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Tho final rcport of this contract is concornnd primarily with lincarity,
distortion, and dynanic range of the process of recording and harnonic analy=-
gls with photogrephic film. The description of such an investigation is
included. An initial attecupt was mado at pfbdistorticn of eignals to conmpene
sate for inhcrent nen-lincaritics of tho film rcceording system after the
report was written, Therefore, the description of the introduction of predis-
tortion and its rosults arc included as an addendum,

Previously, dotailcd drawings of our commitating and recording appardtus
wore preparcd and delivered, as recording end film transport were thon current
problens at USL, Although not & spccified area of this contrect, the Moyer-
Eppler tochnique has been concurrently investigated at this laboratory. Since
USL is concerned with this tochnique, a derivation which we hove prepasred for
other work at our laboratories is included as an Appendix.
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Photographic f£ilm is non-linear. Yet, for cohercnt optical processing
it is uscd for rocording signals and processed as if it were linear,
the system to be discussed film is recorded from a cathode-ray tube, wnole
the signal input is represented through Z-axis modulation. This modulation
is non~linear with respect to a voltage input. Our task is to find the
linearity and dynamic range of signals on photographic film recorded from o
cathodo-ray tube. Since the photographic film is to be processed linearly,
that is, through taking the Fourier transform, the film idecally should
linearly correspond to the recorded signal, Onse desires a linear transfor-

mation but finds two non-linear transformations, |

To study thoe non-linearity, the rolationshipg\BQXfen the output and

the input of the rcocording and processing system is ound, For this pur-
pose a scries of refcrence functions was recorded on variable~density film.
They were recorded in such a way that differcent levels could be diffracted
in an optical system sinultaneously. The intensity of first order diffrac-
tion from ecach reference level was ncasured, as well as the one higher order
generated by distortion. By this means the relationship between the input
signal to the output was determined for cach recorded frequcncy. A previous
freatmcnt which did not 1nc1udé the rccording process can be found in Ref, 1.
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In this way the optical recording and processing system Qas thug treated as
a black box,

The system consisted of input amplifiers, commutation circuits, Z-axis
modulation of tho bias of the cathode-ray tube, imaging lens, photographic
film on a film drive, and the dcveloping process of the photographic film,
Additionally, the measurement was taken in a diffractive optical systen
which includes the light socurce (laser in this case) and thc means of col-
limating and imaging the light source to obtain Fraunhofer diffraction
patterns. The black box, therofore, consists of all these elcments between
tho signal input and the diffracted energy causced by the developed film,

We first investigated the non-lincarities of the system and then attcmpted
to minimize thom by choosing a suitable bias lcvel wvith tho anticipation of in-
trodﬁcing predistortion. Numerous defects in our system were found. Only
photographic film was used for recording, However, the responsc characteris-
tics of photographic film are similar to those of photochromics, and thermo-
plastic recording is also fundamentally nonlincar (Ref. 2). The Hurter-
Driffield curve is similar in photochronics, so that many of ths results and

problems found with photographic f£ilm are found with photochronmics.

e A e e D Bm

Bricfly, the investigation was conducted as follows, A number of sinu-

soidal rofercnce functions were recorded from a laboratory oscillator. The

N
13

level of the reference functions extended over a range of 46 docibels. The
amplitude levels of the reference functions were recordod at slightly dif-
ferent frequencies. One channcl was employed for each of sevon scparate

- roforonce levels, The film containing the seven reference functions was then
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placed in a diffractive optical system whose apérturo was apodized to nor-
Q malize for frequency diffcronces and the modulation transfer function. The

resulting diffraction pattern was ecxanminced visually, and on photographic

film. The numbor and intonsity of higher harmonics were oxamined as an

E 1 indication of the distortion of the recording proccess., The energy in each

&iffrnctcd order was measurcd with a scanning microphotomecter,

Each set of a t;tal of eleven different sets of refcrence functions
was rccorded on a diffcrent day. The proper bias level was determined by
recording the maximum amplitude of the refercunce fuunctions et many dif-
ferent bias levels. These were then placed in the diffractivo optical
systen, The bias level which resulted in tho least amount of second har-

o monic diffraction was chosen as the most suitable. The bias levels of the
diffracted light intensity, including higher harmonics, were measured and
plotted, From these plots we calculated the required predistortion of ]
the input for a lincar output of the optical syestem,

The investigation showed that with 2 mm width channcls, a dynamic rango

between 40 and 46 db is achievable. The harmonic distortion is very low,

in fact is not detectable except at the maximum amplitudo level., Significant

L4 W N

harmonic distortion was not found, because, it is thought, of the naturec of

N S,

B

tho distortion caused by the recording system and medium., The large displace-
ments tend to be smoothly reduced or extended, so that the sine wave tends to
be smoothly distorted. However, the amount of diffracted encrgy correspond=- !

Ing to amplitude of signal input is not lincar., 7The bias level on our recorder |
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turned out to be difficult to control, with wide variations in biés both
within a day’s recording and between rcecordings. The departure from non-
linearity was, however, much lesslthan the deviation in bias from channel
to channol, The lack of a stable, rcpeatable hias level was the most signi-

ficant defect in our systom,

DESCRIPTION OF THE EQUIPLENT

Refercnce Function. Tho sinusoidal rofcerence functions werce generated

with a Krohn-lite Model 44 A Oscillator, The amplitudes were read on either

a Type 564 or Type 547 Tectronix Scope,

Recording Apparatus., Sec Appendix 1 for description, | |

Film. Recordak Dacomatic S0-266 film was used. The data sheets for

this film are in Appendix 2. q

Diffractive Optical System, A conventional Fraunhofer diffractive sys-

tom was employed. The light source was a Spectra-Physics Model 115 Heliunm
Neon Laser. The light was focussed with an 8 mm microscope objective on a
20 micron pinhole. Tho pinhole formed the point light source for the system,
Bausch & Lomb 12" f 2.8 lenses were usod, Tho diffraction pattern was scan-
nod with an Intectron Model VS-12A-)M-3, An Eldorado Mpdcl 201 Universal
Photonetor with a Dumont Type 6292 Photomultiplier tube was caployed for
measurcment of intensity of diffraction, A 22,7 mn microscope objective was
used to focus the light energy on a 1 mm x 12 micron slit located in front

of the photomultiplicr tube.
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spatially scparated for cnergy and visual measurcments, The voltage and
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Recording and Mecasuvement of Film, The first task is to set and deter-

mine the bias level of recording. To achicve this the intensity adjustment
of the Type 531A Tectronix Oscilloscope 1s first calibrated for intensity
modulation. For this purpose a photomultiplier is attached to a Model 23-050
Jarrcl-Ash scanning microphotometer., With the oscilloscope intensity adjust».
ment set at its maximum the reaéipg is taken on the microphotometer, The
intensity adjustment is then set to a predetermined lovel which was deter-
mined by cxperinent in the following manner, The reference signal at its
maximum level, in this case 1.4 volts, was repeatedly recorded, each time at
a different bias level. The films weré then used for diffraction to obscrve

the amount of second harmonic generation. The bias level was chosen for ?

which the sccond harmonic generation was a minimum; hence the total harmonic
dictop%ion wvas at a miminum for this biaé level., Third and higher harmonics
were féund only with extremes of bias levels,

Seven sinusoidal roference functions over a 46 db range were then yre-
corded on 2 mm width channels, All functions were recorded on the same film
with the channels side by side, with each reference function at a slightly

difforent froquency so that all could be diffractced simultancously while

corresponding frequencies are listed in the colunns below,

Voltage hortz Spatial Frequency in
cycles/millimeter
1.4 8 7.60
0.7 7.5 ‘ 7.12
0.28 7.0 6,65
0.1 6.5 6.17
0,028 5.70
0.014 5.5 5.22
0.007 5 4.75
afe
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The lower signal lovéls werc assigned successively lowor froquencies to
diffract closeor to the contral image. This errangement was aimed at being
conservative in the determination of the dynamic range, since tho background
intensity (or noisc) of the light is grecater when closer to the central image,
Seven reference functions were recorded cach day on 11 diffcerent days., No
changes or alterations were made to the system during this time, oxcept that
two differcnt measurement oscilloscopes wero used,

Each rofercnce film was then put in the diffractive optical system, All
channels .were diffracted simultancously, Polaroid photographs of the diffrac-
tion pattern were examined for the nunber and location of havmonics. The
range betwcen the lowest unambiguously detectable harmonic and the highest
was considcred to be the dynamic range of tho reccording and diffractive appara-
tus. Higher harmonics, duc to distortion, werc noted. Additionally, cach
harmonic was measurcd with the photometer and the square root of the intensity
plotted against input lovel, Due to the noisc and limitations of the photo-

multiplicr sctup only the first four harmonics werc detectable under diffrac-

oW

tion, Sccond harmonics, if of sufficiont intensity, were also measurod with

S

this dovice for the amount of distortion in the maxinum amplitude recording.

e R

Thoe f1ilms wore also scanncd on the Jarrel-Ash microphotometer for tho

.
i

bias levels of cach rccorded function,
As Fraunhofer diffraction is mcasurcd with an cnerpgy detecting device
the outputs of the scanning photomcter wore proportional to the equare of

tho lincar quantity desired, Thorefore, lincarity was checked by taking the
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square root of the diffractive output and plotting this ?gainst the correspond-
ing voltage input. These plots were made for the 1l sots of film, The average
and the standard distribution were found for the encrgy mecasurements on the
diffracted bhavmonics., Tho blas levels werce also plotted. These plots first
wore nmado for all 1l records, and also for 6 vhich féll inside reasonable
control limits on bims levels, The response curve for design of a predistor-

tion neotwork was drawvn up,

Figure 1 shows thce plot of auplitude of diffruction\vcrsus signal input
for 11 films, Figure 2 for the best six, Maxima, minima, standard deviation
and bias variation are shown on the two plots. The dynamic range varics fronm
34 db to 46 db., Every rccord which did not have widely varying bias levels
showed at lcast 40 db, We defined the dynamic rangeo as the range between the
widest amplitudes which can be recorded with a given maximuwa of distortion to
the smallest amplitudo which will show unambiguously on a diffraction pattern,
O0f the 11 reccordings, 8 werc 40 db, 1 was 46 db, and 2 were 34 db dynamic
range. The two which showed 34 db were defective in the bias levol., They
elther varicd widely botween differcnt channels or were too far toward onc or
the other extrcemes on most channels, When weo define dynamic range in this
manncer ve conclude that for a 2 mn channcel width recording on Recordak 266 film
a practical ranzo of 40 db was achicved in this optical system,

The distortion wae indicated by the amplitudes of the sccond harmonics,

" Except for the films in which the bias level was extremely shifted a higher

'

’ - T ETIRIIIIw™=~ ,,_J |




i
;
i
i
i
||
i

;f Weillorws R Laboratonicd

INSTITUTE OF SCIENCE AND TECHNOLOGY
4 THE UNIVERSITY OF MICHIGAN

-

harmonic was found only for the maximum voltage. Only a second harimonic was

detectable, The second harmonic was, if prominent enough, mcasured with the

S—

aid of a photomultiplier tube. When below the range of the encrgy-measuring ]

device the sccond hammonic in the photograph was compared with the first

harmonic of the smaller voltage amplitudes for an estimation of the percen-

tage of second harmonic higher distortion., The distortion ranged between 2%

and 7% for the maxinuw voltage when all 11 films were nmeasured, 2% and 5% for

the best 6. !

11 films: averago: 4.1% 6 films: average: 3.1%

maximun: 7% maximun ; 5%

minimun; 2% E mininum: %

. st, dev: 1.8% st. dov: 1.1%

Again, no harmonic distortion was detoctable for recordings of voltages 3 or
less of the maximum voltage. 0

As the film must be lincar in the light amplitude transmission character-

e T

istics to prevent harmonic distortion, one would expect that this would indeed

T

.y
"
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be the case when no higher harmonics are found under diffraction. However,

when tre square root of the intensity of diffraction is plotted against the

voltage level of the reference input a logarithmic shaped curve was found,

_——

The lack of detectable higher harmonics and the lack of linearity in tho energy

plots appears to be a contradiction, However, the type of distortion of the
£ signal is such that, a small amount changes the lincarity considerably. The
distortion is in the form of a smooth cowmpression or expansion of the sinu-

E * soidal wave shaﬁe.
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COIMENTS

Possibly tho'distortion waé sproad over many harnonice or continuously
over non-integral harmonics, At any rate this lack of correlation between
obscrvable harmonic gencration and lack of linearity was uncxpected (sce, for
example, Rel. 1). This type of distortion is diffcyrent from the type of
harmonic distortion found in tape recording in which odd harmonics ave formed
(principally the third harmonic), The maximum displaccement may be changed
only slightly with tepe recording while a significant amount of hammonic dis=~
tortion is introduced., For diffractive pumpeses of speciral analysis or
Fourior analysis this fact is fortunato., At the most often used amplitudes
harmonic generation is limited to -40 decibels at worst. Thus unanbiguous
spectral readings can be found over a range of approximately 40 db, The mag=-
nitude of the readings can be referred to the slope found with a particular
film, Values within a known standard deviation can then bo found through the
calibration curve of the film, As a known refercnce function can usually be
rocorded on one of the signal channcls, theo eantire processing can thereby bo
procossced with an internal reference. What is said about the lack of distor-
tion in the diffraction plane also can be applicd to one or two-dimensional
spatial filtering,

A particular optical system has been treated here. Its particular de-
focts scrve to euphasize the problaws to be found in any optical system, For
purposes of future design of a similar systom, the most important coatribu-

tion is the determination of the weaknesscs of a previously constructed systen,

-9-
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The two major ﬁcaknosscs of this system are in the s#hift of recording bias
level from channel to chanuel and from time to time, and the inherent non-
linearity. The former is caused by idiosynchrasies individual to this sys-
tem while the latter is to be found in any similar optical system whether
photographic film, photochromic or thermoplastic. The cause of the bias
shift found here has not been defigitoly deternined. Several possibilities
exist, Thesc are the variation or displacoment in the slit which is placed
on the front of the cuthode-ray tube, dyift in the multiplier circuit, drift
in the multipliecr scope, the eyeball difficultics in deternining the proper
bias when reading the monitoring scope (under the present systcm the adjust-
ments call for cxtremely fine discriminations on the part of the operator).
There is also the probability of intermittent de drift on the Krohn-llite
reference oscillator, These avre typical of the difficulties found in any
such system, The general problem of non~lincarity, which also will be found
in a similar optical and recording system, can be minimized throuzh the in-
troduction of predistortion, For this systcr, and indeed for most conceivablo
systems, a type of exponential amplification of the input signal is required.
Figure 3 is a curve of the estimated gain for such an exponential amplifier,
Such an amplifier is, of course, achicvable but has not at this timo been
constructed for this systonm,

The photomultiplicr and its asgsociated photometer were tested in tvwo

. separate ways: first by introducing Kodak neutral-density {ilters into the
24 3

eystom and obscrving the change in output duz to theo llght attenuation of
= (S <

these filters, and sccond by a method which is probubly most suitable for

«10-
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this applicatica, Thié method consisted of putting a high quality, Ronchi

trancmission grating inta tho'diffractivc systom,~-- in other words a square

wavo, The output of the photoncter was plotted against the intensitics of

the odd harmonic numbors. Such an indication of lincarity most closely re-
{; 1 gomblos the manner of the tests.of the linearity of this optical system.

In each case linoariﬁy to within a few percent was found with no troends

above or below lincarity. Thus within our margin of error tho manufacturer's

claim of 0.5% lincarity appears valid for the device used for measuring the

intensity of diffractioin,

Many details can be substantially improved in this system. For in-
stance, control of bias level and the introduction of predistoxrtion. This
optical systenm can be uscd to perform spectral analysis ovor a range of 40
db with an avorago of a maximum of 3.1% harmonic distortion. This harmonic
distortion occurs only at the extreme range of input amplitudes., In view

of the nonlinear steps of the recording process the results show surprisingly

little distortion. The type of distortion minimizes measurcnent difficulty

because only a small amount of observable harmonics are generated. One might

PESS v I T

term this type of distortion as compressibly smooth, It manifests itself in

T

changing the lincarity of the output without substantially introducing higher

&
i

harmonic distortion =~ an unoxpected discovery of this investigation., The
enunmcration of the pr*,cnt deficiencies of this system should bo beneficial
in the design and usc of future systems for other data media such as therno-
plastics or photochromics,

-11l~
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ADDENDUM
Addition of Prcdistortion to Compecnsate for
Nonlincarity in Film Recording
Tests of the film produced by the multichannel seicmic recorder

have indicated that amplitude distortion occurs between ths input to

. the camera multiplexer and the image produced on film, In view of the
nonlinearitics involved in CRT phosphor illunination and film exposure
this is not surprising. In order to reduce the distortion in the camera
intentional predistortion of the opposite kind was introduced between
the input and the recording syétcm.

The curve in Figure 3 shows the desired input-outnut rcsponse of
the predistortion circuit, A device having an amplitude response closely
approzximating the desired curve was constructed using a Tectronix lModel O
operational amplifier unit. The desired smplitude response curve was ob-

I} . taincd by using a four segment pieccwise linear approximation to the

curve in Figure 3. The tectronix Model O amplificr contains two inde-

pendent operational amplificrs, The first amplifier is used to scale

tho input signal to a convenient operating voltage for producing the de-

sired response, and to invert the signal so that after a sccond inversion

r: é by the other amplifier the output of the circuit has the same polarity as
f%; the input. The scaling is based on multiplying both the ordinate and the
;li absissa of Figurc 3 by a factor of 25. Amplifier A then has a gain of 25,
The gain of amplifier B is controlled by the input voltage so as to pro-
-{ duce the desired predistortion characteristic., The manner in wvhich this
? is done 18 shown in Figure 4. Four separate feedhback paths are provided
; for amplificr B, 1In the region of opcration vhere the output voltage is

%




less than 15 v thio four feedback circuits opcrate in parallel to produce
a gain of 1,08 f¢. segment 1 ef the curve, When the output voltage
reuchés about 15.4 v (15 volt bias on the diode plus 0.4 v drop in the
diode) diode Fy4 conducts and removes the feedback furnished by branch
4, The removal of this branch raises the gain of amplifier B to 1,43.
In like manner, diode Fgz conducts at about 24 v and increases the gain to
1.,85. Finally, di;dc Fy conducts at about 28 v and increases the gain
to 2.5. The output of emplificr B is shown in Figurc 5 together with
the input sawtooth which produced this output. The comparison of an
input sinc wave with the output from amplifier B is also shown in Figure
5, The peaked-up positive portion of the output signal is apnarent. The
output of amplificr B is followecd by an attenuctor to rostore the overall
sigpal amplitude to its orxriginal level,

Predistortion was first inscrted on one side only of the recording
bias. The resulting diffractive output valucs of one rccording for
four input refercnce signals are shown in Figure 6. A maxinum of 1.2
volts refercnce input amplitude was used in place of 1.4 volts because
the prodistorted amplitude of the higher voltage would have saturated
our prcscnt'electronics.

The bias drift betwecn channels was reduced considerably from that
described in the body of the report. Sccond harmonic distortion produccd
at the maximum (1.2 volts) was barely discernable by cye. If was esti-

mated to be between % and 1%.

o,
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Approxzimetely symmetric prodistostion was added to the opposite
input polarity, and the resulting diffractive amplitudes plotted in
Figure 7. Here significant bias lovel variation between channels was
again f&und, the variation being epproximately 18%., Harmonic distor-
tion is npﬁroximately 5%. 'The blas level again is scen to be the most
significant problem in our recording apparatus., Circuit rcdesign is
anticipated to alleviate this problen.

} 1 It is thus ceocen that photogravhic film (and hence photochreonic,
recording can be made close to linear with little harmonic distortiom)
as indicated by this hurrica, ‘initial aticupt with an approximative
pieccowiso circuit for predistortion,

I want to thank Rowland McLauzhlin and Harold Welch for the prompt

design and construction of the predistortion network,
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APPENDIX 1

Description of film recorder prescnted to the Socicty
of Exploration Gecophysicists, November, 1964, at Los Angeles,

California, by P, L, Jackson and R, I, !cLaughlin,
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(APPENDIX 1)

A VERSATILE PHOTOGRATIIC SEISMIC RECORDER
by

Philip L, Jackson and Rowland H., McLaughlin
ABSTRACT

Variable~-arca, variable-decnsity and amplitude seismograms can be produced
when the spot on a cathode-~ray tube face is used as a modulated light source.
Channel selection and width are varied at will. The channels can be reccorded
simultancously or successively with programmed time beses, A coumercial os-
cilloscope is adapted to this purpose without invalidating it for normal use,
The spot on the crt £ace sweeps along a slit in a mask. Thke intensity of this
spot 1s modulated by voltage functions representing seismograms, By means of
selective, scquencing circuitry combined with the sweep rate of the spot a
seismogram channel is made to correspond to a particular scegment of the slit,
F;r simultaneous recording, time scquencing is used for commutation at a se~
lection frequency far in excess of the highest scismic frequency. For suc-
cessive recordings only a selected, solitary channel is gated, so that no spot
is incident upon the remaining scgments of the slit. The slit is imaged with
a lens onto the transported film, The present model, constructed for variable-
density, records up fo 400 cycles per inch; at this resolution an entire con-
ventional exploration scismogram can be recorded within two inches of film,
Applitude recordings are made by successively modulating the position of a
constant intensity spot. Channel widths can be narrow enouzh to allow record-
ing of 500 channels per inch. Film transport is designed for ecither 35 mm or
70 mm film, A drun type transport is used for accurate reregistering when re-
cording selsmograms successively, The time bases could be programacd by varying
the frequency of the driving oscillator which powers the synchronous film drive

motor, The recorder is built into a trencportable unit.

Acknowledgcront, This rescarch was supported by the Advancsd Research Projects
Agency and was monitored by the Air Force Office of Scientific Research under
Contract AF 49(63¢)-1078, ,
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Draft SEG Paper

Section 1

At last ycar's meeting in New Orleans, we presented fhe basic tech-
niques of seismic data processing by the use of highly coherent light fronm
a mercury arc or helium-ncon laser, The work we prescented was the result
of an investigation of optical processing at The University of Michigan
under a VELA UNIFORM contract which started in June of 1261, Last year
we did not have a satisfactory camcra to record scismograms at spatial
frequencies neodoé for the proper usc of optical diffraction., Since that
tine we have designed and coastructed a scismic recorder cspecially for
optical processing.,

élthough primarily designed for variable-density, the recorder turncd
out to be versatile; it can also reccord wiggly-line, digital code, and
could be made to record variable-area., Scveral other feéturcs, such as

variatign of channel widths, selection of channels, and the choice of

"~ simultancous or scquential recording give added versatility.

The recorder consists of a cathode ray oscilioseopc, imaging lensecs,
film transport, and olccfrical circuits for comnmutation, amplification,
and film drive control.

Modulated light from the cathode ray tube is imaged through a slit
upon slowly moving film, The slit reduces the light spot size and thus
increases the frequency responsc of data recorded on the film. Segments
across the face of the cﬁthodc ray tube are made to correspond to data
channels by means of solid-state commutation. A drum type transport is

uscd for accurate repositioning of the film.

4




; 3 We have altered a commercial oscilloscope so that a scanning spot
i can be modulated in brightness. The alterations are minor. They can be
‘ quickly switched out when it is desired to use the oscilloscopc‘for other
F measurcuent purposes, A light-tight tube, which also scrves as a lens
; positioner, counects the oscilloscopc to the continuous strip camera, The
' camncra box is rcuovable, It is positioned on Teflon runners located on
top of thc.casc containing the commutator and the film drive control,
L At present we arce recording nince channcls of variable-density carth-
. quake scismograms and a sawtcoth refcerence function. The rccorded length
4 of this film is 1;3/4 inches, _Totul harmonic distortion of the variable-
‘ density was found to be 15%,
i 5 Here is the frequency rasponse curve for variable-density film re-
corded with this instrument, The 5/1000ths of an inch slit width limits
[ . the higher frequency responsces., Both the lenses and the film have much
1
higher frequency responses than shown here. For optical processing the
.
} interference of light rays is used, so this gurve is in terms of light
1 anplitude rather than the morc commonly used light intensity which would
: be the square of this curve, ;
4 6 Digital code can be recorded by making the film eithzr opaque or :ﬁ

transparent. The highest bit rate on this illustrative recording is
approximately 400 bits per inzch, If the slit width were sufficicntly re-
duced the present systom would be limited by the lens resolution to about
2500 bits per inch, 2500 bits per inch correspoads to an undemanding 50
lines per millinmcter lens resolution, We think at lcast a hundred and

probably several hundrced channels could be recorded on 35 millimcter film

under a criterion that no ambiguity coxists between epaque and transparent

¢

bits when the film is projected,
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To obtain a wiggly-line seismogram>the position of a spot along the
slit %s made to réspond to the amplitude of the data input,

I should like to point out that our illustrations arc initial re-
sults. For instance, the cathode ray tube is a standard P11l phosphor
tube. Special magnetic defléction tubes are available with which a light
spot size can Bc produced which is one-fiftcenth thc diancter of the
present spot. Also, wec have nade no attcmpt to usc a smaller slit for
finer rcsolution,

We how will show each part of the rccording system in greater detail,
With the camera bhox open we see a drua, Mylar belt drives, and a
synchronous motor, During operation the motor and belt drive rotate con-

tinuously. The drum is actuated through a felt-faced clutceh which is
spring-loaded against a rcvolving disc. A latch holds the drum stationary
in the starting position; The drum is rotated by releasing this latch,
This mechanism cnables usto position the film accurately for scquential
recording. .

A pre-asscembly plan view shows the film drive in more detail, A syn-
chronous motor and three stages of belt drives give a nominal film speed
of 5 inches per minute. Positioning rings can be placed on the drun in
these two slots so that 35mm film can be used as well as 70 . The film
is wrapped around the druan so that the two ends are placed between the
small rubber pinch rollers, and it is tightencd by turning the knurled
knob,

Here are the measurcments of the smoothness of various drive designs,
As ycu undoubtiedly know, if small drive belts break in the field, a selvedge-

cdged brassicre strap, sowi together at an angle, i1s usually equal or
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supcrior to many commercially furnished belts. However, we have found,
after long invee cigation, that Mylar belts have given the smoothest drive
of mény possible mechanisns,

The modulated light sourcce sweeps, and the sampled data appears, along
this slit, which is mounted against the glass face of the cathode ray tube,
The slit is adjustable in width.

I have presented the general features of this instrument to give an
ideca of its capabilitics and of its preseat perfoymance, However, elec-
tronic problems were of great interest on this project; Mr, McLaughlin

.

will now present the mcans by which he solved these problems,
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A VERSATILE PHOTOGRAPHIC SEISMIC RECORDER

Part 2

Introduction

We have seen earlier that the recorder contains three
principal parts:
a film drive uhit
a modificd cathode ray oscilloscopz and
a commutation and control unit.
The latter two parts, which comprise the electronics of

the recorder, will now be treated in greater detail.

Scope Modification .

A standard commercially available Tektronix model 531A
Cathode Ray Oscilloscope Qas used as the basic source of modu-
lated light for the camera. Three minor modifications were
made to the scope to make it suitable for this purpose. The

first modification labled "1" in the figure consisted of re-

placing the normal Pl cathode ray tube, with a photographic

blue P1ll tube. The second nodification was necessary so that
the incoming data signals would vary the brightness of the
light produced by the cathode ray tube. The vertical ampli-

fier of the scope is used to amplify the data signals in the

— — \‘_..M - ‘
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normal way, but the signals are then applied to the grid of
the cathode ray tube. The signals thus applied cause the
beam current of the cathode ray tube, and hence, the bright-
ness of the light to vary in accordance with the amplitude of
the signal. This change was implemented by the circuits
labled "2" in the block diagram. The amplified data signal
was obtained from the signal pick-off point in the vertical
amplifier normally used to synchronize the sweep internally.
The amplified signals are then applied to the grid of the
cathode ray tube through a mixer which was built and added

to the oscilloscope. This new circuit not only passes the
seismic data to the grid of the cathode ray tube in the manner
desired, but also retains the swecp retrace blanking function
which is necessary to extinguish thé cathode ray tube trace
during sweep retrace and sweep quiescent periods. The entire
data channel is D.C. coupled so that even very low frequency
signals will be passed. The new circuit just described was
constructed using transistors mounted on a small circuit
board that fits readily into available space inside the

oscilloscope.




INSTITUTE OF SCIENCE AND TECHNOLOGY

Moving Target Indwation RADAR LABOKATORY THE UNIVERSITY OF MICHIGAN

The third modification labled "3" in the figure replaces
the vertical position control in the vertical amplifier which
is, of course, no longer effective. Control of vertical posi-
tion is required to center the cathode ray tube trace in the
slit.

The oscilloscope may be reconverted for normal test use

by operating switches S, and Sz.

Data Ampnlifier and Comrnmutatorn

We have heard previously that this recorder has the capa-
biiity of recording several sources of data simultaneously
by making use of a sequentially sampling commutator. This
scheme is shown schematically here, wherein the commutator
is represented as a multiple position switch which selects
among the data inputs and prescnts the sclected input to the
oscilloscope. Although the commutator works in the manner
of a stepping switch, or a mechanical whirling disc and brush
mechanism, this commutator is a solid state device with no
moving parts. It operates at a basic sampling rate of 1000
cycles per sccond, which means that 100 channels are success-
ively sampled in a total period of one millisecond. The

commutator may also be operated at a 10,000-cycle sampling

-Fw
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rate for successively repeating 10 channels of data. In

this case, ten channels are sampled every 0.1 millisecond.
The solid state switching circuits switch from one channel

to the next in less than a tenth of a micro-second so that
the commutator could be operated at much faster spceds if
desired. This circuitry is contained in a standard printed
circuit card rack as shown in this photograph. The commu-
tator was designed and built at the University of Michigan,
but the sequence which controls the commutator is constructed
from commercially available logic cards. The commutator con-
sists simply of a switched amplifier (one for each data
channel to be recorded) and a mixer to which each of these
amplifiers is fed. The switched amplifiers are controlled
by a pulse in such a way that a signal is passed only when a
control pulse is present. Thus, in order for this circuitl
to act as a commutator it is merely necessary to provide a
succession of pulses, first, to switched amplifier one,
sccond to switched amplifier two, and so on in turn to each
switched amplifier of the group. Manual switches S, Sz,
through Slo prevent the control pulse from reaching the

switched amplifier at all, and hence any channels desired

e

_ V —



INSTITUTE OF SCIENCE AND TECHNOLOGY

Moving Targee Indicaton RADAR LABORATORY THE UNIVERSITY OF MICHIGAN

may be left inactive. The switched amplifiers have a fre-
quency response which is flat from DC to four megacycles,
well in excess of the response needed for this application.
The next figure shows the manner in which the con-
trolling pulses are gencratcd. The circuit starts in the
upper left with a 100 kilocycle crystal oscillator. The
crystal oscillator waé chosen to give the necessary time
base stability for scqﬂential repetitive recording of groups
of channels during scparate rotations of the film drum.
The oscillator is follo;ed by a decade counter which is a
circuit consisting of four sequential flip flops connected
in a divide by ten arrandgement. The output of the counter
is therefore a ten kilocycle signal. A decimal decoding
matrix is connected to the decade counter. This circuit
recognizes the ten discrete states present in the decade
counter and produces, upon ten separate lines, a pulse which
is present only once during the scale of ten. In other words,
if we call these ten intervals, Tl, T2 and on through 7T-10,
the pulse will appear on line T-1, then on T-2, and so on
until the pulse has appecared on T-10. This may be seen from

the waveforms labled 100 Kc, T, T2, and Tl0. This séquencc

G
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will repeat continuously at a ten kilocycle rate. The
shaded portion shows the sccond reoccurrence of the signals.
These pulses when applied to the switched amplifiers becoine
the control pulses which activate the data amplifiers one
after another until all 10 have been presented in turn to
the cathode ray oscilloscope.

It should be noted also at this point that pulse T-1
is present until very shortly before pul;c T-2 appears,
and that the switching time between the disabpearance of
pulse T-1 and the appearance of pulse T-2 is the order of
1/10th of a micro-second. This means that in the first
place, when these pulses are applied to the data switched
amplifiers, only one channcl is prescnt at any given instant,
and in the sccond place, the switch from one channel to the
next is practically instantancous. So far we have scecen how
a sequence of ten pulses is generated and how this sequence
in turn controls ten data channels so that they are applied
one after another to intensity modulate the cathode ray

oscilloscope.

Here we see how by a logical extension of this technique,

100 data channels mey be switched. A second decade counter

and decoding matrix follows the first. This decimal converterx

e
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also produces a sequecnce of ten pulses each on a separate
wire. Fach of these ten pulses, however, are as long as

the entire string of ten pulses coming from the fiist con-
verter. Thus by sélecting the pulses from-the first con-
verter, which ave present during only the first pulse of

the second canverter, we have generated the first ten channels.
of a 100 channcl sequence. This is shown by the channel 1
through 10 line in the left figure. This technique is con-
tinued until the entire group of 100 channels has been
generated.

The group of 100 channels thus repeats at a one kilo-
cycle rate, and the output at one kilocycle from the second
decade counter is used to trigger the sweep of the oscillo-
scope so that one sweep occurs for every 100 channel control
pulses. Two methods are used to select which of the 100
possible channels will be active at any given point in time.
The first method is to control whether an individual channel
will be present or absent on the display by interrupting
the switching pulse if it is desired to remove that channel

from the display. In this manner as the sequence of pulses

~is applied to the data amplifiers, a particular data amplifier

is skipped by preventing its control pulse from occurring.
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The second method of channel selection is by means of the
manual group selector switch shown in the right hand figure.
This switch selects whether channels one through ten, eleven
through twenty, or som2 othsr group of ten channels will be
present. An eleventh position permits all 100 channels to
be present si@ultancously. The output of the data commutator
as it would be viewed on a test scope is shown here. This

is a group of ten channels numbered from left to right.
Channel one is off, channel two and threce are present, while
channel four is off, channel fivec is present and is being
modulated by an input signal; six is present, seven and
eight have been switched off, ninc is present and ten is off.
The pedestals corresponding to the active channels, brighten
the cathode ray tube trace to form a light bias for the modu-~
lation.

The sanpled levels of the modulation envelope may be
clearly scen on channel 5, Notice that the pedestal ampli-
tude swings equally above and below the light bias level,
and that many discrcte levels representing the various ampli-
tudes during many comautated samples are evident.

The next picture shows this same group of channels as

scen in the recorder. Notice that the channels fall between

-8
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the reticle lines as in the picture on the fight and that
channcl 5 which is modulated appears brighter. The reticle
lines were added to make identification easier in this picture.
The length of the sweep is 10 microsceconds per channcel in
both of these pictures. In this next picture was sce the same
group of channels, but representing in this case channcls
51 through 60 of a one—hﬁndrcd channcl display. The sweep
length has bcen increased so that each vertical reticle line
measures 100 microseconds which is the display time required
for ten channels. The entire base line in this picture is
therefore 1 millisecond which is the display time required
for 100 channels.

Here again is the overall view of the camera with now
the input panel identified. The input jacks for the fen data
channels, and the individual channel activation switchss may
be seen. The rotary switch on the far right is the group
sclector switch which selects which portion of a 100 channcl
display will be occupied by the ten data channels available,

We have seen examples of data recorded on this cancra using
variable density, wiggly line, and digital techniques. No

examples of variable area werce shown since additional circuitry
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is required to implement this technique. The circuits have

not been built because no nced for this capebility presently
exists at the University of Michigan. All that is required,
however, is to cause the pedestal width of any channel to be

modulated instecad of the pedestal amplitude.
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APPLENDIX 2
Hurter-Driffield curve and mocdulation transfexr function {
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APPENDIX 3

Appendix from Willow Run Laboratories internal memorandunm

6400-11-2502, by J. W, Wescott with Appendix by P, L. Jackeon.
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Appendix

Correlation with non--cohcient light, variously known as

the Patterson, Robertson, Bragg, Meyer-Eopler, or"lensless correll-
ograph" technique, conventionally uses two masks representing functions
! - with different scale factorss The larger mask is illunminated with

diffuse light, ané the smaller mask is placed between the larger

mask and a viewing screen at such a distance that a ¥Aight line
drawn from any point (x,y) on the larger mask passes through the
corresponding (scaled down) point on the smaller mask to a fixed
point (o,7) = (0,0) on the screen where (o,%) are correlation
variables. Thus the intensity (0,0) on the screen is the sum of
the light transmission through one mask, f(x,y), multiplied by
the light transamission through the sccond mask, g(x,y)., which is

represented by the integral

¢ (o0,0) = fff (x,¥) g (x,y) ox dy

For an oint (o Yon the output screcen we find
b

e, . e e oD

¢ (0'17') rf f(}'IS) g( o I A 7) dx dy
Iy

which is the non-normalizzd coveelation function., The process is

strictly based on geonatrical optics: diffraction causes degradatien,

)
] - .

S e 0 o T ~ - «1s 2o oy am . e L ks
80 the sizes of the masks are imsortant.
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A simple example is the autocorrelation of a square pulse,
which is the equivalent of an apcrture in one-dimensional optical
represcntation. The autocorrelation function is a triangular wave

as shown in Figure 1.

The means of cdbtaining a correlation (or convolution) be Lw»e;
a pair of two~dimensional patterns with non-coherent licht apparen
was fivst sugg?étcd for Patterson functions in crystallography.
Robertson, Hagg, Bragg, and Vand (Buzrger, 1962) showed different
optical methods by which this correlation could be achicved.
Meyer-Eppler (19406) appears to have first suggested the technique
non-crystallographic applications. McLachlin (1962) discussed this
technique in terms of pattern rccognition. Vanderlugt (1263) poin
out secveral limitations when describing what is essentially Bragg’
configuration, in which lenses are employed as in the coherent

light processor developed by the Radar and Optics Laboratory.

So far as I know, previous discussion about this technigue |
has involved two matks, except for the use of scveral small lamps
to represent "points". However, nothing in the thecory of this

technigue precludes the use of an "image" in placce of the first masl
"Image" is used loosely here in the sense that a light pattern acts
the same way as a mask. The image can be a crt display, image intel
sificr, or direct canera image on ground glass. A crt display reccel
has been used with recognizable results with the geometry of a scis
array as the object (Jackson, 1%65). A crt prescentation rather
than a mask was usced for investigation of the possibility of
real-time correlation. The single requirement-for the first mask

is that the light emerging from the mask diverges uniformly from
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cach point over a large cnough angle to encoapass the snaller
reference macsk. Any type of image with diffuse light satisfies

this condition.

A reference mask for a relatively small object in a large

scene will act as a correlator for the cor ;ondinglymsiLed
object in the scenc. But for the field itsclf the mask will

function as a distorted pinhole in a comera obscura. Thus if the
field is very bright the intensity valuc at the position of
correlation will he greater than the intensity for a relatively
dark scene. The correlation pattern “"rides", so to spezk, on

the background value of the field. This may cause difficulty

in visual estimation. However, with direect visual readout it
should be congidered that the human eye adjusts to light intcensity
levels within a range that is wlll over 100db, and discriminates
intensity levels differing by less than 1%. It is possible to
modulate the brightness of precentation as a function of average

brightness level of the scene. 2Also, it is possible to usc the

negative of a scene (by reverse z-modulation on a crxt, for instance)

when the object, such as a nmilitary vechicle, is dacker than its

COVironnent.

The method of "lensless correlography”" may be derived as
follows: With the gecometry as in Fig. 2, a function £ can be
represented along line A by making the transmission at x egual té
£(x). A function g cun be represented along B by making the
transmission at the point ¢ on B equa 1l to g("“‘"~ ¢). The din-

ensions of the transparency on B Jlll be reduced by a factor
b

&+ Db

from thoose of the transparency on A,
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Note that the straight line from O on C to x; on A intersccts

line B at the point B %;, and at these two points the trans-

ath
: ; ath e o . S
missions are f(xi) and g Sl Ay xi) = g(xi) respectively.

Now considexr a wedge whose base is Axi with midpoint ®y
on Line A, and vhose apex is O on line C (refer to fig.2). The
average value of f within the segment "Axi“ is taken as f(xi). ¥
If, in an optical system the length "Axi" of a transparency along

T

A is diffusely lighted, the light intensity at O on € under the

limitation of straight-~line propagation of gcometrical cptics

vi = Ax.) = K E(x, R, > A
will bo, I (¢ l) K £ l) g (x;) & i

where K is a ronstant depending on tre indident light intensity

- on Axi and the distance a+b. The total intensity at the point
O resulting from the superposition of the contributions of ail
' the Cmi will then be n
I, = Kz i) g (%) b,

Taking linits as Axi -0, n -»>» this becomes
X
= Kfo £ (%) g () ax
which is the correlation function ¢ at 0: f.e., £ (0)=1I .
fq fg o
Now considex any point 7 on line C. The wedge in dashed lines

in Fig.2 is shown as if the solid wedge were rotated about

; b 4 ;
the point a+p Xy on line B, so that the new apex is at 7
on the correlaclon line €, and the base of the wedge is centered
a " ; : ; :
at x-3 T on line A. Thus the intensity at 7t is given by
a
I =K ¢€£ i . X)) DK,
* Goyp = 79 () B¢y
If we make an extension to Aﬂi:

s

3!

L1
£ (xi vt T) g (Y ) Axi.

al
n
b o
r < 1=l
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: We now let max | A*:{ +0 and n,s , so that ITgoce over into
the integral Ig ﬁ ( - "T = Kf X f (x - a 7) g (x) ax.
b o b
: Thus the correlation function is obtained with this optical
3 system. The extension from two lines to two planes naturally
R follows. The onc-dinensional case is actually a special case
~ " of the multi-dimensional case, and was treated in one-dimension
for simplicity. The geometry for two dimensions is shown in
Figure 3.
A pattern which has two~fold rotational symmetry is always
obtained with two-dimensional autcocorrelation, so, in addition -
¥ to the intensity at the center of a correlation function, the
correlation pattern has a distinct and identifiadble pattern for
. recognition.
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