") and the initial
gap is 0.05 +Ag mm whereAg is the peak gap displacoment. The actuators
incorporate a 4! square cross section, grain orientated gilicon steel
0- coroe yoke with a 90°V- cubt and a 90O armature prism made up of
0.0L4" thick Stolloy laminations (Figs. 3.21,3.22,3.23). With this
arrangement, Ag = O.lﬂfﬁnfor an grmature vertical deflection'? = 0.1 mm;
the initial gap g = 0.12 mm therefore. We design on the initial force
requirement (i) above, i.e. Fi = 10 Newton.

The verticel force of attraction Fv of the armature into ths V-
cub C~ core is given by:

2
Fv=1tdBgi = = =-=-=-=-=--=--= (3.8)

/XS
where t is the vertical core-armature height, d the cors-armature
breadth, and Bg; the magnetic flux density in the air gap;?% is the
permeability of free space. With t = d = %, Fv = Fi = 10 Newton,
470 = 4JTX'10—7, Equation 3.8 gives Bgy = 0.62 Wb. metre™. The
saturation flux density of silicon steel is 1.6 Wb metre 2 4nd this
is reached before the gap closes to 0i05 mmg hence the maximum foree

with this system is given by substituting Bg; = 1.6 Wb/m2 in Equation



3.8 above and g; = 40 Newton. This is taken to bo sufficient because
ideally the reduction mechanism drive afﬁaﬂ:: 50 Newton is supplied by
engaging the lever arms, rather than slipping them on the large inert-
ial drum/flange system.

The AMPERE TURNS required is given by Bg;.2g; where g; is the

KT

initial normal gap distance in metres. With g = 0,12 mm this gives
aT = 120 ampere-turns, assuming the yoke (C-corse) to have negligible
magnetic reluctance.

The linear static self - INDUCTANCE L of the actuator is given by

L=vY2Bgt.dll = - = ===~ (3.9)
I

with Bg the gap flux density with @ magnetomotive force NI dmpere-
turns, and t.d thoe magnetic crosg section of the core. Choosing
I =100 ma and N = 1200 turns to satisfy 4T = 120, Equation 3.9 glves
an initial inductance Ii = 0,41 Henries with Bg = Bgy = 0,62 Wb metre™=
The maximum periodic working of the coils gives a RMS current of lOQ/JE‘
= 70 m4. Choosing o maximum diamcter copper wiro of 38 Gauge (with
a rating of 42 mA for 15004/ 8q.1inch) the current density is 2500 A
which is not excessgive with randomly pulsed workinge

The TIME-CONSTANT T of tho magnetic circuit at tho moment of

switching is8 given by Li/Re whore Re is the coil resistance. With

38 Gouge enamelled copper wire Re is under 1004 for 1200 turns on a



2" G-core. For an clectrical timo constant of 0,00l second, tha
voltage source impedance must be 4 kJdk, in addition, the time~varying
inductance introduced by the decreasing magnhetic gap contributes a

resistive term.

The estimated mean aCTUATCR POWER to be davelopad for balance
arm deflection is given by k?z/ 21:r2 where k is the torsional stiffness
of the torsion bar and other symbols are as above; this gives 1l.25
Watts and so may be supplied by a small audio power stage.

The positioning of the armatures on the balance arm (r = 1 9/16")
has been dictated by space considerations; we now justify the final
design position by observing that the following criteria are to be
satigfied:

(a) The initial angular acceleration of the balance arm is to be

maximised.

(b) 4t peak deflsction, tho actuators must provide sufficient

torgus to deflect the Perspex torsion bar and hold the lever arms

in the knurled drum/flange surfaces.

The first criterion (see the accompanying sketch Fig.3.24) is
satisfic? as follows : 4Assume one actuator is pulsed from an initial
gap of g; to a final gap g and let'? = gg ~ 8oe Thon if & is tho
defloction of the lover arm shafts at their extremities distance R

from the torsion bar, wo have

§=EYr mmmmmmmm - (3.10)
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4lso, the initial angulsr acceleration / b;/ t = o 1s given by
/ .é / = Fi. I - e = wm s ew ew e (3 .J_]_)
t=0o I + 2mr
o)
where Fi is the initial actuator vertical attraction, I the momont of
inertia of the balance arm only, and m the mass of the armature. From

Equation (3.8), we have,

2
Fy = /70I2N t.d

G+ go)?

with symbols as above; inserting (3.12) and (3.10) into (3.11) we have:

.e 2 2
ST 5L SENCEE P 6.13)
(BRI A

and this is maximised by putting d_ % / 5,/t _ 03 = 0 from (3.13);
dr -

or, minimising the denominator of (3.13), we have :

(68m) © + (gmr + (BL) r-Ig =0-nnmcmn- (3.14)
(&) ° 7 (R) °

Inserting into Equatlion 3.1} the values & = 0,2 mm, m = 7 gm



2
(experimentally determined), R = 78 mm, g,= 01l mm, I =500¢gmca,
and solving by Newtons approximation Method, r = 25 mm l.e. 1",
The gecond criterion is satisfied by msking r as large as possible

gince the final torque T, provided by the actuators is directly

£
proportional to this quantity:
2.2
Tf = ( ”QI N t.d ) ) e e e B (3-15)
( go® )

Equation 3.1 and 3.15 justify the choice for r of 40 mm.

(2) CONSTRUCTIOQN
3

The cores used in the actuators are 'Telmag'! 3 HWR grain -
orientated silicon steel C~ coresg; the V- cuts were performed by the
makers, Telcon Ltd. Bach core carries a coil former, constructed from
card and strengthened with Shellac, carrying a 1500 turn winding of
38 Gauge onamelled copper wire; the windings have been split into thrse
gactions to enable either actuator to perform as a 'moving-iront
pick-up device when the other is current driven for frequency testing
of the balance arm.

Each core half has been set into an araldite side-plate (Fig.3.23)
and the custing alignment was set from the normally cut faece of each
core using the same fixing jig for all four componentg. The assembly j

is shown in Fig. 3.22, the two araldite plates are held with two long



8 Ba bolts inserted in the plans contained by the joined normal coro
faces, and both are gscrewed onto a brass back-plate.

The armatures, constructed froa 0,014" thick Stalloy transformer
lapinations, are shown in Fig.3.21 and Plate 3. The triangular
laminations were cut roughly to sizo and both sides painted with a
golution of levigated sluminium oxide in amyl acetate; after allowing
them to dry, each armature was assembled by sticking 16 laminstions
betwesn two steel angle pisces with a Paxolin spawer base. Each
armuture was machined down to fit ons of ths gggsembled actuwator corss.
To remove conducting burrs from the luminotion ends, the top faceg of
the srmatures werc deplated after prior cleaning in 70 HZSQA with
lead as cathode under the following conditions: 600 ma was passed
for 10 minutes followed by 300 ma for the same period, and the derilvaed
Insulation was subsequently checked. The roof of sach armature was
finally painted with a dilute Shellac solution for protesction.

Measurements performed on the actuators provided the following
regults: Total resistance of 1500 turn coils = 62, with an equi~
turn 3 section coil of saection resigtances, 1741, 200, 25R,. In-
ductanca 2sasurements using « Marconi Universal Bridge gove:

actuator 4, with the matched urmature strappsd in position:

at frequency 1 Ke/sec, L = 740 mH, Q = 21.6
10 Ke/sec, L= 700 mH, q = 7.5
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Armature removed,
at frequency 1 Ke/sec, L = 260 mH, Q = 16,2
10 Ke/sec, L =240 mH, Q = 11.0
actuator B with armature strapped in position:
At froquency 1 Ke/sec, L = 550 aH, Q = 18.7

10 Ke/sec, L= 5001H, Q = 6.8

i

srmature removed,

Frequency 1 Ko/sec, L = 220 mH, Q = 15.4
10 Ke/sec, L = 180 mH, q = 10,8
The above incrsemental inductance and coil @ values indicate the
core-armature 'iron losses'; at 1 Ke/sec, working on the basis of
coil copper losses only, the valus of Q should be 0.74 x 2 .10°/62 =75
for actuator 4, compared with the experimental value of about 22,
The armature-actuator pairs have been corefully positioned and
aligned; the procedure for this was as follows:
(i) Spacers, 0,008" thick, were fitted between both lever-arm
drum/flange surfaces and the balance arm was set with the torsion
bar fixed in the end-mount. The spacers were removed to check
the equilibrium and cloarance with druam motion, and re-inserted
again.
(11) Tho actuator core-coil assemblies were lightly screwed

into the sides of thoe steel mounting bridgs.
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(1ii) Spacers, 0.004" thick were fitted onto the two sloping
nagnetic surfacos of the srmatures which were then approximately-
positioned on the top surfoce of the balance arm steel channel.
(iv) The coils were energiscd with 25 ma direct current to

ensure good fitting surfaces between armatures, spacers, and cores;
with tho core-coil assembliocs firmly affixed to the mounting
bridge, tiue armatures were get onto the balancse arn with ‘Araldiée
D' Custing Regin, at room temperature. 4ll spacers were removed
once tho armotures had firmly set on the balance arm.

With the balance ari mechanically adjusted with the torsion bar
set, and the mognetic actuators exactly fitting the armatures, the

velocity modulator is ready for operation.

3.33 Freausncy asnd Transient Testing of the Balance Arm Dynamicg.

The purpose of this testing was to verify that tho design provided
the response requiroed for satisfactory switching, and in particular to
investigate the damping and spurious oscillation modes in the torsional
operation of the balance arm.

Prior to testing, the moment of inertia of the balance arm (without
armatures) was experimentally determincd by coumparing its period of
angular ogcillation, when suspended horizontally by a 40 cm long,

38 Gauge spring steel wire attached to the torsion bar mounting bush,
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with that of a known inertia similarly suspended. The known inertia
was a rectangular brass bar of inertial moment 66.2 pn cm2 which gave

a natural frequency of 65 c.p.s.; the balance arm natural frequency

was 25 c.p.S. and agssuming the natural frequency to be inversely
proportional to the square root of inertia, this gave a balance arm
inertia of 450 gn cmz. The mass of each armature was found to be 6.5gn.

and with these placed at 4 cm from the pertinent vibration axis, the

otal inortlal ¢ of bal o 660 en o

The shear modulus of Perspex was also determined by measuring
the static torsional atiffness of a 20 ca long, 3/16" dia. circular rod;
shear modulus G is obtained from the formula G = 2 lk/n‘r4 and with
r=3/16" 1 =20cn, k= 0.4 Ni/rd, G = 4 x lO9 N/m2

For a bulance arn undamped natural frequency of 200 c.p.s., and
an inertial moment 660 gn cmz, the required torgsion bar stiffness is
100 Nm.rd"l (this has been mot by the actuator design) and with 5/16"

available length for mounting bush to end-mount displacement, this gives

L

a Perspaex bar diametor d = 2 ( = 0,66 cn., 1.a. 0.26" dia.

(

The first freguency test was perforied with a Perspex rod 0.25" dia.

21k )
G )

and sctive length 5/16".
In the frequency testing, the method was to sinusoidally current

drive one actuator from an audio power valve, and use the other as a



noving iron pick up. available output transformers failed to provide
a sufficient current step-up and consequently the ocutput valve (EBW6)
was allowed to drive the actuator coil directly, with the quiescent
anode current providing a steady polarising field. One of the 500
turn coils on the other actuator was fod with 48 mA direct current
to provide a steady magnetic flux which could be modulated with
armature motion and the modulation picked up as a voltage on the
remaining 1000 turns.
With a valve drive current of I = Io + Ia Sin wt, the torque T

supplied by the first sctuator is proportional to I2, l.0.

Toc Ii + 2IoIa Sin wt + Ig'Sinzwt and providing that
Ta & Io, the sinusoidal driving torque T (W) is given by

T (W) = RIoI_ Sinwt - - - - - = m - - (3.16)
whercIo is the polarising steady anode current, and Iz the poak
'gsignal! current of frequency w rd sec_t- Tho complox stiffness k (jw)
is defined by T(jw) = k(jw) © (jw) and for small vibrations, @ (jw) is
proportional to the magnetic gap width 5(jw) and k(jw) “EIa(jw)/gs(le
If the polarising field in the moving iron actuator is derived from

a current Io in No turns, then tho instantaneous flux £ (t) flowing

through the pick up coil is given by :

g (t) = aIaicfe = ------- (3.17)

8o * gy (%)

whon 8, * g(t) is the instantansous total magnetic gap at tims t and



& is the core cross-sectional area. The open circuit Voltage En
developaed across an n turn pick-up coil is given by :
t

E_ = n?“%) = - aloNon®fo (g + gs(t))—z'%s (t) - - (3.18)

and if /gS (t),/<3(go, Equation 3.18 gives,

En = - jaloNonflow. W) === m - W1
n ja zggp oM. gy (3w) (3.19)

This latter equation shows that the relative amplitude responsge with
frequency moy be deternined by plotting the normalised open cireuit
voltage from the pick-up coil, woighted by the factor 1/w. for
constant current drive against froquency w i.e. plotting the reciprocal
of the amplitude of the complex stiffnoss /k(jw)/-l versus frequoency.
Tho experinental procodurc was as follows: The 6BW6 power valva
was voltage driven on its control grid from a B.S.R. low frequency
ogeillator, and the signal current in the driven actuator was main-
tained constant ovor the frequency range by varying the grid signal
and monitoring the voltage doveloped across a small resistor (1004L)
placed in geries with the coil; the signal current amplitude was
kept woll below the standing unode current of the valve and the
quiescent gap on the pick-up actuator wag made large so that Eg. 3.19
sbove we. valid. The output voltage froa the pick-up coll was
neasured on a Coggor Oscilloscopa.

The results are tabulated below; +the first froguency responsae



(Table 3.3) oxhibits a torsional rosonant froguency le = 76 C.peSe
and a cantilever mode roesonant frequency fR2 = 175 c.pe.s; this
rosponsc, plottod in Fig. 3.25 in normalised form, showed that the
torgion bar was presonting too low a torsional stiffness by twisting
within tho bush fitting on tho balance arm. Tho bush was subsequontly
strongthonod and made a tight fit for the Perspex rods Tho result of
this is tabulated in Table 3.4 and plotted in Fig. 3.26 as a frequency
rosponse; the torsional rcesonant frequency has boesn increased to
le = 123 cepes. and tho cantilever mode resonant froequency fRB to
230 cupes. Tho ancillory node, fR2 = 133 c.pe8. has boen introduced
and results from flexing of the back of the bulunce arm steel channel
from the torsion bar bush. Multiple ancillary modes were imtroduced
when an attempt was made to remove the cantilever mode by replacing
the Perspex rod with a steel bar of rectangular cross-section; the
gcheme was finally abandoned because of the spurious flexing and also
because steel does not possess the samo excellent damping qualities
as Perspex. The frequency characteristic shown in Fig. 3.26 is for
the final device as used in the picture transformer.

The above describad set-up for frequency toesting was also used
to dispiuy the transioent regponse of tho balance arm; the sinusoidal
input was roeplaced by 10 m.sec pulses at 20 cep.s. P.R.F., and the

pick-up coil voltago waveform displayed on an oscilloscope for
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TABLE 3.3
PEaK-PE4K PICK-UP  WEIGHTED NORMALISED
FREQUENCY | GOIL VOLTAGE (mV)  OUTPUT (1/ ) QUTPUT
(C.P.8.)
40 80 2.0 0.298
50 95 1.90 0.284
60 120 2.0 0.296
65 165 2454, 0.379
70 295 o2l 0.630
76 510 6.70 1.00
80 420 5425 0.784
85 290 3.41 0.510
90 210 2.33 0.348
100 160 1.60 0.239
120 125 1.04 0.155
140 120 0.86 0,128
150 160 1.07 0.160
160 200 1.25 0.187
170 320 1.88 0280
175 3§o 2,23 0.330
180 350 1.95 0.290
190 200 1.05 0.157
200 140 0.70 0.10




TABIE 3.
FREQUENCY | PEaK-PEsK PICK-UP  WEIGHTED NORMALISED
(C.P.S.) | COIL VOLTAGE (mV)  OUTPUT (Y/f) OUTPUT
50 12 0,240 0.246
60 15 0,250 0,256
80 18 0. 225 0,231
100 ' 28 0.280 0. 287
110 48 0.430 0,440
120 90 0.750 0.770
123 120 0.976 1. 00
125 80 0.640 0.655
130 90 0. 692 0.710
133 105 0.790 0.810
135 105 0.776 0.785
140 68 0.486 0.498
150 43 0.287 0,294,
170 30 0.177 0.182
185 50 0,270 0.277
200 58 0.290 0.297
215 70 0,326 0.334
225 105 0.467 04478
233 152 0.650 0. 666
24,0 108 0.450 0.461
250 65 0,260 0.266




measurement. The naturql frequency ﬂ‘ on gwitch-off was 185 c.pes.
and lieg between le and fRB’ the previously determined forced
regonant frequencies, The damping factor o was also determined by
observing the succegsive peak amplitudes in the switch-off osclllat-
ory decay, using the formula:

XT/2 = Jr=9r=2 e e mm o mmm (3.20)

yr+l_ -1

where T = l/fN, and Yt is the amplitude of the r'P peak from some
fixed datum., Equation 3.20 gave a mean &, Of = 5% sec =1 for the

balance arm with 1:N: 185 c.p.s. and repregents about 5 natural

ogscillations.
. ¢ _dosipn and Performance of the Angular Reduction Mochanism.
ES TGN

The reoduction gear initially contemplated, coupled the two
shafts by pinning them to a perspex tubc clamped at one end to the
fixed aluminium support block of the balance arm; a uniform tube
exhibits a linear torsion profile, and to achieve a convenient pin
distance ratio, the outer radius was tapered down towards the outer
shaft from the clamped ond; the advantage of this method is that
the mechanism provides its own restoring force and damping. The

scheme was rejected whon the psrgpex tubing was found to be too
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brittle; polythene tubing was tried and found to be insufficiently
resilient.

The solution of the problem is shown in Fig.3.27 and Plate 3.3;
the two silver gteel shafts are coupled by two horizontal 28 Gauge
spring steel wires rigidly end-fixsd into the mirror shaft aluminium
bearing block with brass bushes. Steel pins, 1/32" dia. run
diametrically through the shafts and are soldered onto the spring
steel wires at a radius of %", The spring stesl wires deflect in
a combinatory mode -~ the angular deflection of ths shaft radial pins
is communicated to the wires as a CaNTILEVER deflectior and also as
a TORSIONAL deflection, since the pin-wire joints are rigid. Canti-
lever deflection alone follows a cubic profile and the torsional mode -
ig linear. The requirements of the reduction mechanism are as fol-
lows:

(1) The mechanism must provide an angular reduction ratio of

6.2 which is to be maintained dynamically when the lever arm

ghaft ig driven with a ramp-function of angular displacement.

(1i) The reduction is to bs linear up to a maximum deflsction

of £12.4° of the driven shaft.

(i12) The natural frequency and dcaping of the mechanism must

be compatible with the balance arm dynamics.

(iv) The stiffness of the lever-arm shaft should be within the

limit seot by tho balance arm driving torque and lever arm to

drum/flange frictione.
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Wo now show that those requirements are met by the above design.
Appendix 7.1 gives an analysis of the two wire reduction mechanism and
also provides dosign criteria. It is shown (Bq. 48) that for the
abova system, with shafts coupled at distances 1, and 1y (1a1p) from
the fixed ends of the spring wire, the zero~frequency design equation
for an angular reduction factor of 6.2 is :

1, (Kp - K/lﬁ - LKpy/lp ) =602 -mmo - (3.21)
1g (Kp + Kc/li) - L (Kp + BKC/li)

2
whore K, = 8EIR g and Ko = [TGr5g/R with I = ffr4/4; E and G are tho

elastic moduli of the spring wire, r its radius, R the coupling pin
radius, and g the gravitational acceleration. For 28 Gauge spring steel
wire, 2r = 0,0148", B = 2.9 x 10’ 1b.int~ G = L1.12 x 10/ 1b.in"%.,
inserting these into the expressions for K, and KT togethor with
R = 1,25 x 1d-1 in. and g = 3.87 x 102 in.sec_2 «y Wo have Kc = 3.3
and Kp = 24425 1A’ the total spring wire length, has boen conveniently
set at 1A = 1", and Eq. 3.21 thon yields a cubic squation for the
determination of lB: 7

13 - 2.58 17 + 0,068 1, + 0,093 = 0 and tho
golution of this squation by Newtons Approximation Method, correct to

2 figures is 1z = 0.21".  Tho undamped natural frequencies of tho

system‘w%ﬁ and quhavo boon given in Equations 37 and 38 of Appendix 7.1,

2 2 - +
Wnf,2 = (AE + BD) +((4B + BD) - 4AD(BE - CF) )

24D

- (3-22)



where A = I; (inortia of driven shaft with lever arm),

. 2
B = Kply (Koffe ET) 1g ,
2 2
C = (K/1B = Kp)ldp+ (Kp - 3K /15 ) 1
D = I, (inortia of couplod mirror shaft with mirror),
4 2
B = Kfle + K15 = Ky Ay

(lA"' 1) &

and F =-E/6.2; assuming the stoel shafts to be uniform cylinders,
the glass mirrors and steel lever-arms to be thin roectangular plates,
and the steel coupling pins to be long thin wires, the inortial mom~
entg I and 12 for the above design work out at 2.4 x 10-51b. iﬂ% and
1.7 x 107 lb.in;? respactively. Equation 3.22 then gives, on insert-
ing 4= 24 x lO5lb;in%, B = 4416, G =41, 6, D=1.7x ld'5lb.in§,
E =135, f = -21.8, natural frequencias Wni=69l rd-SGC--l, and
an = 2740 rd. sec?l i.os 110 and 436 c.p.s. respectively, and thoese
frequencies are compatibla with the torsional damped natural frequency
for the balance arm of around 120 c.p.s.

The angular roduction factor of 6.2 is maintalned under the
dynamic conditions of its use (driving angular ramp functions),
providing that the machine is run at a ‘horigontal scannihg bandwidth!

£y linited by fs«__l_._ F {Eq. 50 Appendix 7.1); with the abovo
2wy D



design, fy = 450 c.p.s.
The static torsional stiffness kg, of the lever arm shaft is

given by Eq. 40 of appendix 7.1:

(7 wz w2 w2 )
ko = Lt AW" = Wnl) (W - Wn2 - (3.23)
W»0 wé - w2

and this gives k. = IiWﬁl wﬁz/wg and works out at k= 0.56 gm.cm.
degrsse -1 which ig the valus which has beon used in the previous
actuator power output design for the balance armn.

The actual performance of the mechanism is cbviously modified
by inevitablc damping, end indeed this is necessitated for adequate

regovery of the modulator aftor swith-off.

(2) TESTING

Bofore incorporating the reduction gear with the balance arm, its
actual performance was prodicted by performing experimental tests
on a model of the gystem; in particular this testing was to :

(a) oxparimentally confirm the design equation (3.21) for

the desired reduction factor.

(b) perform a lincarity test over the required angular amplitude

range.
and (ec) to measurs the natural damping of the system. Measurements

were perforned slectromagnetically using search coils placed on

the coupled shafts.
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In the model, the silver steel shaftg were rsplaced by brass
rods of the game diameter, but of increased length in order to bring
the inertias equal to those of the final device including the mirrors
and the steel lover arws. Brass was chosen bocause; being non-magnetic,
it enabled a simple geries magnetic circuit to be built around the
mechanignm without introducing interfering magnetic paths derived from
the coupled shafts. The mugnetic circuit was driven by a lerge
permanent magnet and constructed from Swadish Iron bars of rectangular
cross—section with two identical air gops; these air gaps were
arranged at convenient distances along each shaft and coentred up to
provide uniform mognetic fields at right angles to the shaft axes;
a flat on the shafts at thess points carried a flat rectangular papser
former 7/16" x " containing o 10 turn coil of 40 Gauge cnamellsd
copper wire. Tha D.C. resistance of these coils was 0.8.0L

For suall anglo deflections, the voltage v(t) picked up by cach
coil is given by :

v(t) = BgANb , whero Bg is tho gop flux density,

A the coil area, N tho number of turns por coil and & the instantan-
eous angular velocity of the coil. For sinusoidal testing in which
9 :’ISSin (wt + @), we have v(t) = BEAN-GW Cos (wt+ @) and
th) (8 g@, showing thot the rolative poak angular displacoments of the

two coils, at aome frequency w, may be dotermincd by measuring the peak



output voltagoes from the coils when the coupled system is driven by

a stoady sinusoidally varying angular deflection function. 1In the
experimont, this defloction function was supplied from a 100 watt

De Havilland Moving Coil Vibrator with a peak linear amplitude of
0.0L0" at 200 c.p.s3 the linsar nmotion was transformed into angular
drivo by pin-coupling the Duralunin flexible drive arm of the vibrator
to a §" long steel pin insertod into the end of the !lever arm! brass
shaft, The power amplifier of the vibrator was driven from a

variable frequency audioc oscillator., With plane faced air gaps and

no magnetic armaturos the coil voltage outputs were very low, and

consequently both coils utilised tho gape 120:1 step-up audio-

froquoncy transformer for voltage mseasurements on a Cossor Oscilloscope.
The output signals were perturbed by noise dorived from bearing
vibrations, and it was found that a O.Cﬂ)yF capacitor shunted across

the transforner output winding renoved most of this.

With this arrangement, froquency and linearity tests were performed
on reduction mechanisms constructed from 0.028" dia. and 0,022" dia.
spring steel wires, with 1 = 1" and lB , determined by solving Eq.3.21,
equal to 0.19" and 0.20" respectively. The results of these tests aro
tabulated below in Tables 3.5,3.6 and Tables 3.7,3.8 respectively;

VA is the asasured peak-peak output voltage from the coil on the driven

shaft (inertia Il) and VB is the similarly mcosured peak-peak output
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voltage from tho socond coil on the coupled shaft (Inertia 12). The
anplitudo characteristic for the 0.028% dia. wire mechanism (Table 3.6)

has been plotted in Fig. 3.28.

Table 3,5 Froquency Characteristic for 0.028" @ wire Reduction Mach=
anisn,
FREQUENCY | V, Vg TRANSFER
C.P.S. p-p aV p-p @V | RATIO V,/Vg

50 12 2.0 6.0

70 21 3.0 7.0

100 20 3e5 5.7

150 18 3.0 6.0

200 18 3.0 6.0

500 6 1.0 6.0

Table 3.6, Amplitude Charactoristic for 0,028" @ wire Reduction

Machanism taken at 70 cepess

v, Vg TRANSFER
p-p wV  p=p aV RATIO Vg /Vg
500 75 6.65
300 L4, 6.85
150 2245 6. 66
97.5 15, 6.50
50 7.5 6.66

32.5 5 6.50




Table 3.7 Frequency Response for 0.022" @ wire Roduction Mschanism

FREQUENCY | V, TV TRANSFER

C.P.S. }p-pmV p-p mV | RATIO V,/Vg
50 150 23 6e 6
70 150 24 6.15

100 150 23 6.6

150 150 24 6.15

200 150 23 6.6

300 150 23 6.6

400 140 22.5 6.2

500 82 12.5 6.6

Table 3.8 Amplitude Characteristic for 0.022" @ wire Reduction

Mechanisn taken at 50 c.pes.

v, Vg TRANSFER
p-p @4 p-p ma RaTIO V; /7y
375 62.5 6.0
150 22.5 65
105 17,0 64 2
50 7e5 6ab
32 5 644
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Iransjent tests were performed on the reduction mechanisms
using the same model and pick-up arrangement as above, only with the
sinusoidal drive replacod by an ungle impulse gencrator. This
generator was a !'Parvalux! D.C. notor running at 420 R.P.M. (7c.pe.s.),
with a short arm attachod to the shaft such that it flicked the short
staol pin on the 'levor-arn' shaft through about 12° every revolution.
The volbtage waveform output from coil 4 was disploayed on an oécillc—
scope and provided natural froquency and damping data. For the 0.028"8
wire reduction gear, the observed dauaped natural frequency of tho
waveforn envelope fnl = 750 c.pes. with e damping factor & = 160 soc™t
which represents about 44 natural periods; this dazmping has been |
derivod mainly fron the frictional bearings; it was found to increasc
narkadly on sugmenting this friction by moking the bearing diamoters
a near tight fit.

The above described experiments confirmsed that the two-wire
angular reduction mochanism was practicablo, and the final device,
which could not be tested in that way, was constructed and assuned

to satisfy the requirenonts as set out in the abovae design criteria.
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3.4  THE SIGNAL DISTRIBUTOR.

The function of this organ is to weight the intensities of the
two talternate line! light beams according to the rule of Eq. 2.3 i.e.
S1p = (V981 + VoS, )/(Vi + Vé); each time the pilct spot encounters
a large brightness gradient the velocities Vy and V, are step function
modulated by the welocity modulstor, and this requires the signal
distributer to switch from the condition of transmitting each beam
with half intensity to the condition in which cne beam is sent with
full intensity and the cther completely blacked-ocut; this must be
performed with the minimum of regponge time which shculd ideally
coincide with the switch-time of the velocity medulator, so that the
pilct spot advance muy be set to compensate for both delays simultan-—
ecusly.

The most elementary scluticn is to cscillate a mask between the
two light beams. With a 2,25 mm radius semi-cireular spct, the mask
must move a distance of just over 1.125 mm in 0.00L sec, the minimum
regponge time aimed at, and this means an acceleration of 225 g and
a maximum speed of 2.25 m.sec_l. and this is not an easy matter with
massive moving parts. However, if with scme kind of lever arm
maghification the cgcillation amplitude is reduced by a factor of 10
at_the actuator, the latter may then be electrcmagnetic, since a rough
calculation shows that a magnetic pull of 10 Newtons, obtainable from

a conveniently small ccre, can accelerate a mass of 4 - 5 gus to
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2.25 m.sec ! in 1 millisecond. This is the principle upon which the
finally developed signal distributor depends.

Before describing the design and construction of this device
wo shall list the various possibilities in signal distribution and

also describe attempts at developing a mechanically actuated distributor.

3.41  Possibilities in Opticol Sienal Distributio
Optical signal distribution is o spscial case of light modulation;

light intensity modulation is a feature of sound-on-film recording

and the following list contains the major fundamental methods used in
this process together with comments on their suitability, or not,

for application to the prosent problem.

(1) Galvanometer mirror (variable area recording); disadvantage is
the difficulty of fitting a further deflection systém into the
already complicated optical circuit.

(2) Magnetic ribbon (variable area); this could probably be
developed,

o

(3) Modulated Glow Lamp variable intonsity); not suitable with
the prosent optical set-up but it would bo the obvious choico
for writing the interpolated signal in a facsimile roceiver

scheme in which the line signals were available in electrical

form Only'
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For the sake of completeness we moy add to this list:

(4) Supersonic diffraction(é) (7); thig is not compatible with the
pregent requirement.

(5) Kerr-cell (1iquid) (8); this hag been used in cinematography
as 8 light intensity modulator; it is too cumbersomc for the
present application.

(9)

(6) Electro-Optic Crystal Coll'”’; this is the crystal analoguc

of the Kerr-cell and could possibly be developed.

(7) Piezocelectric doflection of a mirror (10); this has the same
disadvantage as (1) above, and would probably be ruled out on
account of the small deflections achieved.

(8) Storage Tube Light Valve (11); applicable at TV froqueneiss and
need not be considered for tho pregent application.

It was folt that the problem should be tackled from scratch,
using a novel distributor designed specifically for the processing

requirement, rather than attempt to develop any ono of the above

possible known schemes.

3.42 THE ECHaNICAL SIGNaL DISTRIBUTOR

In order to achieve the high accelerations required, thig
distributor works on the principle of restricting the full excursion

of + 1«5 mm to the mask only, and controlling this motion with massive
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parts which move only o small fraction of this distance.

The realisation is shown in Plate 4; in this photograph the
actuators have been removed. The mask is a very light 0,010" Mica
strip which is held in an equilibrium position by fine rubber bands
attached to its ends and moves between two machined brass plates
of the mask guide. It is moved by friction rollers at both sides
which move permanently at about 5 m.sec -1 peripheral speed; these
roller-pairs, constructed from fibre material, rotate in opposite
directions and ore allowod to engage the mask one pair at a time. 1In
the first prototype, the roller shafts were driven at tho bottom onds
by saall rubber whesls gpring looded onto brass drums driven in
turn from the main shaft of the picture transformer via a pulley
system. This proved to be unsatisfactory and thoe drive was mads
more positive by incorporating small bevel gears.

The actuators were congtructed from Barium Titanate piezoelectric
bimorph elements 1" long, 1 cm. across, with a static unloadad,
cantilever sonsitivity of 10_4 mu.volt . Bach pair of elements was
set vertically in an araldite base block, and at the uppermost onds
worse cementoed Po.T.F.E. bearing blocks to carry the fibre-roller shafts;
thess boaring blocks woro fixed in position, with the actuator base
fixod on the bottom platform of the distributor, and adjusted to ensure

that the fibre whool shafts just disengaged the mask.
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The scheme was shown to be unworkable for the following reasons:

(1) With the necessarily close tolerances involved (with roller ‘

notion of 0.1 mm, tolerancaes should be within 0.001") eccentricity

in the fibre wheel and its drive produced spurious motion of the

moveable mask.

(ii) Vibrations from the bovel gear also produced spurious

mask motion.

(i1i) The stiffness of the pisezo-cloments was insufficient to

maintain the fibro whecl shaft in its bearing to within 0, 0005" -

with the bimorphs attacking the shafts at their mid-points, the

Jever amplification is a factor of 2.

an alternative actuator desigh was contemplated: this employed
a magnetic core system with a light 'ferroxcube! armsture. The action
is similar to the above - the fibre wﬁeel shafts carry cylindrical
ferroxcube armatures which run inside a split semi~cylindrical cut
ferroxcube core; current drive through a coil moves the armature axis
until the fibre whecol engages the distributor mask. The main features
of this dosign are, large potential deflections compared with the
piezoslectric actuator, and compatibility with the veloeity modulator
drive requircmonts; the chiof disadvantage is tho absonce of an
inherent restoring force. This schems was nevor roalised as it was
decided that a fully electromagnetic distributor would be more

practicable; +this is now described.
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3.43  The Eloctromagnetic Signal Distributor.

The final doviec is shown in Plate 5. The principle of working
is ag follows: three wound C- cores are aligned with their faces
uppornost and in thoe same plano and with the C- plones perpendicular
to the array. On top of the cores sits a 3-section armature which,
in the quicescent condition, ig symmetrically placed above the central
core which is magnetically flive's Tho two outside armaturc plocos
are angled, such that on switching the coil curront from tho central
coil to one of the outer coros, the armature assombly is deflected
across until the pertinent magnetic gap is closed, with the central
armature piece pivoting on the central core edge. The mask is placed
vertically above the contral limb of the armature assembly and the
magnetic gaps are arranged such that, with the fixed mask height to
armoture length ratio available, gap closure results in a horizontal
mask motion of + 1.5 mm.

(1) DESIGN

The design criteria for the signal distributor are derived
from three major factors; firstly the geometrical requirement for
producing the necessary lever arm magnification, secondly the response
time roquiremont, and thirdly the spacoc factor considerations. We
shall 1list the important design equations and then describe how the

final degign may boe optimisad.
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(1) With tho optic axis at a fixod hoight H above the picture
transformer base and with cors faces placed at distance h from
tho same buse liney; the goomotrical design oquation is given by

S, = Dy =

= Bz ------- - (3.24)
H-h R

whore &, is tho peak angular delfection of the armature and is
equal to the slops on the armsturc assembly basc, A x is the

required mask deflection,A g the moan megnetic gap of the outer

core-armature piece, and R tho radius of armature piece motion.

(sea sketch):
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Fig, 3.29
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(ii) assuming linear motion, a censtant force F. at tho ocuter

armature section switches the assembly of inertial moment I in

a period 4 given by :



(iii) The force dorived fror energising the outer core has an

initial value Fi given by:

33 ‘| 2
F,o= T 01) 4 L - = (3.26)

ascuming all the ampsre-turns to :e across thce two air gaps,
where the core, of face cross-sectional area &, carries a winilng
of N turns with a curront'i .

(iv) With armature picces of mass M attached to a light
cuperstructure, the inertisl moment of the somple™e assembly lis
given by

1 AR + Iy mmmm e m o - (3.27)

olle

whore Iy is the inertial mement of the mask stem.

(v) With the commercial C- cores available, if a is the cros:-

sentionnl area, the winding space arca (assumed square) is 24,

the core heilght as used is 3/;-_ and this thon gives,
h=DR=nla  =====-——- (3.28)

whra~an is certainly less than 5 for the most compact winding

arrangement. (sce sketch):
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(vi) In addition, the mass M of the armasture pieces is prop-
ortional to the core cross-sectional area 4, assuming that the
armature height is constant; also we may take the total winding
ampere turns (Ni) to be proportional to a if the available
current drive is fixed.

Equation 3,25 may be solved for'ﬂrzénd inserting 3.24, +20,.27
we have :

2 2

= g(2MR" + IM)A}?R ——————— (3.29)

'720(}1 - h)? (Ni)2A

Equation 3.29 shows which factors influence the response time;
the height of the optic axis H, the inertia of the mask column I,
and A x, the amask motion, are fixed quantities. The response T may be
minimised by keeping M and R small, and choosing a core such that &
and (Ni) are large with L as suall as possible. These conditions are
not compatible, and if we assume that the cardinal design requirement
is the fastest response, the optimum choice of core size & must be
derived from Eq. 3.29 by inserting Eq. 3.28 and also noting that (Ni)
and M are proportional to a. We then have, assuming that we can

. R
construct an assembly with Iy <K 2iR™:

1 1 e ===~ (3,30)
T e i /2
Va (H-nk )
and “®is ninimal from Eq. 3.30 ifw/z = H/4n. 1In the picture

transformer H = 3g" and with !Telconf O~ cores, n % 5 ive. the inter-
MAX
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core distance with wound cores arrangsd as described is a minimum of
roughly 5/4 ; the core selsction is given by,/4 = 0,16". In the
design we choose a £" core, i.e, 4 = 1/16 in .

It was found that with the cores wound directly with 40 Gaugse
onamelled copper wire, they could carry a maximun number of 1500 turns
and be spaced at g minirmum distancs R = £" with an overall core
height h = 13/16" i,0. R =h = 3/4 . With these values, Eq. 3.24
gives € :.: 2%0 andAg = 0,67 oa.  a signal current of 100 mA producss
an initial flux density of 0.14 Wb/m2 and initial torque T, = 100 gm.
cm; with an estimated inertia of 20 gm.cmz, the response time??% 4
millisecs assuming linear undamped motione The design therefore givop
a response compatible with that of the velocity modulator; e more
exact calculation follows in Saction 3.44.

2. CONSTRUCTION

The cores of the distributor are 3 half-gection !Telcon! grain
orientated Silicon steel C- cores, 'HWR 2'. Each core has been
wrapped with thin insulating tape and wound directly with as many turns
as could be accommodated; the outside cores carry 1500 turns of 40
Gauge enamelled copper wire, and the centre core 1200 turns of 38 Gauge.
(the centre coil must be able to carry 40-50 mA standing current |
whereas the outer coils work with intermittent 80-100 ma current

pulses.) The cores have besn set in an ‘'araldite D! base (Fig.3.31)
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and were aligned by casting the base with the cores magnetically
attracted to a brass template fixed above a Perspex mould-box. Two
brags pillars cemented to the sides of the cast base support the
armature asseably (Fig.3.32).

The arnature-light nask assembly has been constructed in such a
way as to nininise its pertinent inertial moment. The Swedish Iron
armature pisces are pinned to light brass side supports and the 2%0
tilt was machined after agscembly of these pisces. & Paxolin light-
nask is carriced in a slotted Perspex base cemented onto the central
armaturc piece and possesses a thin cross-section (1/32") in the
plane of ogcillation. 4 0.006" gpring steel strip supports the arnat-
ure agsembly on the brass pillars of the distributor base, and its
prinary function is to ensure that the armature sections line up
with the core facos; as a secondary function it also provides a small
restoring torque.

The distributor is anchored to the picture transformer base with
/Ba screws and the core windings are brought out to turret lugs cast

into the Aralditoe base.

344 _Theoretical and Experinentsal Response of the Signal Distributor
(a) THEORETICAL

We now calculate the theoretical response more exactlye. The



of fects of damping, spring restoring torque and core saturation are
ignored; wo assumc an ideal stoep function of signal current and acc-
ount for leakage flux and the non-linear magnetic attration law for
armature forco vorsus air gap width. Eqg. 3.29 above may be written

/Z,.,J.: 8(2MR2 + IM) Q%R -------- (3 .31)

' 2 2
"‘(OARg Pg

whorc Rg is the total initial air gap reluctance and @g the initial
gap flux, with other symbols as before. If the leakage reluctanco

acrogs tho core limbs is R., tho armature reluctance R , and the core
H

1,

yoke reluctance R thon fro: aagnetic circuit considerations we have:

Y?

fg = MR, (3.32)

With the rclative permeability of silicon steel /“r % le, we have for
the 2" core systew, Rg = 2.6 x 167 AT/Wb, R, = Ry = 6.25 x lOshT/Wb
and R

4
-6 _
g = 5.4 x 10 Wb. Inserting M= 2.2 x 10 3Kgm (calculated),

= 1.25 x 108AI/Wb. For iN = 150 anp.turns, Eq.3.32 gives

R = 1.9 x 10°°n, I, =5x 10 7Kgno® (ostimated), Sy = 0.04 rd.,
41 o= 4 X 10'7, Aa=/,x lCF5m2, Rg = 2.6 x 167 AT/Ub and Uz = 5.4 x

167° Wb into Eg. >2.31 wo have a Linear roesponsc time‘zrl: heb X lCFBSGE,

This evaluation (8q. 3.31) assumos a linoar law of notion 1.0
-
T = I9 ; with magnotic attraction wo may write the !Torque Equation!

as: 10 (8, =~ 9) = T,8% -—=—==--=-=--- (3.33)



since the attractivo forece varies inversely as the square of the air
£8P Ti is tho initial torque at t = & = 0 and thoe gap is proportional
to Qo~8 where 85 is the angular displacomont © of the incrtia I for
gap closure. The solution of Eg. 3.33 is given in appendix 7.22(Eq.9)
and is,

1 -] -— . ————
t = (19,)° Cos V&8, +T- /5 (1-8) )-- (3.34
(m';— (o ° \ ) g = B34

2 9,

this is plotted in normalised fornm in Fig. 3.33. The total switching
time U is given by Eqe. (6) of appondix 7.22 and is shown to be

T = Ett” ------- [ -(3.35)

4

i,e. the non-linoar rospongo is a factor 1T //, faster than tho linear
rosponseqff Obviously in practico, the response will lie betwoon 27
and X’ bocause nagnotic saturation oceurs beforo 9 = §, and Eq. 3.33
roverts back to tho linear notion case at that instant in time. In tho
above design, tho core comences to saturate when tho armature is
within about 1/3° of its full 25° deflection, and therefore go ray

take P = {fftfés the undanpod rosponsec tine;?‘% 3.5 x 10 secs.
4

The motion of the distributor mask across the light beans is

given by Eq. 3.34 but this rosponso must bo woighted by the 'light
flux - mask position! relationship which depends upon the nask
profile and the geometrical cross section of tho light beams. With
semi-cireular beaus and a rectangular nask this weighting is non-

linear and asymuetrical. appendix 7.23 produces the relationship
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THEOREM CAL RESPONSE OF S/GNAL DISTR/BUTOR
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between the fraction of light flux transmitied ‘)\‘ and the nornalised

aask position 'nt' (Eq. 11):

m (2
and this is plotted in Fig.3.34. The quiescent condition of )= 50%

X =2 (l_f - Cos™t(1 - n) + (L -n)(2n- nz)%% -— - ~(3.36)

0,60, The spot which is cut off disappears before

el]e

is achieved when n
the other is fully weighted i.e. at ny =1 for the left hand spot

(see sketch), the 'right hand spot! np = 0.2; on the response of

Fige3434,
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np becomes Q/GO = 0.6 showing that the remaining 204 of the bean
flux is transmitted within the remaining 12% of the total response
time. We can neglect this order of asymmetry in the distributive
gwitching; the major offect is the non linearity in the responsec

of both sides of the distributor resulting from nask accoleration

(Fige 3.33); on the film record this should sharpen tho resultant contour,



(b) BXPERIMENTAL.

The response of the signal distributor has been wasured

experinentally in two ways:

(1) The switched flux wavoeforii was displayed on an oscilloscopo
using the control tract of the optical circuit of the picture
transformer. The mask height was raised to distribute the pilot
beaxas and a stationary white picturo transmitted signal flux
back to the photocolls. The :weasured switch tine’t'% 4 millisecs.
(ii) With one half of the nain beai. blacked out at the
oscillating mirrors, a unifori raster was scanned at about
50 coPeSe oquivalent bandwidth with the signal distributor pulsod
with 16 msec pulses at 20 c.p.se PoR.F. Fron tho known writing
speed neasurod over nany lines, the onlarged £iln record showed
the response tiimo as a contrast -hill distance with the interlinc
spacing providing the scale of measuranent. The photographically
detornined switch timeﬂf% 5 nillisccs. (this mothod is
inaccuratc because an enlarged contrast wodge is not well defined
at the end points).
These experimental responsc ti.ss of 4 - 5 milligecs agree well
with the thoorotical value of around 3.5 millisccs for the ideal

undanpaed distributor.
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4«  BLECTRONIC CIRCUITS FOR PICTURE TRaNSFORMER

. I T REJUIREMENTS aND COMPONENTS.

The function of the circuitry is to pulse drive the picture
transformer modulstors according to the contour searching routine;
the inputs to the circuits are derived from the optical control
tract via two photocells and aro noext-but-one line picture signals;
the outpul provides switching instructions to the velocity modulator
and signal distributor at a sufficisnt powaer level to enable thom
to opsrate positively and fast enough to lie inside the maximum
horizontal bandwidth of the machino.

The circuit function has beon split into two distinet parts;
the firgt is the twin CONTOUR SENSING GIRCUIT which detects contours
of pre-selected 'importance! and provides two lins trigger pulse
traing, indicating contour positions in the two simultancously scanned

lines, which feed the socond circuit; this is the MODULLTOR GCNTROL

CIRGUIT which comprises a logical !'trigtsble! circujt, for the cqntouf
searching routine, placed in tandem with a modulator power drive gircult.
The general circuit layout is given in Fig. 4.lrand tho output |
connections to tho modulator coils are shown in Fig. 4.2. In additionp
a pulse generator for CONTQUR SIGNAL SIMULATION was built in order to

agsist in the dovelopment and testing of the tristable circuit. These
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component circuits will be desecribed in further detail in turn.
The Contour Sensing, Modulator Control snd Contour Simulating
Circuits have besn built on indepsndent chassiss suitable for 19"

rack mounting and utilise separate conventional power supplies.

Le2 THE CONTOUR SENSING CIRCUIT

This comprises two identical channols and provides negative
apikes indicating the existence and positions of contours (positive
and negative intensity gradients) oxcoeding a given preset threshold
in the two line signals. The contour dotectors work on the principle
of tho picturc rate-of-change amplitude criterion; independent gain
controls in the two channels prior to vuriabls contour selection
allows compensation for unequal optical attenuations in the control
tracts to the photocells.
Le2). Cirenit Degeription

The basic layout is shown in Figs 4.3. Tho photocoll signal of
each channel is amplified in two stages bafore differentiation and
further amplification; thoe resultant contour signal is amplitude
salected with cqual positive und negative variable threshold levels
in both channels, ond the gated signal controls a triggsr gensrator
for the production of clean nggutive spikes.

The PHOTOCELL finally chosen was the Cadmium Sulphide Photoconduc-



tive cell'with a quoted sensitivity of 34/lumen in the red region and
a bandwidth of around qu/sec. &fter experiuentation, the conventional
gas filled photovoltaic cell and phototransistor were rejected, the
first from signal/hum considerations and the second on grounds of
temperature instability. Referring to Fig. 4.4 the photocell P,

which i8 magnetically screcned by a mu-metal can, is brought into

the sensing circuit via co-axial leads and is driven by a battery
supply (-108 volts) through a load Ry = 4.7 MQ. The cell output,
which is 10 mV at most is coupled to the first valve through s
maghetically scresned capacitor 03 to the high stability grid resistor
R23 the input tims constant is 0.5 sec.

The PRE-AMPLIFIER stage is a low noiso, high gain audio pentode
vy (BFg6) providing a voltage gain of 40 dB with a low frequency cut~
off of 20 cp.s; this stage is decoupled by CqRg and is resistance-
capacitance coupled (06R7) to @ second amplifying stage V2/2 % 12AX§)
with a VaRI4BLE GaIN control Ry; with undecoupled eathode bias (RS)
this half provides a maximum voltage gaoin of 30 times. Mj is a low
impadance monitoring po}nt for tha_ﬁwin channel gain equalisation and

is brought out via screcned lead to tho chassis front panel.

*These were kindly supplied by Dr. M.E. Holns, Research Manager of

the Siomens Bdison Swan Research Laboratory, Harlow, Essex.



The DIFFERENTI&TOR is a simple RC circuit (C7R12) followed by
a gain stage Vé/2 (¥ 124X7), with an undecoupled cathode bias
resistor RlB' For 200 ce.pes. maximum working bandwidth, the RC time
constant is set below lmsec. such that the pieture signal sees a
transfer characteristic of /T(jw)/ = wCR; with C., = 1000pF and
Ry, = 330 K2, the time constant is 1/3 msec. and the circuit
attenuation at 200 c.pes. is about 8 dB; the gain stage provides
a voltage amplifying factor of 30. Picture signal with amplifier noise
is transmitted with a rising frequency characteristic, and the out-of-
band noise is rejected by a crude top cut filter 09R14 at which poinﬁ
(M;) the rate-~of-change signal is brought out to a front panel monit%
oring socket. The complete stage V, is decoupled by RlOCZ'

The CONTOUR AMPLITUDE SELECTOR is a paraphase amplifier V3
(124X7) followed by a full-wave rectifier v, (6AL5) with variable
clipping level (potentiometer R,q). The paraphase amplifier is the
conventional cathode cdupled difference amplifier(l) with one input
groundod (ng); with Rys = 47KfLand Rlé’ Rym chosen from 1% 24K JL
resistors, the gain of each half is a measured factor of around 16
with an input voltage capacity of 3 volts p~p. (tho theoretical gain
per half is t_‘FRL/Z (rp + Rp) undor such conditions - RK§>(RL+rp)/y,
whore the symbols have their usual meaning). Resistors R21’RZO’Rl9

are chosen such that tho top excursion of RZO picks off a voltage

equal to the quisscont anode voltagos of V3, and the bottom



oexcursion inhibits tho maximum undistorted contour signal of 24 volts
psak (i.0. 3/2 x 16). The salector potentiometers in tho two channels
aro mechanically gangod. (R20)

Furthor AMPLIFIGATION is provided by a triode stago Vs ($124%7)
with a nominal stage gain of 60 timos; tho elipping action with the
negative contour signal produces positive pulses, the leading odges
of which indicate contour pogitions.

The PENTCDE LIMITER Vg (6 AM 6) furthor sharpons those pulses.
This stage is normally non-conducting, bleodsr bias being provided by
Romy Rzge The output pulses arc differontiated by 015 331 and the
diode V (L 6AL5) romoves the positive spikes.

A CATHODE FOLLOWER Vg (3124T7), with the cathode resistor Byj
returned to the negative HT line, handles the negative 30 volt spike
train and provides the low output impedance necessary for satisfactory
operation of the following tristable ceircuit. This stage is decoupled
by R33016.

The normel precautions havo been adopted in the circuit layout
of the low level high gain stages; juxta-position of difforent
channel leads and compononts wors avoided wherover possible to roduce
the possibility of interchannel cross talk and regencration. The
total valve line up of 4 pentodes, 6 double triodes and 3 double diodes

mounts on a single 16 gauge tin chassis, and works from single
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stabilised positive and neogative H.T. powor supplies; to reduce hum
to a minimum, the circuit runs on a DC heater supply.

The hoeator unit was constructed from a 230 - 24 volt transformer,
a metal roctifier bridge and a smoothing [T network of 2500 pF,
3.7, 2500}&} providing 3.8 amps at 6.3 volts with a ripple
factor of 34%; the sories resistor of 3.7.) was wound from 120" of
22 Gauge Eureka wire onto a coramic former.

4 graduated scale is provided for the dual contour selector
potentiometer setting.

2 _Compon for Coptour Sengi ircuit g _Cha

RESISTORS:
Ry 4.7 1% H.S. 3W Ry Q7KL 108 AW
R 1M 1 H.S. ZW R 330K 10 Pl

2 12

Ry 39K 10 o Rj3 349K 10 4
R, 100K 1 H.8. LW Bu 470K 10 W
R5 1K 10 il Ry 47K 10 w
R, 15K 10 W Ry 24K 1 H.S. IW

Ry 500K LOG. VARTABLE Rl’? 2, K 1 H.,S. W

Rg 3.9k 10 2| Rig 47% 10 gl
Rg R7XK 10 Pl ng 820K 10 Pl

Rig 3K 10 3w Ryg 100K LINEAR GaNGED POT.




28
<9

F31
Ran

RESISTORS (continued):

Ry 150K 16

R22 1M 10

R23 270K 10

RQA— 33K 10

Ry 3.9 10

Ry 470K 10

R27 100K 10

CAPACITORS:

Cl 32 uf, 350v, Electrolytic.
C, 16 uF, 350v, Electrolytic.
Cy 0.5 350v, Paper.

G, 50 uF, 50v, Electrolytic.
05 0.05uF, 350v, Paper

Cg 1 uF, 350v, Paper.

07 1000pF, Ceromic

08 O.1uf, 350v, Papor

C9 0.05uF, 350v, Paper
VALVES :

Vi EF 86

V2 12 AX 7

V3 12 AX 7

v4 6 AL 5

22kl 106 &

22 K
2.7K
10CK
47 K
33K

10 2y
10 W
10 W
10 2
10 W

0. 05uF, Paper

16 uF, 350v, Electrolytic.
25 uF, RQ5v,Electrolytic.

0.05uF, 350v, Paper.

25 uF, 25v, Electrolytic.

120pF, Ceramic

16 uF, 350v, Electrolytic.

C. OZUF, 350\7, Paperc

+ 12 AX 7
6 AM 6
% 6 AL 4

4 12 aT 7.



148

4s3 THE TRISTABLE GIRCUIT
The function of the tristable circuit is to pulse drive the

Picture Transformer modulator control ecircuits in a way dependent upon

the presence (or not) and inter~train time~displacement of trigger

pulses in the two trains of contour signals derived from the contour -

sensing circuit.,

The circuit must operate bi~symmetrically; the arrival of a

pulse on either channel indicates a detected contour and the next

pulse to arrive on the other channel within a periodT)’t‘MAX. where

T Max =A XMAX/ 2Vq, indicates the other end of the contour success~

fully found by the velocity modulator scanning at velocity 2Vg.

This-

operation can be conveniently condensed into a logic table (Table 4.1)

TABLIE /e
i 1 CONTOUR OUTPUT 1 OUTPUT 2
l4no pulse | no pulse Zero Z8Tr o Zero
2.Ipulse, t=o | pulse, t=o0 vertical Zero Zero
3Jpulse,t=o | no pulse up | Horizontal slope | rectangular Zero
to b =Ty | D= A ¥/THX pulso,durationTyyx
4 Jpulse,t=o0 |pulse,t=T horizontal slope | rectangular ZETr 0
with Ty ] ~AVT pulsa,duration
T
5.no pulse |pulse,t=o0 horizontal slope Zero rectangular -
up to t= <+At/'z-MAX pulse, durat-
T ion T,,,
MAX MAX
6upulse, t =T pulse,t=o| horizontal slope AShAl rectangular .
jrith I(TMAX +At/"b' pulse, durat-
i ion T,




In the table,[&t is the picture element period dependent upon
scanning velocity Vg and?fMA&:[&XMAX /2VS; there is obviously an
advantage in inhibiting tho modulators for very near-vertical contours.

. 1Ke) j a aration |

Thoe realisation of the above logic table using conventional
circuits with certain modifications is shown schematically in Fig.4.6;
(V1’V2) and(V ,V4) are direct coupled monostable gates, 4 and B
are amplitude gelsctor gates, and Dl,D2 short delay units; assuming
4 and B t0 be open, and the timing circuits to be in their monostable
state (Vl and V3 conducting only), oporation is as follows:

& trigger, say on line 1, 1is allowed through '4A' and flips V2
into conduction, thus initiating the timing actlon of (Vl’ Vz) and
closing gate 'B! after a short delay (Dz) by transmitting a suitable
pulse from V, cathode kz; V4 is unaffected by the arrival of the
trigger at its grid g4. The timing action of the triggered gate
ensues until either,

(i) (Vl,Vé)completes its quasi-stable period Ty,y if during

that time né triggor is received by line 2; the entire circuit

is then quiescent with !'B! opon once more. During this period,

a spurious trigger on line 1 leaves Vi and V4 unaffecteds The

output pulse is taken from Vj anode'@, and is positive,

rectangular and of duration TMAX-

ar (ii) o trigger arrives on line 2 within the timing period of

(Vl’Vz) and is blocked by the closed gate B; this extinguishes
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the timing action by rondering V2 non-condueting on its grid gp.

Gato B is oponed aftor o short delay (D2), nocessary to ensure

that the triggor on line 2 has docayed sufficiontly before B is

finally opened, .& shortoned rectangular pulsé is deiivered by

Vy anode @q- ‘

This action is similar if tho initisl pulse is recoived by line
2 sinco the circuit topography is symmotrical about a mid~vertical
line. The design of tho timing circuits and gatos may now be specified.
4se32 . The Timing C3 itg. (and Delays)

These nust fulfil the following requirocmcnts:

(1) Circuit must be monostable and triggercd with negative spikes.

(11) Tining periods must be variable over range 5 ~ 80 msocs.

(iii) Circuit must possess a quenching facility, operational with

negative gpikes, but non-operational if triggered in the mono-

stable state.

(iv) Circuit must supply a gating pulse which can be'di;ggﬁ

coupled to an 'and! gate, in additlon to providing a largo

output pulse if triggered.

(v) Tho d=~c gating pulse must be dolayod by at least one

triggor pulsc period.

The circuit adopted is shown in Fige. 4.7 (a); it is a convontional
D.C. Gate(z) doveloped to comply with the above specification; Ry,

sz and tho diode trigger injector are normally omitted; V, is
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conducting in the moﬁostable state. Design is as follows:
(1) Rrq and Ry, chosen to give large gain in regoenerative
switching; actually R4 = Brp.
() Ryy choson to provide a gating pulse of adequate amplitude
naintaining the condition RL» Ry
(3) R, and R, arc large compared with Ry and the ratio R, /R,
is adjusted tu render Vi normally cut-off with a convenient
negative HeT. valuc.
(4) C and R chosen to cover the timing poriod rangs 5 to 80
msecs, C in steps and R continuously.
(5)  To ensure idontical opsration of both D.C. Gotes, RIJ’RLB’
Ry and Ry ore 1% rosistors in both circuits. ‘
(6)  The cross-gating delsy is offocted by delaying the cathodo
pulsc waveforn with the minimal capacitor O«
The quenching regeneration action is simila; to the orthodox
initiation, with D, acting as the trigger injactioﬁ diodae
4e33  Tho Gote Circuits
Thesce nust fulfil the following requirements:
(1) The gate must be controlled by direct-~coupled re¢tangular
pulses derived from a low impedanco.
(i1) It owst handlo nogative trigger pulsos.

(i1i) Noegativo spikes must be supplied from a low impedance and
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igolated from the gating waveform gourcs.

The circuit adopted is a double-triode amplitude selector

circuit shewn in Fig. 4.7(b), (tho valve (Vl’v2> replacing the diode
in the conventional seloctor(B)to achiove input-output isolation).
The input circuit Rl’RZ’RS’Rg sums the triggor and gating waveforas
and V, inverts the resultant signalj; V5 is non-conducting with
blseder bias 1:{.3,,R4 and the trigger is delivered to the ?ntput only
if the gating linse b (Rp) is held at zero potontial sueh that the

sumned waveforms at V, grid oxcoeds the grid-basa.

Dosign is as follows:
(1) Rq,Rp,Rg comprise an adding circuit in which Ry = Ry(KRe

d R R

an 2;$> RKl)ls a grid stopper.
(2) Rpy is large enough to provide sufficient gain in v, to
allow V, to clip satisfactorily between wonted and wwantod
signals.
(3) Ry and R4 are large and RB/R4 is chosen to allow satisfac-

tory clipping of the gating waveform from the !sum! signal.

() RL2 chosen to provide fast pulses of sufficioent amplitude

to initiate the above D.C. gatos.
be34  Componentg for the Tristable Circuit
The completo circuit diagram is given in Fige4.8; (V2 and V3

are the D.C. Gates, V, and VA the amplitude gatos) 8, and 8, aro
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gingle pole switches providing 'LONG! and 'SHORT! tining period
rangos ané the gcale culibrations for Rl5 and R24 potentiometers are

given below in Tablo 4.2:

Ta 2
DIL PGSITICN sibf_&zﬁﬁrec%r) (aS) ;,Qly_zl%f‘.fzzlgos?gs)
0 5 1
1 6e5 15
2 8 16.5
3 9 20
4 10 25
5 11 30
6 12 40
7 13 55
8 14 60
9 15 65
10 16 70

Reforring to Fig. 4.8, the Components are as follows:

RES ISTORS :
R, 3.3kfL 5% 3w R19  100KLL 108 W
Ry 27K 10 il Ryp 10 K 1 W
Ry 2206 10 4 Ry;  Le5K 10 W
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RESISTORS (cont.)

B, 10K1G W Ry, 1M 100 3
Rg 2208 10 ¥ Ro3 5M  Variablo Linear
Rg 1M 10 A Ry, 470K 1 W
Ry 470K 10 4W Rys 470K 1 Pl
Ry 47K 10 W Rog 15K 10 H
Ry 100K 10 i Ryy 10K 1 A
Rig 10K 1 3w Rog 100K 10 W
Ryp 1.5 10 40 Rog 47K 100
Ris 470K 1 W Ryo 1 10 i)
Ri3 470K 1 4W Ryy 470K 10 4
Ry, 54 Varisbloe Linear Ryp 10K 10
Ryy 1M 10 4 Ryy 2R0K 10 W
Rig 1e5K 10 4 R3), 27K 10
Ry 10K 1 R35 27K 10 Iy
Rig 100K 10 W R3¢ 220K 10 )
CaPACITORS:

Gy 1éuF, 350v Electrolytic G731 0, 001uF, Paper

Co 0. O0luF, Paper C12 56pF, Ceramic
G3  0.00luF, Paper G13 0.3 uF, Paper

04 0, 001uF, Paper 014 0,05 uF, Paper

05 0,02 uF, Paper 015 0.1 uF, Paper
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CAPACITORS (cont.)

C¢ 56 pF, Ceramic C16 0, GRuF, Paper

C7 0. BuF, Paper Cl'7 0.001uF, Paper
C, 0.05uF; Paper Cig 0. 001uF, Paper
Og  Os1uF, Paper C19 0.001luF, Paper

C10 C.00LuF, Paper

VALVES:

Vv, 12 4T 7 v, 12 AT 7
Vo, 12 4T 7 (D1,Dp) 6 4L 5
V3 12 4T 7 (D3,D;) 6 4L 5

o THE MODULATOR DRIVE CIRCUIT.

The modulator drive circuit accepts the negative output
'searching' pulses from the tristable circuit, and produces 80 w4
current pulses suitablc for driving the velocity uodulator and signal
distributor cocils in series in each channel.
bstd Circuit Deseription

The circuit is given in Fige 4.9. L7 and L, are derived from
similarly labelled points in the tristable circuit (Fig. 4.9) and
the input pulses arc coupled into PENTODE LIMITERS V1 and Vzvia
the § sec. time constant grid circuits R,04,R,Cp; Vy and V, normally

conduct heavily, B3 and R4 are grid stoppers. The inverted clipped
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positive pulses are direct-coupled to POWER PENTCDES, V3 and VA’ which
are normally non-conducting with their control grids returned to the
nogative HT line: 03 and G4 are 'speed-up'! capacitors, and Ry3,Ryy
grid stoppers. Clipped 200 V.pulses abt the grids of V3 and V4 reonder
these valves heavily conducting and drive the modulator coils 7,7,
with 80 md current pulses of 10/usac rise time.

The centro coil of the signal distributor 73 is driven by a
third power valve V5 which is normally conducting with its grid
registor Rpp taken up to the positive HT line; this driving currént
of 50 mA is cut off if either V3 or V, conduct by transnitting a
negative pulse via the adding circuit R19, R, end Ryo; Resistors Rls
and R4 provide this voltage pulse and also limit the dissipation in
Vj and VA; R23 linits the quiescent current in V5.

The connections to tho modulator coilsZy, Z,, and ZB arc given
in Fige 4el; 2Zq is the series combination of coils 4 and Al, 4, the
series combination of coils B and Bl, and Z3 the signal distributor
coil C.

This circuit, together with the tristable unit constitute the
Modulator Control Circuit and the complete circuit.has been construc-

ted on a single 19" chassis.
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batid. Components for Modulator Drive Gircuit.

RESISTOR3:

Ry 47KQ 106 W Ry 10KR 108
By 470K 10 W Ry, 1K 10 v
Ry 10K 10 W R15 1.5K 5 e
R4 1K 10 W Ryg 1.5K 5 oW
By 20K 10 W Ryy  R.7K 10 W
Rg 22K 10 W Rig 2.7K 10 2
Ry 22K 10 w Rig 47X 10 W
Ry 22K 10 W Rop 47X 10 Al
Ry 270K 10 W Ro1 10K 10 W
Rip 27K 10 3y Roo  3.3M 10 P2
Ril 470K 10 W Ro3 4K 10 &
R, 47 10 Al Ry 2.7K 10 20
CAPACITORS:

Cl 0.25 uF, 350v, Paper 04 100 pF, Ceranic
Cs 0.25 uF, 350v, Papor 05 0.5 uF, 350v, Paper
C3 100 pF, Cerazmic Ce 0.5 uF, 350v, Paper
VALVES:

V6 aM6 | v, GBI

Vo 6 alib Vs 6 Bl 6

Vv 6 B4 6

3



hef_ s PUISE GENERATOR FOR SIMULATING CONTOUR SIGNaLS.

This eircuit was constructed in order to facilitate the
development of the proviously described tristable schems. It is a
free Tunning pulss generator with a twin output, simulating the
running output of the contour senging eircuit, together with other
useful test pulse waveforng.,

Circuit Descriptio

The complete circuit diagram is shown in Fig. 4.10., 4 free
running screen coupled phantastron (Vl) with a cathode follower
anodo~control grid return <V2) provides a variable frequéncy (R5)
sawtooth run~down of 70 volts D.s.P. from a low impedance, which is
fa¢ to two voltage comparators(S) (V3, v4)+ The first sections of
these valves norially conduct and the second sections are cut~off.
Comparator V, is a-c coupled (C¢) to the phantastron output and
triggers at the mid~point of the sawtooth; its output, teken from Ryg,
consists of unity mark/space ratio negative pulses, 45 volts p-p
amplitude. Comparator V3 is direct-coupled to the sawtooth ouﬁput
and triggers at a point on the linear run~down dependent upon the
setting of potentiomster Rl2 (the 'contour slope! control); the
output derived from R9 consists of variable mark/space ratio negative
pulses. The positivo steps of both pulse trains are coincident since

the sawtooth triggers back V3 and VZ sinultancously.
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Both pulse trains are differontiated by 69R14 and 010330; the
positive spikes arc rcomoved by diode clippers (V5)’ and Vg provides
a cathode follawer output (a,B) for the negative spikes, 30 volts
amplitudo, the nocoessary grid bias boing provided by blocdor chains
fig0 By and By, By

The cireuit also supplies tho ac-coupled sawtooth (C), sn
inverted clippaed vorgion (pentode limitor V7) of tho variable P.R.F.,
variable mark/space ratio conparator output pulses fron V3 (D), and
the square wave output of comparator V4 E)
OUTPUT DETAILS OF GENERATOR:

Pulse Repetition Frequency 50 - 300 c.pes. in 1 ranga.

Output 4 (variable shift) negativo spikes 30 volts amplitude
B (fixed) meowoomom U
C Sawtooth 70 volts DedoP.
D Rectangular Wavo 200 volts D.Aa.P.
B Squaro Wave 50 volts D.a.P.

aponents for Pulse Genorgt o) Simulator

RESISTCORS:

R, 2 k210 S Rig R KL 1% W

R, 270K 10 il Rig 22 K 10 20

33 22 K 10 2y Roo 22K 10 Pl

R, 33K 10 3W Ry, 10K 10 il




RESISTORS (cont.)

R5 5MJfL Log Variable (Carbon) Roo 3.3K{ 107 34
Ry 680K 106 W Ryy 470K 10 W
Ry 10K 10 24 Ry,  R7TOK 10 W
Rg 47 K 10 2 Ros 1M 10 W
Ry 4.7K 10 2y Rog 47K 10 2y
Rip 1K 10 2y Roy 10 K 10 2y
R{; 680K 10 W Rog 47K 10 el
Ryp 1M Linear X}ariable Rog 100K 10 W
(Carbon)

Ri3 470K 10 W By3g 47X 10 el
Ry, 100K 10 U Byp  3.3M 10 W
Ry 470K 10 W Ry, 10K 10 2
Rig 3.3 10 W Rgg 47X 10 W
Ry 10K 10 U

CaPaCITORS:

C{ 8 uF, 500v, Electrolytic Cq 56 pF, Ceramic

C2 16 uF, 500v, Electrolytic Cio 56 pF, Ceramic

C3 33 pF, Ceranic Ci1 0.02 uF, 350v, Paper
C4 0. QRuF,; 350v, Paper Cip 0.02 uF, 350v, Paper
05 0.25uF, 350v, Paper Cy3 0.02 uF, 350v, Paper
Cg Os25uF, 350v, Paper 014 0.02 uF, 350v, Paper

Cr 0.0LuR, 350v, Paper Oz 0.25 uF, 350v, Paper.
Cqg  0O.0LuF, 350v, Paper
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VALVES:

' 6 4l 6 Ty 6AL5
Vs 6 wi6 V, 12 AT 7
V3 12 AT 7 V7 6 aM 6
V4 12 AT 7 D CEX 66
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5. EXPERIMENTAL PICTURE TRANSFORMATION.

.1  TNTRODUCTION

The primary object of the experiments was to test and demonstrate
the principles of interpolation and in particular !contour interpol-
ation', wusing the picture transformer as a device for forming pic-
tures of 'full! -rertical resolution from pictures in which only half
that resolution is made available. In addition, the apparatus has besn
used to provide pictures of original vertical resolution so that the
quality of the interpolated results may be judged subjectively by
comparison with pictures containing the full number of original
scanning lines. Thoe picture itransformer is thus made to simulate the
receiver processing for 2 : 1 field interpolation in television and
to show how feasible such a system would be, judgod on the basis of
subjective appraisal of the ultimate display.

The chofice of pictures and patlterns is an important matter in
such experinents as only a limited number may be sensibly processed
and it was decided to salect the: from two broad classes:

(1) Patterns and pictures which contain material for gspecific~

ally testing linear and contour interpolation; that is, well

defined large amplitude gradients of low goometrical slope.

(ii) Typical pictures which occur in telovision progranme

material, containing a wide range of detail.
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The test patterns have been produced by iaking indian ink drawings
on white card, and also by affixing black tape cut-outs to a white
background; the raised pattern hus the adventago of providing a high
poak to peak picture signal with the black portions prescnting an
out-of-focus scan in addition to a low reflection coefficiont. The
test pictures have bson produced by enlarging 18" x 24" Ilford F.P.3.
nogatives, taken with the author's msdiun-priced folding camera,
up to 60 x 70 mm2 on norial glossy bromide paper.

The processed pictures, recorded on '120! sizo f£ilm, have baen
onldrged up 10 4-plate sizoc on papers of carofully selocted contrast
grades to cnsure that coumparison records of the same pictures are
not impalred by unlike ultimate contrast 'gaias's

The majority of the results have boen taken with the picture
transformer running at 100 cepog. horizontal bandwidth; at this spoed,
‘a nedium fast (29° Schoiner) panchronatic film is adoquately oxposcd.
For the contour intorpolation experiments the machine was set for
50 c.peSs bandwidth, cnabling tho same filn to be used desplto the
incroasced optical tract attenuation, and also allowing the modulators
to function within thoir mechanical frequency limits with a conveniont

control spot advanca.
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5.2 EXPARTMENTAL PROCEDURE

Priocr to oporatiné the picture transformer, the proviously
described optical circuit must be perfectly alignoed; the procedure
given in the following ssction is for the nmost complex circuiﬁ; neces-—,
sary for contour interpolation. Following soctions deal specifiecally
with the production of full-detail, repeated-field, linear intefpolated,
and contour interpolated pictures respectively, including modification
and refinement deteils of the optical circuit necessary for the proces-
sing.

Se2l_Alipnment of the Optical Circuit.

The purpose of aligning the optical circuit, control and main
beam tracts, is to obtain:

(a) Double line separation (0.3 1a) for the two pairs of

gpotg focussed at the reading drum.

(b) Equal weighting from both main reading beams at the writing

objective. |

(¢) Separation of main and control signals at the photocells

and at the writing objective

(d) Freedom from stray signals in the writing tract.

The main writing tract is the most critical in alignment; any
control tract inequality is compensated by gain variation in the
contour sensing circuits The alignment procedure is as follows:

(i) With the optical circuit set up according to Fig.3.11 and
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the control beams blacked out, the reading objective is focussed
onto a peak white picture by visually maximising the writing sig-
nal at a point just beyond the auxiliary writing lens.

(ii) Prism tilts and spacings in the reading section and the
signal distributor mask, are adjusted to provide roughly equal
spot intensities with double line spacing at the reading drum,
and to give adequate stray signal divergonce at the writing
masking plate.

(1ii) The writing aperture plate is adjusted to give the correct
spot size at the writing objoctive, and the latter is focussed
by ayo.

(iv) 4 low goomotrical slopc contour is scanned and recordod,
and the resulting linear interpolation indicates the line
spacing and intensity contributions (Sce Fig. 2.1 (a))

(v) In total darknoss (necessitated by the very low level
intonsities involved) the writing masking plato is adjusted to
further equalise the two gpot contributions; this is monitorsd
by eye, and facilitated by switching the distributor,

(vi) The control boams are now passod through tho system and
the main beams blacked out. Tho photocell-usount positions are
varied to determins the position of maximum pick-up with a

scannad pattern.
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(vii) With both beams operating, the nain beams are modulated
by switching the distributor to check that the intor-tract
'eross-talk! is well below tho previously obsorved control
signal amplitudes.
(viii) amplitudoe gains in tho two channel contour sensing circuits
are adjusted to obtain equal control signal amplitudes, prior
to the contour amplitude selector.
522 Full-Dotail Picturay
For the production of frames containing the full numbor of 400
original scanning lines, two .uethods were considerced:
(i) 4djusting the bi-prism spacing such that tho doublc boams
at the reading drun are onoc diamotoer apart, and blanking out
alternatc beams with the gignal distributor for cach field scan.
(11) Providing the wain aperture with a horizontal shift
betweon field scans.
Method (i) was found unworkable with the available biprisms
and method (ii) was adopted. It was found exporimentally that a
1% ma horizontally offset aperturc provided the corroct deflection
at the writing objective by reversing the aporturc plate for the
second field scan, which thon required un interlacs shift of 160°.
Tho biprisms were ouitted and tho control channel made inoperative for

these picture runs. Tho film rocords wore taken on Kodak Verichrone
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Pan with a 30 c.p. light source, which was overrun for interlace
intensity gorrection:

It was obsorved that oxposure of the filia to the first field
partially exposed the intorlace spaco as a result of spot spreading
or irradiation', so that tho second field was written with a modified
film characteristic. It was found that partial compensation occurred .
if this second field was writton with the 200v d.c. Pointolito
running voltage set at 230 volts. The writing speeds wore 32 mi/sac,
equivalent to 10C ce.p.s. horizontal bandwidth.

apgtitio

In those oxperiments, the control channel was blackod out
and the biprisms removed. With a fixed aperture, the same field
scans were interlaced on the film record (Verichrome Pan) with an
interlace shift of 1350 and a Pointolite intensity of 230 volts
for tha second run. The writing speed was :maintained at 32 mn/sec.

In gddition, single field records were taken with this set~up
at a Pointolite voltage setting of 250 volts and at a writing spead
of 32 my/soc.
5e 24 Iinear Intervolation

The full optical circuit was used with the control channel
made inoperative and the components aligned as previously described
in Soce 5.21, (i) = (v)» The first field recorded was lincar

interpolated and this was then interlaced with the original field,
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scanned one line at a time, on the second run. To allow single line
scanning at the full intensity, the signal distributor was switched
onto Iine 1 with 50 mi d.c. current dorived from four 13Vdry cells
such that line 1 was woightod by unity and line 2 by zero; the velocit&
modulator coils woere made short circuit for this oporation. The |
interlace shift was 130° and the 30 C.P. pointolite Lamp was run at
20) volt dece for the first ficld scan and 250 volt dace. for tho scsond
interlacing field scan, in order to compensate for the distributor
woighting inaccuracy and irradiation offocts from tho filrst interpolated
field,
. A1l those picture runs havs been porformed at a writing speed of

32 mm/sec and recorded on Verichrome Pan roll film.
5225 Contour Intervolation

The full optical circuit was used for thesc oxperiments and
aligned according to the procedure given in Soc. 5.21, (i) - (viii);
necessary modifications arc doscribed later in tho toxt.

The recording sequonce was as above: tho first field roecorded
was the contour interpolated filcld which was thon interlaced with
the original 200 linc field scannocd onc line at a time on channoel 1,
with the gignal distributor switchod with d.c. signal current; tho
intorlace shift was 1350.

At this stage in the oxporiments, the supply of 30 C.P. Pointoli%o
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was exhausted and all the contour interpclaticn results have been
obtained with 150 C.P. bulbs modified for short focus working as
proviously doseribed in Chapter 3, Sec. 3.22 (a). No overrunning
facility was provided for two reasons: (1) the bulb element 1lifoc was
to bo maximised, and (ii) irradiation or spot spreading effects wers
found to be nogligible with the reduced film oxposure present with
the increased optical attenuation in the writing channel;
The following refinements to the apparatus were found to bo
necessary for successful contour interpolation:
(1) To allow the modulators to switch within a picture eloment
poriocd, the drive spoed of tho picture transformer was decroasod
to 16 mwy/sec, i.0. a horizontal bandwidth of 50 CepeSe This
writing speed allowed 29° and 32° Scheiner film to be used
dospite the increasod attonuation derived from (ii) and (iii)
balow.
(1i) Moin-to-control boanm crosstalk was present in the
uncollimated optical eircuit which produced spurious oseillation
after distributor switching; this was roducod by placing an
attenuating filter (Wratten, Rod No. 25) over the main bean
aperture immediately after tho lignt sourcc objective lens.
(iii) Electromagnetic foodback from the active modulator coils

to the control channel input circuits produced spurious switching
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and oscillation in the modulator drive. This was eliminated

by screening the photocells with sarthed Mu-motal, coupletely
scroening the distributor, and placing thick shsets of Mu-netal
betweon tho velocity modulator actuators and the photocells.

(iv) Triggoring was spurious with tho nocossarily high gain
contour sensing circuits handling the vory low level picture
signals. Bettar results worc obtained (a) by driving the

contour sensing circuits with a D.C. Heater supply (Soc./.21)

and (b) using raised facsinmilc patterns for tost cards.

(v) Initial results showed that a control spot advance of

one diameter at the main aperture was sufficient, providing a

roof prism was used to re-cross the twin beams to corroct for

the collimation divergonco. The actual inverting prism used

was a 450 - 900 reflecting prism with its longest face horizon-
tally placed on tho 'reading bar'! between ths microscope objectiveo
nount and tho reflecting prism. (assombly drawing, Fig. 3.1). Tho
correct triggering advance was shown exporimentally by the absence
of line ‘pips! in tho intorpolated cdge just after the first writ-
ing spot encountors the contour

(vi) With the signal distributor undamped, the return to the
quiescent condition was oscillatory. Some results wore takon

under thoesc conditions but bettor roults wors obtained with tho



distributor heavily danpod; this was performed by pinning two
langths of plastic sleoving onto the extreimities of the armatuce
side bar, fixing the othor ends to pins inserted into the
aralditoe base (Plate 5).
(vii) Printable results wore obteined on Kodak Verichrome Pan
for the facsimile tests; half-tono pictures roquired a film
of double spoed, 32° Scheinor; adox 'RR1! was selectod.
5,26 Film Dovelopmoent
411 the film records werc tank-doveloped individually with
D76 doveloper made up to the Xodak specification. Kodak acid Fixing
solution was used for film fixing and hardoning; all operations

wors carried out at normal roon tenperaturc.

5:3 aNALYSIS OF RESULTS

The results of the experimental picturo transformation obtained
with the photo-mechanical device are shown in photographic forn
(Figs. 5.1 - 5.26). & list is provided giving details of the
conditions under which each result was produced; the pictorial
results are assessed and compared in order to deaonstrate the
subjaective effects of the different picture forming processes.

5.31 Dotails of Photographic Rosultbs.

411 the results displayed in the following twenty-six Figurcs
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have been printed on +-Plate Kodsk Bromide Papsr (WSG) and, unless
stated otherwise, the magnification is 15X with the scanning direr
tions conventional, that is, left to right and cdown the field;

Table 5.1 provides a picture list together with details which supple-
nent the information given in thse figure captions.

It is observed that the enlarged contour interpolated results
of’Figs. 5,10 -~ 5.14 display odges of one goometricel slope sign on
the machine failed to successfnlly interpolate contours in which e
'first! line edge was sensed prior to the second. The reasons for
this appear to be (1) the inabilily of the velocity modulator to
operate succossfully in that senso, and (ii) imperfoct signal weigr'l:z
by the signal distributor on switching to the second line writing
bean; the firse foult was the major cause of failure. Photographic
rezords of these interpolations indicated that the modulator levor-
arz engagements and tracking were spurious; attempts to correct
this simply destroyed the working in the opposite polarity, and wiin
time at a premiwa it was deciced to oexpsriment with positive-slope
contours only. Contour interpolated pictures have been produced
with this asymmetrical working. The 'contour amplitude! selesctor
was adjusted to provide sufficient sens tivivy for the full amplivr o
transitions without admitting very finc detail and thus eliminaving

triggering on tho noise of the vory low S/ ratio control sigaal;










































191 -

Austrian 23
Scone

A
<5
26

1Full

Bandwidth { 1 1 i n
Field

Roepotition M n n n
Lingar

Interpolation " " n
Contour

Intorpolation 16my/scc 4dox R.2

23
23
25

1 4S

TaBIE 5.
PICTURE FIGURE PROCESS  SCANNING FILM PAPER COMMENTS
SPEED GRADE
Plain 1 Single Fiold32mY/sac Vorichroas A4S Shows mechanical
| Raster vibrations.
2 'Full
Bandwidth! 32a:/scc Verichrome 18 400 original linos
Star 3 Field 200 line vertical
Pattern Ropotition " " n n 18 resolution.
4 Lincar .
Interpolation n n n 38 400 lineg interlaced.
5 Full
Bandwidth! 32i/sec Verichrous 1S 400 Original lines.
Tast 6 Singlo Field " n " " 35 200 lines only.
Card 7 Field 200 line vertical
Tat Repetition M " " " 1S resolution.
&  Lincar
Intorpolation " n " 238 400 lines interlaced.
9  Linear
Interpolation n n n 38 200 lines only.
10 Contour 16na/soc Verichrome A4S Magnification X7
Tost Intorpolation
Edgos 11  ILincar and " " n 1 4S Ovoershoot, Magnific.X4
(Masking 12 Contour ;
Tape on Interpolation t  adox R.2l  3S Damped,Magnification X4
Whitoe 13 ILinear and " n " " 33 Dampod,Magnification X7
{Card) 14  Contour
Interpolotion " " n 4S Ovorshoot Magnific.X7
15 Original - FP 3 1S Magnification X1%
Portrait 16  Singlo Field32 my/socVorichrome 43 200 Lines only
of 17 TFPull
Girl- Bandwidth! n n n n 25 Full dotail Transmission
Head 18 Ficld 200 line vertical
and Repotition " " " it 28 rosolution
Shouldersl9  Linoar
Interpolation n " n 28 400 line interlaced
20 Contour Successful on RH
Interpolaotion 16mn/sec 4dox R.21 A3 shoulder.
2L Original - P 3 25 Magnification X2
22 8ingle Fiold32mi/soc Verichrome 4S 200 linos only

Full detail Transmission
200 Linos
vortical resolution

400 Lines interlacod

No izprovenent
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apart from clectronic sources, this noise is derived from the a.c.
Pointolite and the coarseness of the picturc surfaces,

Ke32 _Assaggpment of Pictorial Resulths.

The first picture, Fig.5.1, shows a single 200 linc plain white
field and demonstrates tho periodic shading which is superposed onto
all the subscequent film records; this shading results from mechanical
vibrations transmittoed from the woru gear drive to the picturc drums
via the main transforier shaft; the single ficld resolution is shown
directly. Another mochanical defect, wear of the threaded driving
shaft, is shown up by linc spreading near the bottom of Figs.5.3,8,9,
16,18,19. The romaindor of the results ars best deseribed in
picture groups.

The !'full bandwidth' star pattern of Fig. 5.2 shows the 400 line
resolution of tho system and, in particular, demonstratcs that even
with the full number of original lines, the low slope transitions
exhibit line fuzziness. With field repctition (Fig.5.3), this effect
is more noticeablc but near vertical contours rcmain acceptable to
the oyc; this is better deaonstrated by the fiocld-repeated Test Card
frame of Fig. 5.7 which clearly shows that contours do not bocome
objectionable with this process unless their slope to the horizontal

falls under about 500. This picture must be compared with the full

detail version (Fig. 5.5) for absolute judgemont. The linsar-
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interpolated frawes (Figs. 5.4,5.8) show how tho linear process

breaks up the steppod edges of ficld ropotition without giving any
real improvenent in the contour acuity. 4 single linear intorpolatod
field is shown by Fig. 5.9 and c¢loarly indicates how the pfocess
producses a defocussing offect at tho transitions: The original single
fiold is shown in Fig. 5.6 and, as with tho latter picture, containing
only 200 lines with the remaining space black, is mac¢roscopically
raeducoed in contrast.

The following sot of Figuros 5.10 - 14 contain the test results
of contour interpolation suitably onlarged for demonstrating the
accuracy of the interpolated edges, and the transition from lincar
to contour interpolation; the extra-enlargsment of Figs 5.13 and 5.14
is to show tha two level step produced by the linear prodessing and
its ronoval with intelligent interpolation. The naximun scarching
distance for these pictures was set at 8 picture points on both char-
nels; that is 40 nsecs. with doublo velocity Scanning at 50 cupese.
nean bandwidth, thus admitting contours with slopes greater tﬁan
one in four to the horizontal. Also demonstrated is the effect of
ovarshoot at the signal distributor on switch-off; tho damped
oscillations so produced spoil the apparent sharpness of the inter-
polated edges. The quality of these results indicates the accuracy
achieved in the instrunentation of the pleturs transformer modul-

ation routine (unilateral working only).
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The above ram%rks apply also to the last two groups of pictures
Figs. 5.15 - 20 and Figs. 5:21-26, but with thesoc it is far more
pertinent to compare the different processes by overall picture
appraisal. The original pictures, Figs.5.15,21 have becn included
to show the resolution of the picture sourcas; the true standards
of comparison are the full resolution results of Figs.5.17,23. It is
appreciated that only the reader hinmself can make a real comparative
assessnent of these procassces but the following foatures are brought
to his notice.

The single-field frames of Figs5.16 and 5.22 show how well the
human @ye can interpolate tho nissing information, even in regions
of fine detail, such as the hair in tha portrait of Fig.5.16, and in
contour regions which are also prescrved corroctly. Field repotition
(Figs.5.18,24) is quite tolorable in most parts of the pilcture excaept
for the large amplitudo transitions (the shoulders in Figi5418 and
the roof-tops of Fig.5.24) which bocone stepped and objoctionable
to tho eye; certain types of subject nattor take on a mosaic ar
'squarced! appoarance as is shown by the hair in tho portrait, although
in this case the patterning has been auguented by spurious mochanical
vibrations; although not shown here, a trec subject was found to
give a similarly unnatural appsarance with this proccss.

The lincar interpolated frames of Figs. 5.19 and 5.25 cortainly
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provide no real improvemcnt; contours are simply blurred, an effoct
which to somo obsorvers, may bo moro objoctichable than the sharp,
yet incorrectly processod, stopped odges of ficld ropetition. Tho
improvement in tho contour sharpness obtainod with contour interpol-
ation is solf oevident in Fig. 5.20, although as a whole, the picturc
is inferior to ths previous rosults due to rocording on fastor filn
through the heavily attonuating completo optical citcuit. The
contour interpolation of Fige. 5.26 appcars to be unsuccossful but has

baen included for the sako of comnpletonossa

ol CONCTUSIONS

The results cbtained above domonstrato somo possibilities in
the recoiver procossing of stationary pictures in a 2:1 bandwidth
comprossion system in which only altornate frame linos arco made
available; they purpart to show the gain of contour interpolation
ovor two othor compatible processes, nanely fiocld ropetition and
linear interpolation. How far this has beon achicved and with what
limitations is now discussod.

Dospitc the limited numbor of picturcs processod, it is ovident
that tho contour interpolation process prsserves thoso parts of a
picture for which the oyc possesses a very critical acuity, and it

is these large amplitude Wresitions which bocome noticeably degraded



with the field repetition and linear interpolation processes.

Obviously a greater rango of processed plectures together with
subjective tosting would bo nore conclusive; although statistical
subjective appraisal of tho results has not boon carried out, the above
undoubtedly demonstrates the prineciple of contour interpolation and

one possible means for its mechanisation.

The fact that it has not been possible to show contour
interpolated edges with negative geometrical slopes is not a severe
limitation as this was dus to a purely instrumentation failurs in the
veloeity modulator of tho picture transformer. It was found inpossible
to balance the modulator arm in the quicscent position apd both ways
dynamically with the large resultant tolerances on the rotating drwy/
flango system and lover arms together with flexing of the arm and
torsion bar; tho result being that the modulator scanned accurately
and without spurious mechanical triggering in one sonse only. This
device could possibly be further developad if the tolerances waere
decroased to under + 0.001" and if the problem of balancing the arm
accurately in the throe positions were overcome, but fron past
experience, the lattor would remain the major difficulty. BEvon if this
ware achicvad, the above demonstrations of tho interpolation principlos
would not be greatly cnhanced. It nust be emphasised that the rosult-

ant limitation in the results obtained is derived from this asymict-
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rical working of the velocity nodulator and must not be attributed to
a failure of the principles involved in the contour interpolation
routine.

One interesting feature is rovealod by the displayed processod
picturos. The eyo is easily able to tolorate linear interpolated,
and even field repeated, contours if the contour slope to the vertical
doos not exceed about 400. With a naximun 'searching distance! of
oight picture points, this means that contour interpolation could,
in prineiple, be restricted to contours with slopoes lying betwoen
around 12° and 50O to tho horizontal, providing the control channel
is advanced by over the scarch poriod to supply the contour slope
information in advance. Tho advantage of such a scheme, if practicabloe,
is to eliminato any contour position and intoensity inaccuracies which
may be introduced by the systom in the near vertical transitions,
whore such small errors becomoe most noticeabls.

The problem of mechanising field contour intorpolation electroni-
cally at full speed television rates is discussed in the following
chapter which also treats frame interpolation and a combined 4:1 and
8:1 compression system. The results obtained with stationary pictures
cannot be used to predict the success or otherwise of a similarly
instrumented frame interpolation systerm; it would require full~rate
equipnent to demonstrate the possibilities of motion interpolation.

To sumnarise, it is claimed that the picture transformer, despite
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its practical limitations, has successfully denonstrated a working
system for 2:1 bandwidth compression of stationary pictures. Other
known possibilities such as !'rate squalisation! and !'synthetic highs!
have still to produce practicable systems; the present system, that
of contour interpolation, possesses certain advantages over these
alternative schemes as previously described (Sec.2.41). &n electronic
system incorporating the sbove principles should certainly provide
acceptable results for 2:1 compression and it is not toosenguine to
expect good results with a 4:1 bandwidth reduction scheme involving
field and frame interpolation. 4s this form of compression can be
combined with other systoms to give an integrated bandwidth reduction,
it yields a very attractive schene which should be seriously conéidered
for application to instantaneous TV transmissions over long distance

narrow band cable links,
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6. FUTURE DEVELOPMENTS.

This Chapter is the subject of a& Provigional Pastent applied for
by the author and Prof. D. Gabor, F.R.S. (Pat.app.No. 507/60)

6.1 INTRODUCTIQN

The experiments described sbove have served solely as a slow-
speed deuonstration of the soundness of ths principles involved in
television compression by interpolation. Full scaloe realisation of
this form of band compression is shown to be theoretically pussible
utilising conventlonal devices as functional elements of the system,
although this is not necessarily the optimunm way unless time is at
a premium. Development of gpecial devices such as multigun charge
controlled storage tubes would facilitate the problem and also provide
schemes which are more economical in systei components together with
groater reliagbility. The major probleas appear to be the Limitations
of gtorage tubes available at present.

This chapter discusses some of the problems involved in using
conventional devices in full speed interpolation schemes; such
gchames for 2:1 compression in fleld and frame interpoclation are
described in some detail. A4 telsvision transmission system with &:1
compression by contour interpolation is presented in schemmatic form.

Finally there is a brief discussion of the possibilities of combining
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the above compression schenes with other forms of band-saving,
concluding with remarks on simultaneous compression and standards

conversion for instantaneous inter—-continental television.

6.2 FUNCTIONAL SIEMENTS FOR CONTQUR INTERPOLaTICN

The functional elements required by a contour interpelation
transmission system have been defined ih Chapter 2; they include the
information stores together with associated sensing organs, the
velocity modulator and the signal distributor, and we will treat them
in that order, adding a section on practical limitations.

6.21 _The Stores

The major problem is at the receiver where 'stretched' fields
must be stored before processing can proceed; for full speed processing
the minimum storage time is (n-1) conventional field periods for
n:1 compression, this being the time taken to store the fracticn
(n-1)/n o the incoming field. The choice of input, output, and
intermediate storage devices must depend on the following considerat~
ions.

(a) The input vision signal (fields, frumes or both) arrives

stretched in time. The store must provide adequate retention.

(b) In field interpolation, sach line of the received field

is required 3 times, once for its own full speed reproduction,

and twice for interpolation of lines above and below it in the
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interlaced field.

(¢) In frame interpolation, each received line is required
once for interpolation of the corresponding line ia the previous
frame, once for its reproduction, and once for interpolating the

following frame.

(d) It is considered essential to store and process fields for
a single interpolation on gne store; this avoids accurate store
matching.

(e) It must be possible to read out a stored signal at full
speed, two lines at a time, with independent velocity modulation.
(f) 4 store providing many signal copies with linear half-
tones and a controllable erasing action would minimise the
number required for any given receiver schemse.

(g) Sinultaneous reading and writing action would reduce the
total delay in the receiver and alse reduce the number of stores

required.

The ideal stors would therofore be a linear device of frams

capacity with two writing organs, two independent reading organs

and controllable erasing action for muliiple read-oats with an erase

period less than the conventional frame blanking period. OCharge

controlled storage tubes appear to be the only possibility at present,

although there is some hope that future developments in magnetic
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storage will produce a varisble speed magnetic scanning head. 4
bibliography on storage tubes is given by KNOLL and KaZaN (l).

The Graphechon, a signal-converter tube with independent
roading and writing guns has been described by PENSAK;2) it should
be possible to incorporate a double writing gun in such a tube as
writing is performed by primary current modulation. The disadvantage
of this store is that the roeading beam must be intensity-modulated
at a frequency much greater than the maximum frequency of the written
signal to prevent cross-talk between input and output signals; this
increases the complexity of the associated circuitry with single beam
interpolation; the tube also has a limited half-tone performance.

KNOLL and RANDMER(B) describe a signal-converter tube of the
cathode-voltage-modulation type which employs separate reading and
writing guns. Unlike the above tube, it has no read-esrase action
and erasing is performed by an unmodulated scan of the writing bean,
thus rendering the store inoperative during that period.

In the proesent state of the storage tube art, the most floxible

srrangement is provided by a cothode ray tube and a camera tube
placed face to face optically, as shown by ths success of intorcontin-

(4) (5)

ental TV trangmissions involving standards conversion with this
(1) (6)
form of gtorage. Of tho many television camera tubes now available
7) (8)
tho Image Orthicon and Image Isocon do not suffer from the defect



of superposition of the written signal on the read signal since the
latber is derived separasaely from a collector or elsctron multiplier.
As in the Graphechon, the output signal of the Orthicon and Vidicon
tubes is derived from the signal plate of the target and separation
of output and input signals may be offected by high frequency modul-
ation of the reading beam. The Iconogcops and Image Iconoscope
suffer the disadvantage of redistribution and spurious signal product=~
ions In the following discussion, it will be assumed that the most
ambltious store available is an Image Orthizon optically coupled to a
double beam cuathode-ray tube; this arrangement possesses two semi-
independent (in one fisld axis) writing orgaens and a singlc and sep~
arate reading organ.

6.22 Contour Interpolation in a Singlo Beam Casmera Tubo.

This is easential for interpolution of ficlds writton on She

same store, and it is proposed that it be performed as followse
Assume that a full frame of lines for interpolation has besn

written onto the camera mosaic; in field or line Interpolation this
frame is an odd field interlaced with itself but written simultaneously,
and in frame interpolatioa it is the sequential intorlace of an odd
field with the next~but~ons. This frame may be read out two lines

at a time by high frequency sampling at the Nyquist rate with a
vertically oscillating reading beam. ILet this oscillation, super-

posed on the Y~scan, be given by :



y(t) = d 8in 2prf t
where g is the sampling frequency and d half ths line-spacing.
Velocity modulation is effected by augmenting the X -~ scan with a
ginusoidal oscillation x (%) in phase with y(t) and amplitude-
modulated with a ramp function of sign dependent upon the geometrical
glope~polarity of the contour, and of amplitude proportional to
the normal scanning velocity A

x(t) = £ Vgt Sin 2afgt
where Vg is the normal scon speed in the X-axis, and the onset of
the contour is given by t = O so that x(t) = O for t€0. These
oscillatory scans combine to give,

x(t) = £Vt y(t) /4
and along the uppormost line we have thurefore x7 (%) = + VSt and
along the lower line x5 (t) = n Vqt; superposed on the main scan of
X(t) = Vgt, this gives the required velocity modulation which may be
termed 'Lissajous Scanning or Spot Wobble! (Fig. 6.1)

For modulation reversal once tho contour is successfully found
on the second line, the modulating ramp function is simply made
to run down at the same rate until x (t) = O at which tims, only
the lincar main x~ scanX(t) is oparative.

4 possible circuit arrangemsnt is shown in Fig. 6.2 and includes
the velocity modulator, signol distributor and contour sensing

circuits, following the more gensral scheme of Fig. 2.4. The time



base function for the vertical scanner is ths sum of the conventional
sawtooth, controlled by frane synchronisation dorived from the

input signal, and the double line oscillations derived from a H.F.
mnaster oseillator; this would nornally be magnetie scanning. Horizontal
scanning, convoentionally electrostatic in orthicons, 1s derived fron
the sumnation of a linc  froquency sawtooth and the velocity
aodulator output of a triggered pulse raup function—modulated
ginusoid; this addition way be perforaed by circuitry or by using

a separate deflection systeir for the modulator bursts (see for oxamplo>

(9>)

the description of 'arrestor coils!' by SCHLESINGER . The camera
output is samplod with pulses locked to twice the H.F. oseillator

frequency and tho resultant awplitude modulated pulses are alternately
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selected to provide separate channel line signal pulse train inputs
to the contour sensing circuit; this warrants further discussion.

With line signals in pulsoe form, simple pulse period delay and
faeedback subtraction in each channel gives ‘elemont difforence! signals
from which significant brightness changss may be detected. The I
detected points provide inputs to the logic circuit for the contour
searching routine and the output of this circuit provides modulating
functions for the veloeity modulator and signal distributor.

The signal distributor must operate on the sampled line signals
according to the velocity rule of Equation (2.3)—812 = (V181+V282)/
(V1+V2), this represents a trivial circuit operation; it may be
realised with 2 twin input adding pulse amplifier in which input
gains are gated from the normal value unity to the relative values
%Zero or tﬁo, ropresenting the transition from linear to contour
interpolation. A low-pass filter at the output restores the band-
limited analogue character of the interpolated field.

| Total linear interpolation is achievad in thisg scheme by
rendering the sensing circuit inoperative; in this condition, the
vslocity modulator provides no additional signals to the horizontal
scanner and the signal distributor equally weights the two amplitudc

modulated pulse trains. Alternatively, this signal may be directly

derived from the sampling circuit.
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6; imitations in !'Sinele Beam! .Interpolation.

Obviously it roquirus experimentation to demonstrats how
practicaple is the above system. It is useful to list certain
difficulties and limitations however :-

(1) Sampling inaccuracy. With oscillatory scanning and

synchronised alternate line sampling, tho two dorivad line

signals ars affoctively displaced by half the sumpling period.

In lincar interpolation it might bo preferable to delay ono

line by this poriod prior to signal distribution and low pass

filtering. In contour interpolation, tho velocity modulation
routine gives an offective half sampling rate in thoe scarching
zone and tho second end of the contour is thercefore specified
with nalf the accuracy of the first.

(2) Storago Tube Resolution. To onsure adoquate line sample

separation with sinusoidal y - scanning requires an oxpanded

line spacing. This might nocessitate a store with resolvable
elements of up to two full frameg.

(3) Storage Tube Erésing. The sinusoidsl read-out proeedurs

producos incomplste erasing in a tube with read/erase action;

this might result in 'picture sticking' if the read-out to
write-in period does not provide sufficient leakags or is not

gufficient for an erasc scan.



(4) Foedback Stability. The veloeity modulator must respond
with an accuracy of less than one sampling period and, oncac
triggored, it becomes with the X -scanner the fsedback olement
in a closed loop control system; the loop must satisfy the
usual stability criteria.
Expsriment may show that a control read-out, advancoed on the
main beam is essential for satisfuctory working; this naecessitates
the development of a gstorage tube with two independent collectors
(or multipliers) and X - scanners; the advanced scan must not erase
the stored signals but might be realised with a low intensity
oscillatory beam which sample-element interlaces on the muin read-out.
It may be advuantageous to perform the varisble velocity scaonning
outside the storage tube by delay line circuit technigues. This
might be mechanised as follows : each sampled line signal is propagated
down a parallel bank of delay lines of delay n’C where T is the element
period (%/usec. approx.) and n ranges from O to 2N, where N is the
maximum number of !search elements'. Linear interpolation is given
by the arithmetic mean of the outputs from the two dela& lines of
delay NT and the velocity modulation is performed by switching across

the two banks at 3Mc/sec. in opposite directions.
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6. 23 OMPRESSION SCHELES.

Assuming single beam interpolation to be practicable, 21
compression schemes with receiver contour interpolation are described;
these schemes utilise conventional cathode-ray and camera tubes only.
6.31 Fiold Interpolation.

The transmitter requires a single store in which only the odd
fields are stored and scanned at holf gpeed for read-out (this is
performed by blanking out alternate fields on a C.R.T. faced with a
slow speed camera.) The transmission chonnel handles stretched
filelds of half the conventional bandwidth, and this stretched signal
constitutes the receiver input.

4 receiver which reconstructs the conventional sequentisl
interlaced video signal is shown schematically in Fige 6.3. '4' is
a storage tube of field capacity with a single writing gun and one
reading gun with reud/erase action (image orthicon facing cathode ray
tube), 'B' is a tube of frame capacity with a double writing gun and
a single reading gun with read/erase action (imags orthicon facing
double gun C.R.T.). Fig. 6.2 also shows the receiver scanning
sequence of stores 4 and B; the shaded heights at any time t represent
the.proportion of any field stored at that moment.

The mechunism is as follows: commencing with s and B empty,

let field 1 be half stored on 4 and also on B as a repeated-field
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frame via the twin simultaneous inputs bil’ bis at t = 0. This

field is now read out from & directly at full speed behind the

socond half which continues to be stored on 4 and B at half speed.

The interlaced field 2 is now formed by reading B with contour
interpolation and during this period, field 3 is hualf stored by A

and B at haolf speed thus completing the cycle of 2 fields. This
transmissien system delays the ultimately received signal by one field
period and therefore represents a technical recording,

6.32 Frome Interpolation,

Pure frame interpolation is applicable to a non-interlaced
sequential system. The transmitter sends only alternate !frames!
gtretched to occupy two frame periods. 4 roceivor for reconstructing
the original signal is shown schematically in Fig. 6.4 together with
the stors gcanning sequences. &4 and B arc storss of double frame
capacity with double writing guns and single reading guns with
read/erase action (image orthicon facing double-gun C.R.T.)

Receiver action is as follows: commencing with both stores
completely empty, let framo 1 be completsly stored as a repeated
frame on store A4 at t = 0. This frame is now read out from 4 at
full speed leaving one copy, and simultaneously, frame 3 is half storad
behind it on 4 and also half stored as a repeated-frame on B, ail,

being blanked out during this paeriod. Frame 2 is now interpolated



2/3

! ’—P' QO
A INTER POLATOR
INPUT s < ————— J
P -
ovTrAeUT
Y {i‘, 4 A
' -
8 i INTERPOLATOR
1
ty, : :
L e ST P J
\ W
i @\\ ! &\ ! R
Ll L
sTore A 12 X |
\ |
> MR
a)‘l k N \\\ N \\
%, N N | N & E
|
o o ) 5
SToRE B : i
N
i, X N
FRAME NoO; / 2 3 4 5 6 - g

é=0

FI1G 64 RECEIVER wITH FRAME CONTOUR INTERPOLATION.




from frames 1 and 3 which interlace on 4; on tho completion of this
frome, A is empty and B stores two interlaced copies of frams 3. Ovor
the next two frames the sequence runs back from B to A, and at the
end of frame 4 the storss return to the condition at t+ = O; the four
frame cycls then recommences. The overall delay in traonsmission is
two frame periods; also the receivor output is asymmetrical in that
the copied and the interpolated frames undergo different storage
times prior to final presentation or re-transmission (this also
applies to field interpolation), and also in that ths interpolated
frameg themselves are darived from frames gtored for different periods
(ratio of thres to one).
6.33 Synchronisation.

4s in conventional transmisgions, synchronising signals must
boe gent in the reduced waveband together with the stretched lines,
fields, and frames. 4s the transmitter itself would normally work
from full speed signals, these could be derived from half speed
synchronising and blanking genorators synchronised to tha latter.

4t the receiver, thesec stretched line and field synchronising
pulsaes control the slow speed writing scanners and also provide sync.
for a muster synchronising and blanking generator; this gensrator
controls the camera gcanners and re-ingerts full speed spnc. into the

roceiver output.
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) MULTIPLE INTERPOLaTION SCHEMES.

Rocoeiver schemes for 4:1 and 8:1 compression by intsrpolation
are described and thero is a short discussion on multiple compregsion
systems and standards conversion.

The storage tube arrangements in the following recelver sohomes
are dictated by the need to generate signals at convontional rates,
and although attempts have beon mede to reduce the number of stores
roquired to g minimum, it is not claimed that this has been achieved.
6.41 /4:1 Compression with Contour Interpolation.

The transmitter stretches one field in four to four times the
conventional field period, and the receiver must produce full speed
copies of these fields and insort three missing fields betwsen eaeh
pair of them; this is performed by combining 2:1 fisld and frame |
intorpolation systems. In dssigning the receiver store logic, it is
noted that each received field is required five times, and that it
cannot be read out until gtored for a minimum of three field periods,
for producing the 'frame-interpolated! field two fields ahecads
Receiver delay is thus five field periods.

It may be shown that by optically interlacing fields from two
GsR.Tes onto a camera tube only three stores of frame capacity are
required by the receiver (involves 3 cameras, 3 single gun C.R.T.s

and 1 double gun C.R.T.). The recoiver scheiis to be described requires
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4 stores of frame capacity (4 cameras and 4 C.R.T.s with one of thesc
double-gun) and is shown schematically in Fig. 6.5.

The scanning sequence is given in Fig. 6.6 and the action is as
follows: commencing with cupty stores, assume that at t = 0 field 1
is stored by Al, and cl, and that field 5 is 1 stored on iy, By and Gy
and D is empty.

FIEID 1 is read out from C, and fed back to D, and D_ simultaneously.

1 1 2
A2,B2,02 continue to recoive fisld 5 and field 1 is completely stored

on Al.

FIEID 2 is field interpolated from ropeated field 1 on D; and D,
Any Byy0y now § roceive field 5 and field 1 is stored on A7,

FIEID 3 is frame interpolated from ficld 1 on Al and field 5 on 4y,

and is simultaneously re-written on Dl and D2. Field 5 is complotely

gtorsd on 02 and B2.
FIEID / is field interpolated from repeated field 3 on Dland D».

Field 9 is 4 stored by 4, By and Cy and B_,C, store field 5.

29
FIEID 5 is read out from C2 and fed back %o Dl and D, simultaneously.

Al,Bl,Gl continue to receive field 9, and field 5 is complotely

stored on B2.

FIEID 6 is field intorpolated from repcuted field 5 on D; and D,.

44,B7,0, have now 2 stored field 9 and field 5 is storcd on BZ'

FIEID 7 is frame interpolated from fisld 5 on B, and field 9 on B

2 17
and is simultancously re-written on Dl and D2. Fiold 9 is completoly

stored on Al and Cl.
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FIEID 8 is field interpolated from repeated field 7 on D. and D,.

1
Field 13 is ¢ stored by 45, By and C,, and 41,0y store field 9.

4t the finish of field 8, the store condition is as at t = 0
and the four frame eyecle reocomuaences. In this system, the second
interlaced field in sach group (4,8,12,...) boing derived from a
proviously interpolated field (3,7,11,...) is the one of poorest
quality. (the inersased processing represents & double approximation
and lowers the output signal/noise ratie); also, all field interpolat-
ions are performed in the same store (D).
6.42 8:1 Comprogsion with Contour Interpolatio

The step from four-to-one to eight-to-one compression leaves two
additional fields to be filled in and probably ropresents the 1limit in
this form of compression. Variations in processing exist for the two
nissing fields, depending upon thse motion detail of the programme. The
transmitter simply sends one field in eight stretehed to eight field
periods.

For progranans motion limited to 12.5 cycles/sec. we have the
nost economical recsiver, which performs ficld and frane interpolation
togother with frame repotition. (The probleom of frame repetition in
storage tubes is discussed by BALDWIN(lO) ) and consists of thoe prov-

ious 4:1 receiver plus an additional store for frame repetition; this

requires 5 caaoras and 5 C.R.Te's, one of thoesoc double-gun. The
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receiver scanning sequence is given by Fig. 6.7 and operates thus:

4 and B are frame-interpolating stores, C is for copying, D for field
interpolation and E for frame repstition; comssncing with coapletely
orased stores, assumo that at t = O field 1 is fully stored on 4 and Cp
and field 9 is 3/8 received and stored by 45,B1, and Oy, with D and B
empty; reading commences with an eleven field delay.

FIEID 1 is read out from Gl and sinultaneously rewritten on D{,Dp

(as repeated fields) and Ei. Field 9 is half stored on 45,B¢,C, and
field 1 remains on A

FIELD 2 is fileld interpolated from D and Dy and is rewritten on E,.
Field 9 igs 5/8 stored on AZ,Bl,C2 and field 1 remains on 4.

FIEID 3 is field 1 repeated and read from E;. Field 9 is £ stored

on #5,B,,05 and 4y stored field 1.

FIEID 4 is field 2 repeated and is read from E,; Field 9 is 7/8
stored on 45,B1,0, and field 1 is on 7.

FIEID 5 is frame-interpolated from field 1 on 41 and field 9 on Ao,
and is simultaneously rewritten on D;,D, (as repeated fields)

and E;. Field 9 is fully stored on By and C,.

FIEID 6 is field-interpolated from Dl and Dy and is re-written on E2
Field 17 1s g received and stored on C,,By,4; and Field 9 is stored
and C..

1 2
FIEID 7 is field 5 repeated and read from Ey. Field 17 is %+ stored

on B

on Cy,By,47; By and 02 store field 9 and E, field 6.
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FIEID 8 is field 6 repeated from E,. Field 17 is § stored on C7,By,4;
and field 9 is fully stored on Cz’Bl‘ Stores D and E are erased and the
half-cycle is complete. |

The 16~field cycle of operation should now be evident. Compared
with the 4:1 compression system, this scheme suffers further degrad-
ation asymmetry since the repeated fields undergo additional storage.j
4 poor tube E for the repetition operation would produce a 25 cycle/sec
flicker.

The alternative is to field-and freme—interpolate all 7 of
the missing fields; the most economical receiver is achieved if
all frame-interpolations are performed at one reading, introducing
intermediate storage for those fields which are required later. (this
saves 2 stores). Simultapeous frame-contour interpolation of 3 fields
in 8 is shown diagrammatically in Fig. 6.8 Field 3 is required
directly and the mechanism is organised so that this field can be
formed without the further velocity modulation which is required for
the intermediate storage of fields 5 and 7. To allow for changing
dbject brightness with movement, weighted linear interpolation is
used:

Field 3, S3(t) = 2 8, (8) + % sg(t)
8g(t)
Field 7, Sy (t) = 3+ Sl(t) + 2 sg(t).

M(H

Field 5,  S,(t) = 48y (8) +

Referring to Fig. 6.8 for an initial contour in field 1, contour
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searching in field 9 is performed at velocity V9 = 4Vg (with vy =
normal scanning velocity) and in the search period, the writing
velocities and signal intensities are respectively Vg,2Vy,3Vy and
39(t), 289(t),389(t) for fields 3,5,7. For inverse geometrical
contours, contour searching proceeds at speed Vl = 4VS/3 and the
writing velocities and signal intensities become Vg, 2VS/3
V/3 and 8. (), 28, (t)/3, 81(t)/3. The modulated twin line reading
velocities of (0,4Vy) and (4Vs/3,0) may be performed by 'Lissajous
Spot Wobble! with modified modulating envelopes (the twin ramp must
conbain positive and negative slopes in ratio 1:3). Velocity modulation
for writing fields 5 and 7 may utilise a variable velocity scanner
of the BEDuOES type. o (2.

4 receiver for complete contour interpolation requires 6
stores (6 camera tubes and 6 C.R.T.s with one of these double~gun and
two with varisble velocity scanners); the scanning sequence is given
in Fig.6.9; 4 is a store for field copying, B and C are frame-
interpolating stores, D is for all field-interpolations, E and F are
for intermediate frame-interpolated fields. Commsneing operation
at t= 0, lot field 1 be recoived and completely stored by 41 and By

and field 9 §th. stored on &,,Bp, and O with E and F orased.

1
Reading commences with a 13 field delay.

FIBEID 1 is read out from 47 and is simultaneously re-written on Dq,D,
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as a ropeated-field frame. Field 9 is £ stored on 45,B,,0;. Ficld
1 is stored by Bl'
FIEID 2 is fiold interpolated from field 1 on D by Lissajous or
delay line tochnique. Field 9 is 7/8 stored on 4,B,,C1. Fiold 1
is stored by Bj.
FIELD 3 is frame interpolated from fieids 1 and 9 on Bl,B2 by
modified Lissajous technique and fields 5 and 7 are simultaneously
interpolated onto E and F respcectively. Field 3 is fed back to D
as a repeated-fisld frame. Gl,A2 fully store field 9 and Al,Bl,BZ,
and Co are ampty.
FIELD 4 1is field interpolated from ficld 3 on D. Field 17 is g
received by a3,B7,05, and 45,0, completely store field 9. Fields 5
and 7 are stored by E and F.
FIEID 5 is read directly from E and re~written back on D as a
repeated-ficld frame; fleld 17 is 7 stored by 4;,B1,0, and F stores
fisld 7 with fisld 9 stored on A2,Gl. ,
FIELD 6 is fiold interpolated from rield 5 on D; field 17 is § stored
on 47,B7,02 and field 9 is stored on 4p,0q; F stores field 7.
FIEID 7 is read directly from F and restored on D as a repeated-
field frame; field 17 is % storod on 4;.B1,Cp and 4,,0q stores field 9.
FIEID 8 is field interpolated from field 7 on D; field 17 is §
stored on &,,By, and Gy, and 45,07 store field 9; E,F, and By are

empty. B and C are now at the half-cycle condition.
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411 stores return to the t = O condition after 16 field periods.

6:43 Standards Conversion and Interpolation.

Two types of Standards conversion or TV signals have been
roeviewed by ZWORYKIN and RarBERG (13). They are,

(1) Intermediate ¥ilm Storage Method.

(2) Instantanoous Storage Tube Method.

The instantaneous scheme is described by LORD(A), also by
HauNTIES and Scrur ().

For Standards step-down transmission, such as U.S. (525 line,
60 cyclo/sec.) to G.B. (405 line, 50 cycle/sec.), bandwidth compression
and standards conversion can be combined in a single transmitter
store, in which every 1l2th. fiseld is selected and stretched to 10
converted field periods (1/5 second) with 202} lines. The receivor
must then operate on a 10:1 compressed signal, frame-interpolating
4 fields and rield-interpolating 5 rields betwsen every 2 stretched
fields received. ¥Five tc one compression could be achieved by
transmitting one frame in every six with 405 lines at 5 cyclea/sec.,
and if complaete interpolation proved too complex, limited motion
programmes could bo processed by combining frame interpolation with
frame repetition.

The reoverse transmission involves step-up standards conversion;

ifr the 405 line, 50 C.P.S. signal is 10:1 compressod, the recoiver must
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12:1 interpolate and increase the number of lines per field by a
factor of 5/4, which might be performed by rurther interpolation.
(this is obviated by duplicating the initial pick-up tube with a
camera working to the highser standard and then compressing 12:1 in
the transmitter.)

vield contour interpolation provides a useful means for stand-

dards conversion or gystems with identieal field rates and unequal
field-line numbers.
6.47, Maltiple Compression.

To achieve higher orders of compression, the above systems
may be placed in tandem with rate squalizing scheass. If the rate
equalising transmission is subsequent to the field stretching, the
coder operates on conventional eislds at reduced bandwidth. The
roceiver is simply the inverse - a decoder followed by contour
interpolation.

In particular if we considaer the CHERRY - GOURIET systen, (14) it
mist be possible, at lease in prineiple, to combine both receiver
operations, as they both dopend upon indentirying brightness rates of
changs. Ir such a multiple scheme (of probable compression ratio 24:1)
were to be considered practicable, this possibility shoudl be seriously

investigated, as a raduction in the numboer of receivor operations

would result in increased ridelity in the ultimate receiver output.
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7. APPENDICES.

7.1 DESIGN EQUATIONS »ND THEORETICsL RESPONSE OF THE ANGULAR
REDUCTION MECHANISM OF THE VELOCTITY #MODULATOR.
. igt o o)
Il = Inertia of driven shaft (lever arm shaft)
I, = Inertia of coupled mirror shaft.
1, = Length of driven shaft.
1, = Length of mirror shaft .
ry = Radius of driven shaft.
r5 = Radius of mirror shaft.
# = angular displacement of driven shaft.
4, = Angular displacement of mirror shaft.
1, = Coupling wire length for driven shaft. (see Fig. 7.1 (a) ).
1, = Coupling wire length for mirror shaft. (see Fig.7.1 (a) ).
R = Radial displacement of coupling wires from shaft axes.(Fig.7.1l(b)).
r = Radius of coupling spring wire.
T, = Torque derived from cantilever deflection of wire coupling.

Tp = Torque derived from torsional deflection of wire coupling.

I = Coupling wire second moment of area.
J = Coupling wire polar second moment of area.
k. = Stiffness of driven/mirror shaft resulting from cantilever

deflection of coupling wire,
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Stiffness of driven/mirror shaft resulting from torsional

<
ct+
1

deflection of coupling wire.

=
i

Modulus of elasticity of coupling wire.
G = Modulus of rigidity of coupling wirse.

0

1l

Wny = Natural frequency of driven shaft with I,

5
N
1

Natural frequency of wdrror shaft with I, =0

=
[
il

Force acting on each coupling wire at distance 1, along it.

Fy = Force acting on each coupling wire at distance Izalong it.

Tp = Torque on coupling wire at point 1.
Iz = Torque on coupling wire at pointllB.
Tl = Resultant torque on driven shaft.
T, = Resultant torque on mirror shaft.

4,B,C,0,E,F, = Parameters to be defined in text.

i

g Gravitational acceleration constant.

Kp,Kg = Parameters to be defined in text.
Z.12 Mode of Bshaviour

The driving torque Ty derived from lever-arm location on the
picture transformer drum/flange is communicated to sghaft 2 via two
coupling cantilevers of spring steel as illustrated in Fig.'7.l (a).
Neglecting the torsional deflection of the cantilevers, the STATIC
equilibrium for small angles is given by :

Ql = (lA/lB)B ‘02‘ e m e ma - - - (1>
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Equation (1) holds under DYNAMIC conditions providing that the
working frequency of the mechanism is very small compared with the
patural freguencies of the pertinent modes of oscillation of the
coupled inertiss. We ultimately require the response of the system
to something approaching a STEP FUNCTION of DRIVING TORQUE, and ideally
this response should be aperiodic and with an amplitude given by '
/8 = 6.2 /8.

With the coupling wires rigidly affixed to the shaft radiel pins,
we shall assume that the motion of the reduction mechanism is combined
LATERAL CANTILEVER DEFLECTION and simple TORSIONAL DEFIECTION. |
Assuming the reduction coupling to have negligible mass and inertia
in the pertinent vibration modes, we combine the two deflection modes:
in a theory for the complete behaviour, with the restriction that
deflections are small enough for small-angle approximations to hold.

The Latersl Mode is given by the cantilever deflection formula:

y = F2 = eemmmmm—— - (2)
' 3EI

for a point load F at x = 1. Restoring torque Tc resulting is given

by T, = FR for small angles, and with %{)RO, (2) becomes

T, =(BIR2 ). 9 = KO =----------- (3)
(1) .
The Torsional iode 1is given by bhe torsional deflection formula:
T = GI e e e em e (4)

1
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and for a cylinrical wire J = rrr4/2, algo the Torsional restoring

torque on the shaft is given by TT = rE/R, hence (4) becomes
To= (FGr2) . 8= ko =—-=-=--==~- (5)
( 21R )

Superposing (3) and (5) gives the total STATIC restoring force
required to hold Il at & = 61 peak deflection:
(4) (a)
- B e — - ).
TRest + kg ) ﬁi ©)

Assuming 12 = 0, the equation of motion for Iy is:

2 (x,

! A
C(A)»f kT( ))gQ‘: O which gives .,

| (&) 8), %
fn, = Wn /2 = 1 <2g-kc * kr > ----- (7)
21 I,

for the undamped natural frequency of oscillation of Il‘ Similarly,

the undamped natural frequency of I, with I = O is,

1
r{:nz = ‘.'JnZ/Zi‘r = i ch kc(B) + kT(B) E
e . S
1
Also, we note from (3) and (5) that
3 .
kc(B) ~ (i_'é.) kc(A) _______ ©)
B
B
kT() =G;*—‘) kT(A) ________ (10)
B
7213 Analysis of Undamped Qoupled System.

CANTILEVER UEFLECTION of end-fixed wire of length 1, with point
loads F; and F2 at xel,, lp respectively is given by the bending

moment formula:
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(1)
M(x) = Fy(1y -~ %) = Fa(x = 1g) withy=y '=0at x=0
. 2
l.e. EI 4 = Fily + Fplp - x (Fy + Fy)
dx

2
gives on integration, EIly = (F11A+F2:LB) x - (F1+F2) %3
2

Putting x = 1lg gives the deflection yp at x = 1 :

T = 3

Similarly, x = 1, gives the far end deflection y,:

3 2
Y, = l 1 Fq +f 1nl -1 AN PFrl e - -
A A 1 B4 2
4lso yy = R@y, and yg = Rey, hence from (12) we have
2

3
Q= _18/1,15 - 13\ Fq + f1g\Fs] == - -~ (14)
2 iTR (Aé__ _.E.) 1 _3_) 2
_ AN RN
icea { 1M1 - 14 Ty & 5
3I\7 B e EIR

nad - - — b ey

and solving for ¥, and F, in terms of & and &, we have:

31B - lA 'QZ
Fy = 4BIR. (1—1) T 2R ) ----- (15)

1, - 1g )2




- )
(1A 1B )

Hence the restoring torques given by the cantilever deflection of two

wires are, Tgy = 2BF1, and Tpp = 2RF, :-

2
ice.  Toy =,SBIR 1g\ #1 +f 1y - 31z\ &
cl (1, - 1B)2 {(‘I%) ( 21 2 - = =(17)

and Thn = SE.IR 1z - 31 o L1\ 8
CR B A )
T - 1p R {(——-—J—_—z—-——) (1? - - == (18)
A
TORSIONAL DEFLECTION of cantilever with point 1B constrained te

deflect @€, and peint 1A constrained to deflect ) with torques TB

and T, respectively is given by equation (4) and superposition:-

= _2 » (Tglpg + Tly) ---------- (19)
fTG
d 9 = 2 . (Toly + T ) m e e e - - - - - (20).
" : Mor™ (BB §

Restoring torques on inertias I;,I, are given by solving (19), (20) for

. : ~ —oT
T,and T  in terms of & and &, and putting Tpy = 2rTA/R and Tp=RFTp/R

5
1eBe T = o ( -8) = =e- (21)
" 7 R{. Ty -
d 7 T = ”('115 1 -
o B2URE, T 1) ( I% - QA) -------- (22)

EQUATIONS OF MOTION for ssro damping become i-
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1.8 + glgp + gl = I, =mmmmmm e - (23)

and I2'd2 + gTC2 + gTTg Z 0 e e e (24)

Putting (17) and (21) in (23) we have :~

I-Q+ TGr? (8, - &) + 8EIR 1z \ & + (14 - 315)9.}=T
.(__8_ 4 -8 (1—-:%13)_2{4&) A:LBZB 2} 1
or, putting Kq = ﬂ'GrB /272 ;U U (25)
and Ky = Sn'EIRZg ----------- (26)
we have =
(l-l) + Ko (1,~1 -05) + + (1,=31g) 85} =T (1,~1
g 7(14~1p) (81-95) Kci__ggl (g B 2} 1(1,-1p)7

Il(l —lB) 'Q]_"’{ T(l lB) lB Ql { c (l~ - B:LB)—KT(:L.-—:LB)} szTl(lA-lB)?‘

1,8 +{KT1 K - KT):LB { KT)m . (KT ) 3-29)‘23} 9= T

(lA - 13)2 (l - 13)2

which may be written:

n@l +BO 4+ 08y =T] mmmmmm - (27)

where 4 =17 = e e e mmmeana-a (28)
B = Kplyr (K(/ZLZA-KT) 1z

(14= 18)° = e e e e e e e (29)

2 2
C = (Ko/1 B-5T) 1, + (Kp-3Ky/17p)1g

(1, - 1p)°
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Also, putting (18) and (22) in (24) we have :=
1,8, +Mard o + gBIR"g (1p31, & + 1, &= 0
2°2 AR B2<d
R{T,-Ip) {113 S (1 .—13)5{ 1;5

and inserting (25) and (26) gives:
2&—
1, (1,~1p) “Sz+Kp (1,-1p) {_1‘&@2-91}40 i'lB_Bl; ot . ozr 0

'8 (142) Ig?
2 +
o+ {Kp(Ll,-1p)1a + K,1,) 8, + §K 1 3Kc\1;19=0
I,(14-1p) 2{ A B_I.B, I%é 2 T*Igz B T A
B
2Xg
=0
I 02 + 'ﬁ"m ) } ((KT *ﬁ )1 (KT +12?)1Azgl
- 1B (1, - 1) 2
which may be written:
DO, + BO, # FG = 0 mmmmmmmmm - - (31)
where D = I, N € 1))
E = 1, KT +
L B U
= (KT+KC/1A2)1B"(KT"BKC/J‘A2)1A ________ (34)
(1,-1p)"

The motion is thus defined by the simwltaneous differential equations

(27) and (31). To solve, we note that from (31) we have :-



(=)
Fo; ,—.‘-(D.@2 + E8,)

Fo, : )-(D-@z + EG, )) and inserting in (27):
4 (2
4D, +(4 + BD) &, + (BE - CF) &, = -FT) —= = - == (35)
(2)
and similerly putting GO, = Ty - 4@y = B&y from (27) in (31)

(4) (2) (2)
gives :  aD8; + (4B+BD)®; + (BE~CF))® = ET,+DTy ~—=(36)

(2)
The patural froquencies of the system are given by putting Ty=T; = O
in (35) or (36):-
2
ADpl’Ql + (aE+BD)p 9; + (BE-CF) & = 0
2 R L
p = =(aE+BD) + f(aF.r»BD) - 4@(133-0?)3 2
' 2 4D
2 2 . : . .
and for p = =W , p =+ jw, the natural frequencies are gived by:
2 L) J
Wnp = (4E+BD) — { (4B+BD) = 4aD(BE~CF) = == = == (37)
2 WD
2 { 2 ‘ 3
Wn, = (4B+BD) + L(4E+BD) = 4uD(BE = CF)} ° - - - =~ (8)
24D
The freguency response of the system is given by the solutions of
(35) and (36) :-
"~ Fand
-92 = 0 T U U (39)
2 2 2 2
(p +Wnl) (p #Wn ,)
~s 5 ™
and Q = E+ pD) Ty
1 e 49)

2 2 2 2
(p +¥n 1) (p +Wn 5)



and for p = jw, the responses become

8, (jw) = -Fn @ )
(W-Wn;) (W+Wnq) (W-an) (W+Wn,)
9 (w) = E-WD TG  ----- 42)
(W—Wnl)(W+Wnl)(W;Wn2)(W+Wn2)
showing resonances at W = Wn:L and an and also an infinite
DYINAMIC STIFFNESS for Shaft 1 et a frequency given by
2
Ws = B/D = meaememmeaa- (43)

"~
The transfer fuggtiqg.ié/fh of the system is given by dividing

(39) by (40):-
-7

90 = _ 77 eeeeaa- (44)
%, (p) E + pD
or o(jW) = -F

8,(;u)  E -

and E and F must differ in sign since it is physically abvious that

(-Qz(jW)) = LJE aeaa- —————- (45)

Q,Gw)j w >0 E
must be positive and real. If the mechanism works at frequencies
much lower than Wy given by (43) then éh/sﬁ is positive, real, and
constant and Eq. (45), which is the STATIC condition, gives the

response in this usable frequency range.



7.1, Responge of Mirror Shaft I, to a Forced Ramp Function &, (t)

The reduction mechanism operates in such a way that -Ql(t) ig
conatrained to follow gwitched linear rises with time, the driving

torque Tl being supplied from a large inertial drive. Let 8. = mt for

1
'b)O and zero for negative time. The driving torque on Il is given
by (36):-
T, (p) = m(4B+BD) + m(BE~CF), 1/p° = = = = = = - (46)

B+ p2D
The inverse transform of (46) gives the time function Tl(t) which

is a ramp function with a superposed sinusoid of frequency Wsz\/E/D.

The transfer function (44) gives the response of I,

) = -7 9 (p)
E + pD
and putting @) (t) = mt for t>0 gives &y (p) = m/p> and :-

o, (p) =__=F/D . I
2 —
o° + E/D e

8,(p) = -@{;2 - E/D
Er p*+ E/D

and inverting the transform:-

9, (t) =-@{t-ﬁsmﬁ.t§
tyo E E D
or Oz(t)t) om ol(t).(glg) ) (lj%‘Siﬁ/g t)---(47)

>0



e 21',3 -

Eq. (47) shows that for good linearity in &, (t), we must have
1
(D/E)%V<K§ and Ws = (E/D)° large; these sre compatible conditions.

7.15 Degign Criteris
(1) Choose 1B/1A3u0h that (QI/Q2> W30 = required reduction ratio

(6.2:1), and from (33), (34), and (45) this gives:

2
1, (KpKy/1g - LEply) = 602 =mm - e (48)

15 (Kpekp/1D) = 1A(KT+3KG/1§)

(2) To maintain equation (48) under dynamic conditions reguires

(D/E)%'{?:1, or from (32) and (33) :=

. ool

I
{ - (24 - )KL = = = =(49)
1, (1,Ky/1g+Ke/15-Ky)
showing the necessity of minimising I2.
1
(3) With (D/E)® minimised from (49), it must be checked that in

gddition:-

'%7;-\/.% D fux - Tmooo- 50)

where f*MﬁX, is the maximum ‘horizontal! bandwidth of the machine.
(4) In addition, to ensure satisfactory performence on switch-off,
the values of Wn; and Wn, determined from (37) and (38) should be

large compared with 2rr7” MiX,



Zu2  THEORETICHL RESPONSE OF STGN.L DISTRIBUTOR.
Z.2)  List of Svmbols.

I = Inertia of armature assembly

9 = angular deflecticn of armature from quiescent position.

9, = Maximum anguler deflection of armature from quiescent position.
“T = Total switching time.

Ti = Initial torque acting on armature.

x = Normalised angular response.

y = #xis of aperture movement across semicircular beam.

r = Radius of semicircular light beam.

= Light flux passed by distributor aperture.

Normalised light flux passed by aperture.

5 o3
1

I

Normalised aperture position on semicircular axis.
7.22 attraction of armature by idagnetic Qore.

We assume a freely pivoting armature located in equilibrium at
a small gap distance from a matching wound core; the core is
instantaneously magnetised at position @ = QO providing an initial
driving torque Ti. If all the energy is located in the air gap and
the magnetomotive force is time invariant, then the equation of
motion, assuming zero damping and restoring force, is:

2 2 2
I8 (80) = T8y ~ = -=--mm----- (1)
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gineco the magnetic pull varies inversely as the square of the air
gap. Leakage flux and saturation are ignored and small angle motion

is implied. Solution of this Ideal Equation is as follows:

Putting 2
TeBy =k = e e e - - - (2)
I
. . 2
in (1) we have 8 48 (§,-98) =k === ===~ (3)
de

Integrating both sides of (3) weret. © we have

v2 "'l
%-0 =k (9, - 9) + comst. ~ -~~~ (4)
. . . -1
and observing that € = 0 for © = 0 this gives, const = -sk-Oo 3

and (4) becomesi~  1g° :"on-l + k9t a~o/ Qo)—l
2

or, inserting (2) and integrating both sides by separating the

variables, we have :=~

t f_ I ‘ %9 4o _
Jo T :( *1% { ((l - 96, :'L—l‘) =
Lo

1

and hence, t:{QTQ ) ( (‘gc/‘g - )—2— 48 = = = =(5)

N\

The total response time T is given by integrating (5) from

_O‘bo-Q-Q

T ( 3 \) j (88 - l) d9 and substituting
2T



9 = 9 0052,6 gives,
7/

T =(_l___._ %. 22, 2Tan,6 Cos ¢/ Sind d 4
.2Ti'go : o
X
“c“zc'mg )2-2’30 Jrr/g sin “ 4 o .
io o
‘ 1
v=T /19y ---------- (6)
2 2 T3

The solution for constant driving torque is
1

=/ 219 ¢
4 oy mm=mm=m---- (7)
T {——- )

and (6) and (7) give T = T’ -—--e--- (8)
A
The time varying solution of (5) is :
1 Cos ¢ =+ va/9,

and on integration,

L reg =1 Cos 'égk[25190
t =f 18, \° d ~1. Sin 24 Y
2 Ti P Cos O

Taking the principal values, and writing Sin 20 = 25infGosh ,

't

this gives .

: 11—‘ m ("3
t =/ TO, Cos T4V, + /2 =9\ T
RT3

)

0,

Secicimpae®”

Normalise by substituting in (6) and writing x = 49,

- 21 |
b= 2 Gosle;+__'7_ —(x~x)2j —————— (9)
v 2

gives the normulised response of the ideal distributor. The following

table (7.1) computes twelve points in this response :-



Table 7.1

x 0,025 0,05 0.19 0,20 0,30 0.40 0,50 0,60 0,70 0,80 0,90

1-x 0,975 0,95 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1

W/ x 0.158 0,224 0.316 0.447 0.548 0,632 0.707 0,775 0,837 0.8940.949
G %1400 1,340 1,250 1,710 0,990 0.890 0.785 0,685 0.580 0.462 0,322
M2 1.570 1.570 1,570 1.570 1.570 1.570 1.570 1.570 1,570 1,570 1.570 .
Jg;XE%II7C)O.230 0,320 0,460 0,580 0.680 0,785 0,885 0,990 1.108 1.248
(x_,éfo.lse 0,218 0,300 0,400 0,448 0.490 0,500 0,490 0.448 0.400 0.300
r{f%"o.szé 0,448 0,620 0,860 1,028 1,170 1.285 1.375 1.438 1.508 1.548

t/7- 0,208 0,285 0.395 0,548 0,655 0.745 0.818 0.876 0.916 0,960 0,985

1223 Weighting of Semicireular Crogg—gection ILight Beam by g Linear Magk;
We wish to determine the variation of transmitted light flux
past a rectangular mask with mask position, assuming that the light
flux is uniformly spread across a semicircular cross-section, and tﬁat
the reading mask cdge moves towerds, and parallel to, the flat side
of the semicircular beam.
If the mask commences to move from the beam tangent along the

y~axls, then the total flux L not cut off by the mask is given by

r-y _
L :L 202 - t9) Gt mmmm e e o (10)

with r the beam radius and % the height of the transmitted section.

Substituting t = r Gos}p in (10) we have:



g L
L= JAZI'éJZ_EQ’V/D/ = r? J /%1 =, Cos 2y )) al

Cos r-y) Cos™ (1-y/T
L = ["V Sln 2 ! J ”/2
Gos l - y/r)

L = rz{I-Gos (_1;:1_) (l-v)(zry-yzlé—ﬁ

2 r r

Normalise by putting y/r = n,
L= rz{_“r - Cog™L (1-n) + (1-n) (2n-n Z)ES
2 ;

and normalise the transmitted flux L by writing L = T r2/ 2)\ ’

h =2 f T~ Gos™t (1-n) + (1-n) <2n—n2)%§ ““““ (11)
2
and this result is tebulated below in Tabls 7.2,
Table 7.2
n o .1 2 .3 i w5 6 7 .8 W9 1
l-~-nil e .8 a7 56 «5 94 ‘03 02 o1 0
2n |o 0.2 0., 0.6 0,8 1.0 1.2 1.4 1.6 1.8 2
® |o 0.,0L 0.0, 0,09 0,16 0,25 0.36 0.49 0.6 0,811
Jen-n?) |0 0.19 0.36 0.51 0.6 0.75 0.8, 0.91 0.96 0.99 1
: N :
(2n-n?)%]0 0,436 0,60 0.7l 0.80 0.866 0,916 0.95/ 0.980 0.995 1
(1-n) 0 0.392 0.48 0.50 0.48 0,433 0,366 0.286 0,196 0.099 O

above
/2 |1.570 1.570 1.57 1.57 1.57 157 1.57 1.57 1.57 1.57 1.57

flfj'/z + |1.570 1,962 2.05 2.07 2.05 2,003 1.93€ 1.856 1.766 1,669 1.57
apoye .
Cos Xl—-n 0 0.454 04645 0.795 0,928 1,050 1,158 1.268 1.370 1.4701.57,

M)2- A|1.570 1.508 1.405 1.275 1.122 0,953 0,778 0.588 0,396 0.194 O

N b 0,96 0,895 0,812 0.714 0,607 0,495 0.374 0.252 0,127 0




7.3 LIGHT FIUX FROM SPHERICAL SOURCE INTO OBJACTIVE LENS.
Z.31 List of Symbols
R = Radius of spherical sourcs.

I = Totsal Candlc Power of source.

L = Distance of source centre to entrance pupil of system.

o]
1l

Brightness of source, assumed uniform.

Radius of elemental annular ring about lens axis.

=
H

.
il

angle subtended by slemental ring at source centre,

£ = angle subtended by elemental ring at entrance pupil.

1 = Distance of slemental ring circumference from entrance pupil.

dE = Illumination at entrance pupil derived from flux emitted by
Abcrelemental ring of candlc power oI,

o = Ratio of R/L.

Ry = Radius of objective lens.

x = Distance of objective lens from effective entrance pupil.

D = Total source to lens distance.

.32 Tot

Referring to Fig. 7.2, we have:

Inverse Square Law B
° quare ’ dAtur

Lamberts lLaw of BEmission, 41

= 4T Cos®/y 2 - - (1)

2(fr.RAG.B Cos (0 + B ) - = = =(2)

i1

Sine Rule, r = RSinf = 1 8in0 = = = = - = - - - (3)
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Projection, L=RCof+ 10088 == o ===~ (4)
Cosine Rule, 12 = R® + 1? - 2RL Cos H o == m (5)
Projection, 1Cos (J+ 9 ) = LCos fm R e o= m = = = (6)

Inserting (4) and (5) in (1) we have,

@ = 9I(L-RCos @)
o 1(R*+ 1% = 2RLCos ¢ ) =~~~ (7)

Inserting (6) and (3) in (2) we have,
dI = 2MR.B. RSin @ (L Cos @ - R)
1 S )d¢ - "'(8)
Substituting (8) into (7) gives :-

dE. = 2/TR*BSind (L Cos ¢ - R) (IL~R Cos¢) 30
FaXoy
1 2(R%+I2 - 2 RL Cos ¢ )

and together with (5) we have :

GE =  2ITB®B 8in ¢ 17 (Cos ¢ - R/L) (1-R/L.Cos §) d¢/
o0 % (1 + RY/IR = 2R/L. Cos # )2
and /% /
| 2Mr?B|  (Cos @~ B/L)(1-R Cos @/L)Sin ¢ d @ —-(9)
EAa': dEAG_ = 12 ] (L + R¥/L< _ 2R Cos 0 /L)2

and @ is given by : Cos Oy = R/L, iees M+ 9 = M/2

Changing variable to x = Cos@ in (9) and putting o= R/L we have:

E 2 (Cosff &) (XCosf -1) ¢
Or~ 2 TR "B S(l+()("-.2g)(s()os16)‘a *
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= —2/TO¢°B j (X -of)(1 -*3(70
(e —E><2-1)2

which aay be integrated for the case R/L «1, i.e. 0(2<<l

/
2
E = 2fTe’B X - x -Qidx
AT L(zux - 1)

= 2B (Wi ) 1 Y e
(3¢~ 1)° 4«}
"

{

_ 2’75(23 [: (X - /i) - ]
x

Re¢(Rogy - 1) 4
again noting that ¢ % <( 1,

EAO_ = ﬂg@_{“ —%‘0(-1-[/20((20( -1)}

2
E = MB& (2X -3) 2
A_o— 1 e - - 10
e D ) & “K (10)

Note fortod{{ 1, (10) becomes EAG“ = 3 I"r.Bqﬁ’2 - - - - (11)
233 Light Flux into Objective Lens.

hssuming uniform and unity transmission, (10) gives the
illumination at the entrance pupil of the lens system, and if the
objective lens - source distance is L + x (Fig. 7.2) we have
o« = BML=Ry/x = ec--cmooo- (12)
If T is the total candle power of the source, assuming uniform
diffusion,

4’TR2B = I e e e m e - e (12)
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Substituting (13) in (10) for the transmitted flux density Eq

B, = I e 3 = 2K @ ~------ (14)
T 8 Ie 1 —:29(25-

and o can be determined from (12), since L + x is measurable,
R and Rg are known:-
Iet D =L+ X === ----— === (15)
Then substituting (15) irn (12) we have,
R(D~-L) =R]IL
or L/R=1{ = D (Rg+R)

and q = RS + R (16)

Put (16) in (14) and we have,

E

]

I . 3D—2(R5+R)
8L
D-2 (Rg + R)

with the condition that :

o 2L oo (Bg + R)2<< D2 e m e o (18)
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