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~~ar Sir: PERMIT FUaYIEG~LE_1~U~ cJWM
Th~ f ina l  report of this Co 1Ltr ~~ct is concerned pri~iarily with linearity,

dlstortiou , and dynamic r ;inge of the proccs~ of recording and 1!arrionic analy—
Eta with photogr~ph~c f11n~ The description of such an investigation is
included. An initial attcnpt was x~iado at predistortion of signals to conpon—
sate for inherent non— lincarit i ca of the Lila recording ayctc~n after the
report was written . Therefore, the description of the introduction of predis—
tortion and its results arc included as an addendum ~

Previously,  detailed drawings of our corrn~utating end recording apparntus
were prepared and delivered , as recording and film transport wore thou current
probloras at USL. Although not a specified area of this contract , the Moyer—

4 Epplor technique has been concurrontly investigated at this laboratory . Since
USL is concerned with this technique, a derivation which we havo prepared for
other work at our laboratorion is included as an Appendix .
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LINEARITY AI~1) DYNAi~1IC RANGE OF A PIJOTOCRAPHIC
FILM DATA PROCESSING SYSTI~t1~

_ _ _ _ _  
,~ ~w 1i~ u/~ ~~~~~~~~~~~~~~~~

Photographic film is non-linear . Yet , £ or coherent optical processing

it is used for rocording signals and processed as if it wore linear .

the system to be discussed film in recorded from a cathode—ray tube , whore

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 0 signals on photographic film recorded from a

cathode—ray tube. Since tho photographic film is to be processed linearly,

that is, through taking the Fourier transform , tho film ideally should

linearly corrospond to the recorded signal . One desires a linear transfor—

ination but finds two non—linear transformations.

To study the non—linearity, the rolatioIwhiP~~~~~
\
oon the output and

the input of tho rocording and processing system fs ound. For this pur—

pose a series of roforenco functions was recorded on variable—density film .

They wore recordod in such a way that different levels could bo dILL ractod

in an optical system simultaneously. The intensity of first order diffrac-

tion from each reforenco level was measured , as well as the one higher order

generated by distortion . fly this means the relationship botwoon the input

Bignal to tho output was doterminoci for each recorded frequency . A previous

troatmont which did not include the recording process can bo found in Ref. 1.
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• Zn this way the optical recording and processing system was thua treated as

a black box.

The system consisted of input amplifiers , commutation circuits , Z—axi~

modulation of tho bias of the cathode—ray tube, imaging lens , photographic

film on a filia drive , and the devolop Uig process of the photographic film .

Additionally , the inea.suremeut was taken In a diffractive optical system

• which includes the light source (laser in this caso) and the moans of col-

limating and imag ing tho light sourco to obtain Frauuihofor d i f f r a c t i o n

patterns . The black box , thorofore, consists of all those elements between

S the signal input and the diffracted energy caused by the dovolopod film .

We first investigated the non-linearities of the system and then attempted

to minimize thorn by choosing a suitable bias lovol ~ th the anticipation of in-

troducing prodistortion . Nuxnorous defects in our system were found. Only

photographic film was used f or recording . }Iowover , the response characteris-

tics of photographic film are similar to those of photochro:nics, and thermo—

plastic recording is also fundamentally nonlinear (Ref. 2). The Hurter—

Driffiold curve is similar in photochroinics, so that many of the results and

problems found with photographic film are found with photochromice.

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

soidal roferonco functions wore recorded from a laboratory oscillator . The

level of the reference functions oxtended over a range of 46 decibels . The

amplitude levols of the reforonco functions were recorded at slightly dif-

ferent frequencies . One channel was enployed for each of seven separate

- roforonce levels. The film containing the sovon roferonce functions was then

• —2—
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placed in a diffractive optical systGm whose aperture was apodized to nor—

malizo for frequency differences and the modulation transfer function . The

resulting diffraction pattern was examined visually, and on photographic

S 
f i lm . The number and intensity of higher harmonics were oxainined as an

Indication of the distortion of the recording process. The energy in each

diffracted order was measured with a scanning microphotoinetor .

Each sot of a total of eleven different sets of reforenco functions

was recorded on a different  day . The proper bias level was determined by

recording the inaximun amplitude of the ref ercilco function s at many di f—

Lerent bias levels. These were then placed iii the d i f f ract ive  optical

systeil. The bins levo]. which resulted in the least amoun t of second liar—

monic diffraction was chosen as the most suitable. The bias lovols of the

diffracted light intensity , including higher harmonics , were measured and

plotted . From those plots we calculated the required prodistortion of

the input for a linear output of the optical system .

The investigation showed that with 2 nan width channels, a dyn amic rango

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

in fact is not dotectablo except at tho maximum amplitudo level. Significant

harmonic distortion was not found because, it is thought, of tho nature of

the distortion caused by the recording system and medium . The largo displace—

ments tend to be smoothly reduced or extended , so that the sine wave tonds to

be smoothly distorted . However , the amount of diffracted energy correspond-

ing to amplitude of signal input ii; not linear. The bias level on our recorder

~r,
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turned out to be difficult to control , with wide variations in bias both

within a day’s recording and between recordings . The departure from non-

linearity was, however , much less than the deviation in bins from channe].

to channol . The lack of a stable , repeatable bins love]. was the mo~;t signi—

f leant defect in our system .

DESCRIPTION OF T11~ EQUIP~~NT

Reference Function. Tho sinusoidal reference functions wore generated

with a Krolui—llitc Model 44 A Oscillator. The amplitudes were read on either

a Type 564 or Typo 547 Tcctronix Scope.

Recording Apparatus. Sec Appendix ] . for description.

* Film . R~cordak Dacomatic SO—266 film was used . The data sheets for

this film are in AppendIx 2.

Diffractive Optical System. A conventional Fraunhofor diffractive sys-

tem was employed. The light source was a Spectra-Physics Model 115 Helium

Neon Laser. The light was focussed with  an 8 mat microscope objective on a

20 micron pinhole. Tho pinhole formed the point light source for the sy~tein .

Bausch & Lomb 12” f 2.8 lenses were used. The diffraction pattern was scan—

nod with an Intectron Model VS—] .2A -M—3 . An Eld or ado Model 201 Universal

Photornotor with a Dumont Type 6292 Photomultiplier tubo was employed for

measurement of intensity of diffraction . A 22.7 nun microscope objective was

• used to focus the light energy on a 1 lan x 12 nIcroit slit located in front

of tho photoinultiplic’r tubo. 
S

4
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Recording and Moasurentent of _File . The f i r s t  task Is to set and deter—

S mine the bias level of recording . To achieve this the intensi ty  adjustment

of the Type 531A Tectronix Oscilloscope is first calibrated for Intensity

modulation . For this purpose a photomu it ip l ier  is attachc-d to a Model 23-050

Jarrel—Ash scanning microph otomotor .  With the oscilloscope In tens i ty  adjust-

ment sot at Its maximum the reading Is taken on the microphotometer .  The

intensity adjustment is then Set to a predetermined level which was deter-

mined by cxperimrnt in the follv.v irtg rn~in n c r . The reference signal at It s

maximum love]., In t h i s  case 1.4 volts , was repeatedly recorded , each time at

a different  bias level . The films word then used for diffraction to observe

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

which the socond harmonic generation was a atinimurt ; hence the total harmonic

distortion was at a mira in u m for this bias level . Third and higher harmonics

wore found only with extremes of bias levels.

Seven sinusoidal reference functions over a 46 db range wore then ~e-

corded on 2 nun width channels. All functions were recorded on the same f i l m

with the channels side by side, with each reference fu:5ction at a slightly

different  froquoncy so that all could be diffracted s imultaneously while

spatially separated for energy and visual measurements . The voltage and

corresponding frequencies arc listed In the col unu s below.

Voltage hertz Spatial Frequency in
cycles/millimeter

5 ; . 
S

1.4 8 7 .60
0 .7 7, 5 7. 12
0 .28 7 .0 6.65
0 .1 5 6 .5 6. 17
0 .028 6 5 . 70
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The lowor signal levels were assigned succossivoly 1o~or froquencioc to 
S

diffract closer to tho contra]. Image. Th is arrangement was aimed at being

conservative in the dotormination of the dynamic range, since the background

intensity (or noise) of the light is groator when closer to the central image .

Sovon reference functions were recorded each clay on 11 different days. No

changes or alterations woro made to the system during thin time , except that

two different measurement osci1loscop~ s woro uscd .

Each reference film was then put in the dI f f rac t ive  ol)t ical sy;;t cm . All

channels wcro diffracted simultaneously. Polaroid photographs of the diffrac— S

tion pattern were examined for the number and location of harmonics. The

range between the lowest unambiguously detectable harmonic and the highest

was considcirod to be the dynamic rango of tim recording and diffractive appara-

tus. Higher harmonics, duo to distortion , woro noted. Additionally, each

harmonic was measured with the photometer and the square root of the intensity

plotted against input level. Duo to the noise and limitations of the photo—

multiplier setup only the f irst  four harmonics wore detectable under diffrac—

tion . Second harmonics , if of sufficient intensity , wore also measured with

this device for the amount of distortion in the maxinun amplitude recording.

Tho films woro also scanned on tho Jarrol—Ach viicrophotc~:netor for tho

bias levels of oach recorded function .

As Fraunhofor diffraction is moa~;urcd with an energy detecting device
S 

the outputs of the scanning photometer were proportional to the square of

the linear quantity desired . Therefore , linearity was chocked by taking the

-6-
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square root of the ~~f1ractive output and plotting this against the correspond-

ing voltago input . These plots were made for the 11 sets of f i lm . The average

S and the standard distribution were found for the energy measurements on the

diffracted h~u—tnonics . The bias levels were also plot t ed . Tho&e plots f i rs t

wore made for all 11 records , and also for C which fell  inside reasonable

control limits on bina levels . The response curve for desi gn of a predistor—

tion network was drawn up.

RESULTS

Figure 1 shows the plot of amplitude of diffraction versus signal input

for 11 films, Figure 2 for tho best six. Maxima, minima , standard deviation

and bias variation aro shown on the two plots . The dynamic range varies fro~i

34 (lb to 46 (lb. Evory record which did not have widoly varying bias levels

showed at least 40 (lb . We defined the dynanic range as tho range botweon the

widest amplitudes which can bo recorded with a givon maximum of distortion to

the smallest amplitudo which will show unambiguously on a diffraction pattern.

Of tho 11 recordings, 8 wero 40 db , 1 was 46 db , and 2 were 34 (lb dynamic

range. Tho two which showed 34 (lb wore dofoctivo in tho bins level . They

either varicd ~idoly between difforent channels or wore too far toward one or

the other extremes on most channels • When we define d ynamic range in this

mantier we concjnd~ that for a 2 m~ channel width recording on Recordak 266 film

a practical range of 40 db was achieved in this optical system .

The distortion was indicated by the amp litudos of the second harmonics.

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

—7—
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harmonic was found oniy for the maximum voltage . Oilly a seCond harmonic was

detectable. The second harmonic ~ias , if prominent enough , measured with the

aid of a photonultiplier tubc. When below the range of the ene~-gy—m cas uring

device the second harmonic in the photograph was compared with the first

harmonic of the smaller voltage amplitudes for an est imation of the porcon—

tago of ~ocond harmonic higher di stortion . The clistort ioa ranged between 2~
S and 7% for the maxI~~~ voltage whom all 11 f I lm s  were ~~asur od , 2~~nnd 5~ for

the bost 6.

11 films : average : 4.1% 6 films : average : 3.1%
maximum : 7% maximum : 5%
minimum : 2% mInimum : 2%
st. dcv : 1.8% st. dew : 1.1%

Again, no harmonic distortion was dotoctablo for recordings of voltages ~ or

los& of the maximum voltage.

As the f i lm must be linear in the light ampli tude transmission character—

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

be tho case whoa no higher harmonics are found under d i f f rac t ion . Howeve r ,

when tl~e square root of the intensity of d i f f rac t ion  is plotted against the

voltage lovol of the rcforcnce input a logarithmic shaped curve was found .

Th o lack of detectable high er harmonics and the lack of l inear i ty  in the energy

plo ts appears to be a contradic t ion . However , the type of d istor t ion or the
S signal is such that , a small amount changes the l inear i ty  considerably. The

dis tort ion is in the form of a smooth co :rprossion or exp ansion of the sinu— S

soidal wave shape .
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Possibly the distortion was spread ovor many harr.ionic~ or continuously

S Over iion—intogral harmonies . At any rate this lack of correlat ion I)OtWOOfl

obser~’ablci harmonic generation and lack of l inear ity  was une~:pec t c 1  (see , for

example , Ref .  1) . T hI S  type of ( t i St O lt i O l L  is dif :r crei it  from the type of

S harmonic distortion found in tape recording in whI ch odd harmonies aro foi~iied

(pr incipal l y the third  harmonic) . The maxil um displacement m ay be changcJ

only s] i g bt ~ y wIth t ( .~ ( ~~ c ( jd ,f l~ ~S.i I lC a sJgaI i ic5~~t e:.~o~~t of ~~~~~~~~ •:~iic d:~~—

tortion is introduccd . For diffractive puipcnt~’s of spectral  anc ly~Is or

Fourier analysis this fact is fortunato . At the most often used amplituc.lcs

harmonic generation is limited to —40 decibels at worst. Thus unambiguous

spectral roadings can bo found over a range of approximatoly 40 du . The mag-

nitude of the readings can be referred to the slope found with a par t icular

f i lm . Values wi thin  a known standard deviation can thci~ bo found through the

calibration curve of the film . As a known reference func t ion  can usually be

recorded on ono of the signal channol~~, tho entire processing can thereby be

S ,~ processed with an intornal reference . Wha t is said about the lack of di stor—

tion in the diffract ion plane also can be applied to one or two-diri;~nsIon nl

spatial fi l t e r ing .

A part icular  optical sy2teni has been treated bore . ItF ; par t icular  do—

facts servo to emphnsi7c the problc~.s to be found in any optical syE;te~ . For

purposes of future design of a s im i la r  system , the most Important  contribu-

tion is the dotermination of the w~ Jmicsnca of a prev iously constructed system .

S —9-

55 

_ _ _ _ _ _



-~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~

- .-

- — _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _

1N51ITL TI 01 S I I  \ I AN!) 1 ( IINOIUGY
Till- ( N IV I  Il~ I~I ‘~ UI MI( I I IGA\ S

The t~ o major weaknosse~ of this sy~; tcm arc in the shift  of recor(ling bias

level Iron channel to channel and from t ime to t ime , and the inherent non-

lineari ty . Thu former is caused by i t io: ;ynchra ~. ics incli vid u~ l t o t h is  ~ys —

S 
tel:! while the lat ter  is to be foun d in any simi lar  optical syst er  whethor

photographic f ill!, pho tochromic or theruopla.st ic .  The cause of the bi an

shif t found here has not b: c ii d e f in i te l y d~ ter ;  i:s ’..  Sever a l  I)O ibl l lt ]aJ s

exis t .  Thaao are thL var ia t ion  or displ5 . 5 . ~ :1t j r  t~.u sl i t  ~h!c!i i s

on the f ront  of the c1Ltl1ot~e- ray tube , dr i f t  in tb’a : :u?~t ipl ier  ci rcuit , dr i f t

in t he mu lt iplier scope , the eyeball d i f f i c u l t ies  in dete.r.~ining the proper

bias when reading the monitoring scope (under the present syHtc r :  the adjust-

ments call for extremely f ine discr iminat ions on the part of the operator) .

There Is also the probability of intermittent dc dr i f t  on the Krohn—flito

reference oscillator . These are typical of the diff icult ies found in any

S such system . The general problem of non—linearity, which al so will be found

in a s imilar  optical and recording ~ys t cn , can be nin imined through the iii—

troduction of predistortion . For this systela , and indeed for most conceivablo

systems , a type of exponential ampl i f icat ion  of the input signal is required .

Figure 3 is a curve of the est imated gain for  such an exponential a:~p1 1ficr .

Such an amplifier ia , of course , achie vable hut h~ s not at this tine hc~~n

construct ed for  t hi s sys ten .

S The photonuit ipl ier  and It~ as~~oc1utccl photern tcr  wero t ested  in t~~o

- separate  wayr  : f ir st by in t roducing Xodak n e u t r a l— d e n s i t y  f i l ter s  into the

sy st e r  ami d observing the change  in output  du~ to the l ight  a t t enuat ion  of

those filters , and second by a method which is probabl y moSt suitable for

~L; ~
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this appilcatlea . This  method consisted of putting a high quality , Ronchi

S transmission gr at ing into the d if f r ac t ive  syst em .—— In other v or d s  a square

wavo. The output of the pboto~otor v:as plotted against the in tens i ties  of

the odd harmonic nu bars . Such an indic:tion of linearity mo:;t cioee~y re—

~c:ab1c~ the mann er  of tL; t a rt s  of the i~ n : a r ity  of this optical s~’stea

In each case i lneavi ty  to wi th in  a fe~ percent  was fOun d wi th no trends

above or below l ineari ty . .T~~:s -:/ ~- 1~~ifl our m arg in of error tho manuf acturc i ’ ’ S

claim or 0 .~~~~~ linearity anp aar i ;  val id for  Un d ’v i e e  u ;~ -~ for  :. -n w i i i~ the

in~ rn:--~ ty of ~~~~~~~~~~~~~ S

• co:ccLusloxs

Many details can be substant ia l ly  improved in this syster . For in-

stance , control of bias levol and the introduction of predistort ion . This

optical system can be used to perform spectral analysis ovor a range of 40

db with an avorago of a ma~ im u11l of 3.l~ harmonic distortion . This harnonic

distortion occurs only at the extreme range o input amplitudes . In viow

- . 
of the nonlinear steps of the recording process the rosults show surprisingl y

l i t t l e  distort ion . The type of distortion minimizes ncasurcrxcnt dUficulty

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

tern this typo of d i s to r t ion  as compress ib l y smooth.  It m an i f e s t s  itself in

chang ing the l i n e a r i t y  of the output  w i t h o u t  subs t an t i a l l y  introducing high er

harm onic d ist o r t i o n  —— an unexpected discovery of this  Invest igat ion . The

enume rat ion of tl’c’ present  ( t o f iC i O n C i n s ;  of th is  systc :a should be benef ic ia l

in the desigim and use of f ut u r e  s .y s tc : . :s  for  oth er  data  med ia such as therno—

plas tics  or i n t o a h i~o ’i  cm .

-11-
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ADDENDWI

Addition of Prodistortion to Compensate for
Nonlin ear i ty  In Film Recording

• Tests of the film produced by the T4Iu l t ichannel  seismic r ;?corder

have indicated that ampli tude dis tor t ion occurs between tha input to

S the camera mnult ip1o~zcr and the image pro luccd on f i lm , In viov; of the

n on l i r -~a r it i c s  involved in Cfl’l’ phosp!~or i i lu siination and f i l m  c~:posure

ti~is is not surpr i s ing .  In order to reduce the distortion in the cdLS 5~ia

intent ional  predistort ion of the opposite kind was iiitrozluccd bot ’..’een

the input and the  recording sy~ t~~~.

The curve in Figur e  3 shas s the ( e s  r~ d n)el on~ nt  rcs~)o~ise of

the prcd iator t ion  c i rcui t . A device hav ing  an m;piitucle response closely

approximating the desired curve was constructed using a Tectronix Model 0

operational amplifier uni t .  The desired amplitude response curve was oh—

tam ed by using a four scgiient piecewise linear approxinatlon to the

curve In Figure 3. The tectronix Model 0 amplifIer contains two m dc-

pendent operational amplifiers . The f i r s t  amplif ier  is used to scab

the input signal to a convenient operating voltage for producing the do—

sired response , and to invert the signal so that  af ter  a second inversion

by t h e  other ampl i f ie r  the output of the c i rcu i t  has the same p o l a r i t y  as

the input . The scaling is based on mul t ip l ying both the ordinate and the

• absissa of Fi gure 3 by a factor  of  25 .  kepl lfier A than has a gain of 25.

Th e gain of ampl i f i er  B Is controlled by the input voltago so as to pro-

duce the (~c s i rcd p rcd iutor t i on  c k s ~s; ;c tur ist ic , The r :iaan~~r in ‘.. ich th is

is done is sho.in in Figur e 4 . Four separate feedback p~t t ] s  are provided

f or arip l if ier  B . In the region of operation whore the output  voltage is

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ S~~~~~ S S 5 S 5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~- SS S -S - -- S - S-_
SS -~~~A



less than 15 v the four feedback circuits operate in parallel to produce

a gain of 1.08 f. segment 1 ci the curve . Whom the output voltage

reaches about 15.4 v (15 volt bias on the diode plus 0.4 v drop in the

diode) chiede F4 cond ucts and removes the feedback furnished by branch

4 . The removal of this branch raises the gain of amplif ier  B to 1.43.

In like manner , diode F3 cond ucts at about 24. v and Increases the gain to

1.85. Finally,  diode F2 conducts at about 28 v and incroasc’s the  gain

to 2.5. Ti;o output  Of ampl i f i e r  B Is ShOv/ fl in Figure 5 together w i t h

the input sawtooth which produced this output . The co:~p ;ir ison of an
S 

input sine wave wi th  the output , front amp l i f i e r  B Is also sho’a’n in F igure

5. The pe akod—up ~,osIt ivo port ion Of the  output  signal is app : runt .  The

OUti)Ut of a!~p l i f i C r  B is foi loned by an a t tcnu:  tor to r u s t u~ a the over a l l

signal amp li tude to its orig inal level ,

Predistortion was first Inserted on one side only of the recording

bia s . The result ing d i f f rac t ive  output values of one recording for

four input reference signals are shown in Figure G. A maximum of 1.2

volts reference input amplitude was used in place of 1.4 volts because

the prodistorted amplitude of the higher voltage would have saturated

our present electronics .

The bias d r i f t  between channels was reduced considerably from t i n t

described in the body of the report . Second ha rmonic distort ion produced

at tho maximum (1.2 vol ts)  was barely discornab ic by eye . It was est i—

-

• 

• 

mated to be between ~ and 1%.



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
S S S S~~~~~~~~~~ S S S ~~~~~~~~~~~~~~

Approxim ately symmetric predist ’ .:tiom was added to tho opposite

input polari ty,  and the resulting d i f fr ac t ive  ampli tudes  plotted in

Figure 7~ Hero significant bias level variation between channels was

again found , the variation being approximatel y lC~~, Harmonic distor-

tion is approximately 5%. The bias level again Is seen to be the most

significant problem in our recordIng a p p a r a t u s. Circuit redesign is

I 
ant ic ipated to a l l ev ia te  this  problem.

S 

it is t]~us socu t~,at photographic f i lm  (and hence photochrc:ilc ,

recording can be made close to l inear  wi t h  l i t t l e  harmonic distortion)

as indicated by this h u r r i e d , ini tial a t tempt  w it h  an approxiri ative

pi e c- e lee c i rcu i t  for pr cd i s tor t i c a .

I want to thank R oj La td  ~.ah~ u~,~ ilI n s.nd Harold Welch for the pi’onpt

design and construction of the predistortion net’,,oi1:.

S —3 —
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Figure 5. Oscilloscope traces of one—sided prodistortion amplifier
output . Above : Sawtooth input and output after predis-
tortion . Below : Sine wave input and output after pro-
distortion (with different scale factor). 
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APPENDIX 1

Doscriptloii of film recorder presented to the Society

of Exploration GeophysIcists , N ovc:Ib.~r , 1964, at Los Ar~ clcs ,

California , by P . L. Jackson p s ; 1 1~. U ,  T5at :,)ilimi •
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(A1’PENDIX 1)

A VERSAT ILE PUOTOGrhAPIIIC SEISUIC RECORDER

S - 

S by
Philip L. Jackson and Rowland R .  McLaughli n

ABSTkACT S

Variable—area , variable-density and amplitude seismograms can be produced

when the spot on a cathode—ray tube face is used as a modulated l ight  source .

Channel selection and width arc varied at w i l l .  ‘the channels can be recorded

sim ultaneously or successively wi t h  pro~ rar :sriod t ine  bas c’a • A co:--~r~c’rcial os—

cilloscope is adapted to t h i s  purpose wi thou t  inva l ida t ing  it  for normal use.

The spot on the crt face sweeps along a sl i t  in a ma sk .  T~ o Int e n s i t y  of t h i s

spot is modulated by vol tage functions reprea ~nting ac’~~~~~~’ .o~~~ r , ’r s . Dy i~~ • I I S  of

selective , soquenciz:g c i rcu i t ry  co;’sbinecl ~“it 1t t~~c i ’ ./ C L I : ’ rate of the p~ t a

seismogram channel is made to correspond to a pa r t i cu l a r  sogs’;~ nt  of the  s l i t .

For simultaneous recording, t Ime sequencing Is used for commutation at a se-

lection frequency far in excess of the highest seismic frequency . For suc-

cessive recordings only a selected , solitary channel is gated , so that no spot

is Incident upon the remaining segments of the slit. The slit Is imaged with

a lens onto the transported film . The present model , constructed for  var iab le—

densi ty,  records up to 400 cycles per inch ; at th is  resolution an ent ire  con-

ventional  exploration scisniograra can be recorded within two inches of film .

A~plituc1e recordings are made by successively modulating the positIon of a

constant IntensI ty  spot . Channel widths  can be narrow enough to allow record-

ing of 500 channels per inch . Film tra~cport is denignod for either ‘35 mm or

70 mm f i l i t . A dru: I type t ranspor t  is u~ r d  f or  a c cur at u  ru1e~, i a t c m i I s ~ , v-hen r u —

cordIng sc ia ; ogral.m successively . The ti s .s~ bases could be prc :r~:I - e~~t’1 by vary ing

the frequency of the d r iv ing  oscil lator  which  Pe el:. . t I  synchronous fiJr.i driv ..s

motor. The recorder is bu i l t  In to  a t r an spor tab le  un i t .

Ac~ no-. -lc’d’ .,’-~ -si t . This re s earch \- ,‘~~s I su -~ )a i’ trcl by the Ac1v ;tr ”~~ Re: ;eare~ Projects
Agency and ~-as monitored by the  A i r  Force O f f i c e  of S c ien t i f i c  Research  under
Cont rac t  AF 4~~(63~~)—l O78 . -
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Draft SEG Papor

Section 1

At last year ’s meet ing In Nc’v; Orl eans , we p resented the basic tech-

niques of seismic data processing by the use of hi ghly  coherent l ight from

a mercury arc or helium—neon laser . The work we prcscnted was th c ru~ u lt

of an investi gation of optical processing at The Un ive r s i t y  of Michi g~tn

under a VELA UNIFOR’.I co ;ib5:ct  wh ich s tar ted  In June of 1931 . Last y ea i ’

we did not have a s a t i s f a c t o r y  camera to record scis1- o . ~l . s  at s p a t i a l

frequencies needed for  the proper use of op t ica l  d i f f r a c t i o n . Since t 1~..t

time we have designed and coast i’ect ’.d a scis ic recorder especiall y for

~~~~ p. o pt i u -~l p r o c ess i n g .

j  Al though pr imari l y desi gned for  v a r i a b l e — d en s i t y ,  the recorder tu r ,~cd

out to be versatile; it can also record wiggly—line , digital code , and

could be made to record var iable-area.  Several other fea tu res , such as 
S

variat iQn of channel widths , selection of channels , and the choice of

s imultaneous or sequential recording give added v e r s a t i l i t y.

2 The recorder consists  of a cathode ray oscilloscope , imag ing lenses ,

f i l m  transport , and electrical c i rcui ts  for  commuta t ion , a m p l i f i c a t i o n ,

and f i l m  dri ve control .

Modulated light from the cathode ray tube is imaged through a s l i t

upon slowly moving f i lm . The sl i t  reduces the l ight  spot 5±20 and thus

increases the frequency response of data recorded on the f i lm .  Scgmcnts

across the face of the cathode ray tube  are r ade to correspond to c1~~ta

channels by moans of s o l id— st a t e  co~~~u tn t i o n . A dru:~ type transport is

used for  accura to ropes i ti om i ng  of the  
f i l m . 1



3 Wo have altered a commercial oscilloscope so that a scanning spot

can be modulated in bri ghtness . The a l tera t ions  are minor . They can be

quichly switched out when it Is desired to use the oscIlloscope for  other

IneasureLlent purposes . A l i g h t — t i ght  tube , which also serves as a lc-:ns S

positionor , connects the oscilloscope to the continuous s t r ip  camera . The

camera box Is removable .  It  is posi~~ioncd on Teflon runners located on

top of the case con ta in ing  the co:.m u tator  and the  f i lm  drive control .

At pres~_’.it we are recording n ine  channels  of v r i ab lc— d e a s i t y  e a r t h —

quake scim ograms arid a sawtooth reference func t ion . The recorded length

of th is  f i lm  is 1—3/4 inches , Total harmonic d i s t o r t i on  of the var iab le—

densi ty  was found to be 15% .

5 Here is the f i ’~e-~:rc’ v 1e. :~e i . O curve fo r  ~‘a r i ab l e—d c-nsi t v  f i  hi re-

corded wi th  th i s  i ns t r e r i e nt  • The 5/i000tl.s of an inc’ slit  width l im i t s

the higher frequency responses . ~ot1i the lenses and the f i lm have much

higher frequency responses than shown hero . For optical processing the

interference of l ight rays is used , so t h i s  curve is in ter~m; of l igh t

ampli tude rather than the more co: .moml y used l ight  intensi ty which would S

S 
be the square of th is  curve . 

- 
S

6 Digital  code can be recorded by m aking the film eith~r opaque or

transparent . The highest  bit rate on t h i s  i l l ust r a t i v e  recording is

approximatel y 400 bi ts  per inch . If the s l i t  wi d t h  were su f f i c i e n t ly re-

duced the presen t system v,’ould be l imi ted  by the lens resolution to about

2500 bits per inch . 2500 b i t s  per inch corrc -rpo.~ds to an underianding 50

lin es per m i l l im e t e r  3 uma  re~ olutioa . ‘i ’c’ t h u d; a t  least a hundred and

probably several hundred channe ls  could be recorded on 33 m i l l im et e r  f u n

under  a cr1 ten on t hat  no a mb i g u i t y  ox i : ts  bet :.cen opaque  am ]  t r an sp ar en t

bits v;i Ga t he  f i l m  is projected .

2
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7 To obtain a wiggly—line seismogram the pos i t i on  of a spot a long the

slit is made to respond to the ampl i tude of the data input .

I should l ike to point  out that  our i l lus t ra t ion s  arc in i t i a l  re—

suits . For instance , the cathode ray tube is a standard P11 phosphor

tube . Special magnetic def lect ion tubes are ava i lab le  wi th wh ich a l ight

spot size can be produced which is o n e — f i f t een t h  the  d iameter  of the

present spot . Also , we have made no attcmpt to  u~’-~ a smal ler s li t  for

f i n e r  resolu t ion .

We now wi l l  show each p :-u’ t of the  recording sys tem in greater  det a i l .

B With the  camera bo;~ open w’~ ace a drum , ~]y1ar bel t  drives , and a

syn chi’oaous l l ct OF  . P ar ing  o~i~ i~a t  ~ O;1 thc 1S~ O tO l~ i r~~ l)Cl.t dr ive  r o tat e  ceri —

S t inuous ly .  The dru n is ac tua ted  through a f e l t — fa c e d  ch’tch w h i c h  is

spring—loaded against a revolving disc,  A la tch hold:~ the (m um &t a t ion a i -y

in the s t a r t i n g  pos i t ion . The drum is rotated by re leasing t h i s  la tch .

• This mechanism enables us to position the f i l m  accuratel y fo r sequential

recording.

9 A pre—as seably plan view shows the f i l m  dr ive in more d e t a i l .  A syn—

chronous motor and three stages of bolt dr iVes  g ive a nomina l f i l m ipced

S of 5 inches per minute .  Posi t ioning rings can be placed on the drum in

-~ these two slots so that 33mj i f i lm  can be Used as ~.-el l  as 70 i~m . The f i l m

is wrapped around the drum so that the two cads are placed het :ecn the

~nal 1 r u u ~r pi ncli rol lers , and i t  is I ig h L~~a c~J by turning the knur led

knob .

10 Here ar e t i ,  - can awL :‘ en t  a of the e : ~)t h;. - a of v ; vi ow :. - d r i ve  desi gns

An y’~ a u~~ ~t b t c d 1y  kno. ,  , if 11 c]ni we b el ts  hc ;d: In fl- : f ie l d , a sd v - d

c *-c tt  l ’J . t ; l r e  st r ap , so . . .  tog’ t~ ;- .- r  at  an ~n~ 1t , Is e. - a S I) ly  -~~;, ; l or

3

-
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superior to many commercially f u r n ish e d  belts . However , we have foun d ,

a f t e r  long i n v e - ~ .i gation , t h a t  ~Jy lar be l t s  have given the smoothest drive

of many possiblo nechanissis .

11 The modulated l ight  source swoops , and the sampled data appears , along

this slit , which is mounted agains t  the glass face  of the cathode ray tube ,

The sli t is adjustable  in width .

I have prescated the genera l  f eat u r e s  of t h i s  instrui .ient to give an

idea of i ts  capc~b i l it i e s  and of i t s  pro m -at  performance , lIov:c-ver , elec-

tronic probles s v-crc of great  i n t e r e s t  on t h i s  p r o j e ct ;  ~ r . McLau~ L l i  a

wil l  now present the means by which he solved these prob lcmr .

4



I N S T I T U T E  OF S C I E N C E  A N ) )  T E C h N O L O G Y

Mo~~ng ~~~~~ ~~~~~~ R A D A R  I A SI) i t A  I O R V  TI IF  U N I V I : R S I  l Y  OF M I C h I GA N

A VERS)~TILE PI-~OTOGR1~PHIC SHISMIC RE CORDER

- Part 2

In t roduc t ion

We have seen ea r l i e r  t h a t  the recorder contains  three

principal parts:

a film drive unit

a rnodific-cl cathodp ray oscilloscope and

a commu tat ion and con trol uni t .

The latter two parts , which comprise the electronics of

-- the recorder , will now be treated in greater detail.

Scope Modification

A standard commerci ally available Tektronix model 531A

Cathode Ray Oscilloscope was 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 labloci “1” in the figure consisted of rc—

placing the normal P1 cathode- ray tithe , wi t h  a photographic

blue P11 tuba. The second m odification was necessary so that

the incoming data signals would vary the brightness of the

light produced by the cathode ray tube . The vertical alupli—

fier of the scope is ucod to aisplify the data signals in the

_ _  _ _  
- -
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S 
normal way , but the s ignals  are  then applied to the grid of

F the cathode ray  tube . The s ignals  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 ch : - t g e  ~:es )~~~~~~ ) J 2 ~~~~~�fltCd by the circuits

labled “2” in the bloc): diagram. The amplified data signal

was obtained from the signal pick—off point in the vertical

-
s ~m7 1~~f ie r  nor~:i:i1y us ci to m .ynchro a the sweep intern~ ily.

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 sweep retrace blanking function

which is necessary to extinguish the 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 f i ts  r ead i l y  into avai lab l e  space inside th’.~

oscilloscope.

-2—
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The third modification labled “3” in the figure replaces

the vertic~.1 position control in the vertical amp l i f ier which

is, of cour se , 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 S2.

Data  A mn l i f i ar a r d  Com:n it a tor

We have hoard previously that this recorder has the capa-

bility of recording several sources of data simultaneously

by making use of a sequentia l ly sampling commutator . This

scheme is shown schematically bore , wherein the commutator • S

is represented as a multip le position swi tch which selects

-
• - 

among the data inputs and p~escnts the selected input to the

oscil loscope . Although the commutator works in the manner

of a stepping switch , or a mechanical  w bi rl i n g  disc and brush

mechani sm , this commu tator is a solid s ta te  device wi th  no

S moving parts. It operates at a basic sampling rate of 1000

cycles per second , which moans that 100 channels are success—

ively sampled in a total period of one raillisecond . The

commutator may also be operated at a 10,000—cycle sampl ing

—3*
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rate for successively repeating 10 channels of data. In

this case , ten chanu-els are sampled every 0.1 mill isecond.

• 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 f a s te r  speeds 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 Z-iichigan,

but the sequence which controls the commutator is constructed

• from commercially available logic cards. The commutator con—

- 
sists simply of a switched ampli fier (one for each data

channe l to be recor ded ) and a mixer to which each of these

amplifiers is fed. The switched amp l if iers are controlled

by a pul se in such a way that a signal is passed only when a

control pulse is present. Thus, in order for this circuit

to act as a commutator it is merely necessary to provide a

. 4  succession of pulses, first , to switchod amplifier one ,

second to switched ampli fier two , and so on in turn to each

switched amplifier of the group. Manual switches S, S2
,

through S10 prevent the control pulse from reaching the

switched amp lilier at all , and hence any channels desired

-4-
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may be left inactive. The switched amplifiers have a fre-

quency response which is f la t 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 cjenaratod. The circuit starts in the

upper left with a 100 kilocycle crystal oscillator. The

crystal oscillator was chosen to give the necessary time

base stability for sequential  repet i t ive  r ecord ing  of groups

of channels during separate rotations of the film drum.

The oscillator is followed by a deca de counter which is a

circuit consisting of four sequen tial f l ip flops connected

in a divide by ten arrancjement. 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 , Ti, T2 and on through T—lO ,

the pulse will appear on line T-1 , then on T—2 , and so on 
-

until the pulse has appeared on T-lO. This may be seen from

the waveforms lablod 100 Kc , ‘T , T2, and Tb . This sequence

—5— • -
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will repeat continuously at a ton kilocycle rate. The

shaded portion shows the second reoccurrence of the signals.

These pulses when applied to the switched ampl i f i e r s  become

the control pul ses whi ch activ a te the da ta amplif iers one

j after another unt i l  all  10 have been presented in turn to

the cathode ray oscilloscope.

It should be noted hlso at this point that pulse T—l

is pro~-ent until v~:xy s h e rt ly  b ef o r e  pulse  T—2 appears ,

and that the switching tii~e between the disappearance 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 those pulses arc applied to the data switched

ampl ifiers , onl y one channel is pr esen t at any given instant ,

and in the second place , the switch f rom one channe l to the

- 
- 

next is practically instantaneous . So far we have seen how

a sequence of ten pulses is generated and how this sequence

:~ in turn controls ten data channels so that they are applied

one a f t e r  another to intensity modulate the cathode ray

oscilloscope.

Here we SC~C hoa  by a logical extension ot this technique ,

100 da ta clLzuui ::ls r a y  be switched. A second decade counter

and decoding r,iatri~: follo~..; th~ firs t. This clecir,ml converter

~~~~~~~~~~~~~~~~~~~ S~~~~~~~~~~~~~ sS ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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also produces a sequence of ten pul ses each on a separate

wire. Each of these ten pulses, however , are as long as

the entire string of ten pulses coming from the f i r st con-

verter. Thus by selecting the pulses from the first con—

S 

-• vorter , which are present during only the first pulse of

the second cQnverter , we have generated the first ten channels.

of a 100 channel sequence. This is shown by the channe l 1

through 10 line in the l e f t  figure. This technique is con-

tinued until the entire group of 100 channels has boon

generated.

The group of 100 channels thus repeats at a one kilo-

cycle rate, and the ou tput 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 channe l control

pulses. ~~o method s 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

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

is applied to the data ampl i f ie r s, a particular data amplifier

is skipped by preventing its control pulse from occurring .

—7— 
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The second method of channel, selection is by moans of the

manual group selector switch shown in the right hand figure.

This switch selects whether channels one through ten , eleven

through twenty , or some other group of ton channe ls will be

present. An eleventh position permits cli 100 channels to

be present simultaneously. The output of the data commutator

as it would be viewed o n a  test scope is sho~.-zn here. This

is a group of ton channels nu;1~e~ cd f rom lo f t  to r i~~J i t .

Channel one is off , channel two and three are present , whil e

channe l four is off , channel five is present and is being

modulated by an input signal; six is present , seven and

eight have boon switched of f, nine is present and ten is off.

The pedestals corresponding to the active channels , brighten - S

the ca th~do ray tuba trace to form a bight bias for the rnodu—
S 

lation. 
S

The ~asiplod levels of t he  modulation envelope may be

clearly seen on ChaIInei 5. fl~ tice that the pedestal ampli-

tude s w i I ’j~ c c e a i ly  ~~ ovc ar id below th-e light bias level ,

and th~ t I~~: 1iy di.scrc-to le\’:-l~. re-presenting the various aupli—

tudos durinij i:- uy cae - t ’t atod sa~p1es arc evident.

The next picture she..s this sarr e group of channels as

• sccn in the r e c o r de r .  Fotica  that the channels fall between

• —8—
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the reticie lines as in the picture on the right and that

channel 5 which is modulated appears brighter. The reticbe

lines were added to m ake identification easier in this picture.

The length of tile sweep is 10 microocconds par channel in

both of these pictures.  In this next picture we ace the came

group of channe ls, hut representing in this ca se channels

51 through 60 of a one—hundred channel display. The sweep

length has boon increased so that each vertical rc’ticio 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.

Hero again is the over all view of the camer a with now

S the input panel identified. The input jacks for the ten data

channels , and the individual channel activation switches may

be seen. The rotary switch on the far r ight  is the group

selector switch which selects which portion of a 100 channel

display will be occupied by the ten data channels available .

We have seen examples of data recorded on this camera  uo ing

variable dens i ty ,  wig gly l ine , and clicjital techniques. No

examples of var iable  area were shown since add i t i onal  c ir c u i t ry

—9—
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is required to implement this technique. The circuits have

not been built because no need for this capability presently

exists at the University of Michigan. All that is required ,

however , is to cause the pedestal width of any channel to be

modulated instead of the pedestal amplitude .

- 
—10— 
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7~ppc?ndix

Correl;:tion with non--co -~ c’nt l ight,  var ious ly  kno~-m as

the 1~~It~~er::orI , r :-j ; - - -
~~~~~~~L*~~i , L 1 ~ i i ~)~IieC, or “lc;~~ I c: ;~; co:~i- c i l —

o~r~J p h ” tee I:~5cf~e, co vL~~i:1C-L~~lly u~ -~ -; two m:v~hs repro c~’iLin cj f u n ct io n s

with differc-n~: ~e~,1e LncLur~~ The ler~j er  rnc~sk is i l lunin at ed  with
S diffuse light , a~~i the ~~~~ jiler i:::ck is placed beLv’ecn the lar~jer

c - l J  d V L ~~•1~~.SJ • S . S S L S ~~~ ~~ C CLL i ~:L ~~U 5 -~~ that a st:5-n:.cji*t : line

U~~~ i ..’a f::o~ ~ a .~y peiii~ (~:, v ) oa ii~-~- le ~ - L- r  a~:~ S- :  na~~~~~ ~~ c - ; ~~ th :

c o r r L - c n~iing (scaled d~~-a~) point on the saiailcr a~ ’~sk to n fi:•:a 1

point (a. ,-) (0,0) on the screc.i whe-:c (a, -~) arc correlation

variables . Thus the intensi ty (0 , 0) on the screen is the su~n of

the light transmicaion through one mask , f ( x ,y ) ,  mult ipl ied by

the liqht t ran iic~;ion through the sccond aask, g (x ,y ) ,  which is

represented by the in tegral

~ (0, 0) S.~ 
(x ,y )  g (x ,y )  clx dy

For any point (j, ~ on the o~itput screen we find

~ ( a , r)  -- 11 f (x ,y) g( ~~~ + 
~~~~
, y + r )  clx dy

which is the n on—r~e ~~ 
-~~1i- v5 -i cc-  - cl - c - .i fu . ~- L  ion . The n:cicc’r s is

s t . ric t l’  h a n a d  e~ gee. ’: L r . ~ c~.l . ~~~~ :3; ci~ cfr.,ctio :~. c~•u :-~’a i~r~~:~:•t~ic’a,

50 thL S*i~~ 0~ tf - Z I r C J  i :  t : . . -
~L . -
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A simple e::amplc is the autc’co~ rclation of a square pulse , - -

which is the equivalent of an apcrture in one-dimensional optical

representation. The autocorrelation function is a tr iangular  way

as shown in Figure 1.

rj’-e r~ -e ns of c~ -~~ ini~~j a correlation (or co v o ] t -~ ion ) l atceen

a pair of t’.-io—dir’~--ie~:ional patterns with non—coherent light apparen

was f ir s t  rsu~jgestcc1 for Patterson functions in crystallography .

Rohertson , Hacjg, Bragg, and Vand (Buerqer , 19 6 2)  c- -: .:~d c 1i f f c~rent -

optical i~ :-~~~~c :15 by ~.-.h1Ch this cc::s~i~ ion c~~~~d )i :: ac -hiev cc l.

I—leyer—Epplo-r (l9-~3} appcw:s to h~ ve f i r st  ~ vcj~~.s:tr-c 1 the tcch~~icjt~c

non—crystallographic applications. NcLaohlin (1962) discussed thi
• 

- 
technique in terms of j’a~tern recognition. Vandcr lugt (1963) p0th

out several limitations when describing what is essentially Bragg ’

configtr~at ion , in which lenses are employed as in the coherent

light processor developed by the Radar and Optics LaborztLory. -
‘

So far as I know, previous discussion about this technique

has involved two zna~’I:s, except for the use of several small lamps

to represent “points”. However, nothing in the theory of this

technique precludes the use of an “image ” in place of the first ma&

“Image ” is u~ cd loosely hero in the s’anco that a light pattern acts

the same way as a rn~sk. The m acjo cea be a crt cUsplay, isa intel

sifier , or d irect camera image on ground gl ass. 7~ crt c~i spl~:y re-ca

has been used with recogniseblo rcsu 1~~s with the -c :-~~:y or a ~ 5 3 5 1

array as the c~~j c  CL (Jac1:nc~i , 1965). !\ crt  prc-sentet io-~ r u th r s

than a ~w~sk %- .r a s  ~~- i  f or invest igat ion o~ the pc -s~ b il f ty  of

r c - a l —t i t - e  co~ relation . The single rc-qui~~s:.e-n~~’ for the f i rst  i~~:1:

is that the ligh t cr:5 -rg iacj fl:c-a the r. ’a~~: d ive :a -~s uni fos :ly f r c:~

- - - — - ____ — 

_~ _5 5 
~~~~~~~~~~~~~~~~~~
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cach point over a large enough angle to cncc-~a-ass the ss:allcr

reference mask . Any type of image with d i f fu se  light sat isf ies

this condition .

A reference n - 5i~ fo’: a rd at ivaly 5-i all. o1j  cc ~ in a le

scone will ac~ as a corrciator for t~~ r S 5. CUl  1~~:)O iLi ~cjl~~~51 0

object in the scene. But for the f ield its~~1f the i’msk will

function as a distctr L~o0 pinhole in a c55 a ,~ra ch~ cu -a .  Thus if the

field is very bricjh t  tj~e i n L c - a a i~~’r ~~~ t S ~~~~~ • ‘ ~~S t_ L. pc ::itioa oX

co;~rclaiion ~-~: i 1  be g 55~ .C 1  t :i~ ~~~ 5 ~1~~’ . ’ i S i L  y for  a r L 1 L : :  iV- ly

dark scene . Tiie co:’n:claticsi pa’~te:-:n “rS ci :,; “, so to ~paii’., on
the background value Of the f i eld. This may cause d i f f i cu l ty

in v~sua1 estimat3.cn. fice-~-vcr , with d irect visual readout it

shoul d be consid ered that the hu- :n eye adj us~~s to liqh ’c ii-i~ cn:-ity

levels within a ran~ c that is ~-iu~ll over lOOcTh, and discrimJna’~cs

intensity levels d i f f e r ing  by less than 1~~. It is possible to

modulate the brightness of pres~-atation as a funct icSn Of av erage
brightness level of the scone . Also , it is possible to use the

negative of a scene (by reverse z—mo0ul~ tion on a crt- , for ins tance )

when the c~~j cct , such as a niiit~ ry vehicle, is cThrh -r the a its

CflVXL OIL :- flt.

~ ho r iethc :1 0:-: “lcnsic:ss Co :elog:~-n ~ -hy ” 1 :-y 3~~~S? - r iv ~ a as

follc;s: With the go ~at ry  as in Fig. 2, a f u a e t i c~a f cr - n  bc .

r ( ’~’r (- s-~-r iL ec1 aioicj h a :  A by i:ahirej the tranne5e - , - i c-a a~ >: c-c~u al  to

£ ( ;‘ :) . A fuactr i on g can be r~-pr ’scntecl ~~~~~~ B )‘~~ : h i n g  th  -

tren:a~ .saion at the po:i.nt ~ ca B c- joe l  to g (
~

- -

~~~

- --

~~~ ~~~) 
. The diii—

CLr 5. OnS of the ~~~~~ ‘ ‘ 5~~~~ S~~~~ o~- I.~ ‘ef l ]  L -  i ’ . e i :~~~ by a
h fvc,’~ txn’. a C-:: tOe t : a : , : :~ ~~~ c a  ‘

-
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Note that the straight line from 0 on C to x. on A intersects

line B at the point —

~~~~~ 

x~ 1 and at  thc~~e two p o i n t s  the t rans-

missions  are f ( x . )  and c. (  —~~~~- . —
~~~~~ x ,)  = g ( x . )  r cspcc tivo ly .

Now consider a wed ge ~-;h-j sa base is i-c-: , w i t h rni~ 1’-~eint  x .
1 1

on L5.ne A , ar id uh: a a~ :a .-: i s 0 On lin.~ C (refer to fig. 7) .

average valo~ of f within the sace~::nt “Lie - 
“ is tahen as f ( :-: - )1 1

If , in an optical ~y~ Lc iit the l e n g t h  “
L~~X . ” of a tren~ parency along

A is diffusely hightc-d , L1?e light inL-:ri~ ity a~ 0 on C un~h~r th:

l i m i t a t i o n  of st ra i  gh t — l i e - - p~:e~: .~~ : t~ ~ a of ca o: -et:: .i cc: ] c .p tics

will bc- , I (~~~
) £ - ! 

~ 
g ( : ; . )  ~ :-e .

whore K is a cons tant  c1~~:~~nX~ing c -n t i  a indid::nt li ght  ir~c: e ci ty

on ~~~ and the distance a+b. The total  i n t ens i ty  at th~ point
0 i t - s ul t i ng  from the sp : rposit ic.n of the contr ibu tion s of all
the fr~. will then be n1 I a~ K~~ 1

f(x .) g (x .)  h:..

S 

Taking l imits  as ~x . -~0 , n -
~~~ this  boco: iaz

S 
I0~~~~KJ~~~ f ( i ~) g ( x ) dx

which is the corre] .at ion f u n c t i o n  ~ at  0; i . e . ,  g~ ( 0 )= if g fg 0

- - 

, Now consider any point r on line C. The wed ge in dashed l ine - s
in Fi g . 2  is shown as if the solid wed ge were rota ted about
the point ~~~~ on line B , so tha t the new ap ex is at T

on the ct-)r r c l et ir ) n ) .ine C , a~ d the base of the wed ge is cantered

at x-•~ r on l ine  A.  Thu s the in~~c nc ity  at  r is given by

I K f ( i : . — 

~ 
•
~

) c~ (x , )  A< ..1 b - 1
If we make an c :• :tcneion to all  /‘: : .

n 1 
-

I = K ” ~ f ( :: . — 

~ r) g ( x )  L~:-: .-7. - i -i i b 1 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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We now let ma>: ~ 
- o and n...~ , so t:hat I~~ goes over into

thc in tc -~j~ :al I r $f (~~~~~r ) K f r ( x~~~~~~ r) g (x) t~~.

Thus the co r relat :on  funct ion is obtained with this optical

syst~ n. The e : X : - e i x  ion f ra : tao lines to Lao pianos n at u r a l ly

folio--.- .- . 5he ona—J.~~~ - e .Xoe: l C~ IsLt is a-:Lnnl ly a spec ia l  c-n sa

• 
- of the t-:a] t i—d:h - ’~~::ioaal case , and ~;as trcaitacl in one- dia-ans-ion

for sia~> l ic ity .  The qco:eetry for two d:L t s-nsions is s1LcI -e~ in

I i  ~re 3.

A p : L L e ~.n \-~
‘eicb ha~ P- -:—- ioic. ro~ t i a : a 1  c~~ . :Xary is aL:~~’s

olyL e S n a d  with two- — di e ene iced autocorrolat on, so, in a -:iciitica —

to the intensity aL the center of a correlat ion func~~ion, the
S correlation p~ttorn ‘nas a d is t inct  a icThntiflable patterci for

• recognition.
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