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ABSTRACT 

A coherent op t i ca l  system which forms t h e  image of an object  i n  

two s tages  i s  described. Spa t ia l  f i l t e r i n g  is performed a t  t h e  first image 

plane i n  such a way t h a t  the  r e su l t i ng  image i s  a l t e r e d  according t o  a pre- 

specif ied fashion.  

Many f i l t e r i n g  operations can be performed with such a system. 

Examples given i n  t h e  paper include methods cf  moire/ family separation (both 

before and a f t e r  a cross moirc f r inge  pa t te rn  is formed), pa t te rn  contras t  

improvement, background grat ing el imination,  and suppression of noises.  



INTRODUCTION 

Ever s ince  t h e  invention of t h e  l a s e r ,  t h e  f i e l d  of coherent op- 

t i c s  has become t h e  cen te r  of research  i n t e r e s t  f o r  many phys ic i s t s  and en- 

g ineers .  With t h e  he lp  of the  highly coherent and monochromatic l i g h t  from 

a l a s e r ,  d, any a phenomena which here tofore  only ex i s t ed  i n  theory o r  poorly 
I 

demonstrated i n  experiments can now be rea l i zed  with s t r i k i n g l y  good q u a l i t y  

(e.g. holography). New concepts and ideas  have been generated a t  such a 

r a t e  t h a t  coherent o p t i c a l  techno:ogy has found appl ica t ions  i n  f i e l d s  a s  

d i v e r s i f i e d  a s  antenna simulat ion [1].& and geophysical da ta  processing C21. 

A good account of t h e  recent  developments i n  coherent op t i c s  can be found i n  

the  survey paper by Cutrona. [31. 

i The process  of o p t i c a l  s p a t i a l  f i l t e r i n g  i n  a coherent l i g h t  sys-  

tem is t o  a l t e r  t h e  input  s i g n a l  (e.g. t h e  l i g h t  disturbance t ransmit ted  

through a moire p a t t e r n )  by placing f i l t e r s  along the  o p t i c a l  path of  t h e  

l i g h t  i n  such a way t h a t  t h e  output  i s  changed i n  a prespeci f ied  way. F i l -  

t e r i n g  can be categorized i n t o  amplitude, phase, and complex [4], depending 

upon whether the  f i l t e r i n g  is  performed t o  the  amplitude, phase o r  both of 

the  l i g h t  d is turbances ,  respect ive ly .  For example, the  celebrated?:?: phase 

con t ras t  microscopy o f  Zernike [51 is a method of phase f i l t e r i n g .  Because 

of t h e  s i m i l a r i t y  between o p t i c s  and comrnunication theory,  many modern spa- 

t i a l  f i l t e r i n g  techniques have been developed by researchers  i n  the  f i e l d  

of e l e c t r i c a l  sc ience ,  notably by Vander Lugt [41, Cutrona [61, Elizs C71, and 

OINeil l  [8], among o the r s .  

Since much o f  the  information obtained i n  experimental s t r e s s  ana- 

l y s i s  i s  done through o p t i c a l  means ( e  . g. , pho toe las t i c i ty  and moire/ method), 

f:Numbers i n  parentheses designate references  a t  t h e  end of  t h e  paper. 

fcfizernike won a Nobel P r i ze  f o r  h i s  cont r ibut ion  i n  phase cont ras t  microscopy. 



it is  only  n a t u r a l  t o  extend t h e  techniques of  o p t i c a l  s p a t i a l  f i l t e r i n g  t o  

t h e  process ing of experimental s t r e s s  ana lys i s  da ta .  While many methods 

presented  here  can be applied equally well  t o  the  p h o t o e l a s t i c  f r i n g e  pat-  

t e r n  o r  o t h e r  in te r fe rence  pa t t e rns ,  t h e  paper w i l l  address i t s e l f  only t o  

t h e  process ing o f  moire( da ta .  

Indeed, t h i s  exc i t ing  f i e l d  is  no t  ignored by experimental s t r e s s  

a n a l y s i s t s .  For example, the  c o n t r a s t  improvement method of de Haas and 

Loof [ 9 ]  and t h e  f r i n g e  mul t ip l i ca t ion  methods o f  Post [ l o ,  111 and Sciam- 

marel la  11121 a r e  i n  f a c t  methods of o p t i c a l  s p a t i a l  f i l t e r i n g .  In  t h i s  pa- 

pe r  a genera l  ainplitude f i l t e r i n g  system w i l l  be described i n  such a way t h a t  

many f f l t e r i n g  opera t ions  can be performed. Operations presented i n  the  

paper a r e  t h a t  of  c o n t r a s t  improvement, background g r a t i n g  e l iminat ion ,  se-  

p a r a t i o n  o f  moire) f a m i l i e s ,  f r i n g e  mul t ip l i ca t ion  and noise  el imination.  Pos- 

s i b l e  f i l t e r i n g  opera t ions  which a r e  b e n e f i c i a l  t o  t h e  processing of  moire 

p a t t e r n s  a r e ,  of  course, not  l imi ted  t o  t h e  ones presented he re in .  



OPTICAL SYSTEM FOR SPATIAL FILTERING 

While the re  a r e  many o p t i c a l  systems t h a t  can be used f o r  s p a t i a l  

f i l t e r i n g ,  a t t e n t i o n  w i l l  be given t o  t h e  system shown i n  Fig. 1. The sys- 

tem contains a l a s e r  (with its. l i g h t  expanded), a  first imaging l ens  and 

a second imaging lens-Their  r e l a t i v e  pos i t ion  a r e  a s  shown i n  the  f igure .  

A s i g n i f i c a n t  property of a  coherent o p t i c a l  system is  t h a t  t h e  l i g h t  d is -  

turbance a t  t h e  f r o n t  and back f o c a l  planes a r e  r e l a t e d  by a two-dimensional 

Fourier transform. Indeed, i f  f (x ,y)  is  t h e  complex amplitude of  the  l i g h t  

f l u x  a t  plane P t h e  complex amplitude o f  the  l i g h t  f l u x  a t  plane P is 
1 ' 2 

given by 

~ ( p , q )  = 1% f (x ,y )e  
i (Px  + qy) dxdy 

- ( 1  

i n  which (x ,y)  and (p,q)  a re  the  coordinates of t h e  f r o n t  and back f o c a l  

planes,  respect ively .  F(p,q) i s  t h e  so-called d i f f r a c t i o n  spectrum of t h e  

object  f ( x , y ) .  This spectrum is then col lec ted  by t h e  second imaging l e n s  

L t o  form an iaage of the  object  a t  plane P The image is inver ted ,  be- 
2 .  3 ' 

cause ins tead  of inverse  transform t h e  l ens  L performs another Fourier  
2 

transform. With t h i s  system the  image forming mechanism i s  accomplished i n  

two s tages ,  which al lows room f o r  manipulation. F i l t e r s  can be inse r t ed  a t  

plane P t o  a l t e r  t h e  information t o  be col lec ted  by l ens  L2 ,  and a s  a conse- 
2 

quence, t o  change t h e  image shown a t  plane P The f i l t e r  may be a mask t o  
3 ' 

change ' the amplitude d i s t r i b u t i o n ,  o r  a phase p l a t e  t o  vary t h e  phase d i s -  

t r i b u t i o n ,  o r  a  hologram complex-filter [41 t o  a l t e r  both t h e  amplitude and 

t h e  phase. In t h i s  paper only amplitude filters w i l l  be presented. 

/ 
l4oire f r i n g e s  a r e  t h e  in ter ference  p a t t e r n  of gra t ings  of which 

the  d i f f r a c t i o n  phenomena a r e  r e l a t i v e l y  simple and may be described i n  



terms of geometric o p t i c s  a s  t h e  fol lowing.  I n  F ig .  2 ,  a p a r a l l e l  beam i s  

seen propagat ing through a  g a t i n g .  Each s l i t  of t h e  g r a t i n g  a c t s ,  according 

t o  Huygen's P r i n c i p l e ,  a s  a  sub-source which generates  c y l i n d r i c a l  wave-lets 

a s  shown. These wave-lets i n t e r f e r e  one another  cons t ruc t ive ly  i n  a v a r i e t y  

of ways. The zero o r d e r  beam i s  composed of those wave f r o n t s  which a r e  no t  

d i s tu rbed  by t h e  presence of t h e  g r a t i n g .  The f i r s t  o rder  beams deflecteO t o  

both s i d e s  of t he  zero o rde r ,  a r e  composed of those wave f r o n t s  i n  which 

each one of  then? i s  one wave-length ahead o r  behind The neighboring one. The 

second o rde r  beams a r e  those  i n  which each one of them is two wave-lengths 

ahead o r  behind t h e  neighboring one, and so  on. I f  a l l  these  beams of  d i f -  

f e r e n t  o rde r s  a r e  c o l l e c t e d  by a  l e n s ,  t h s  image so  formed i s  c a l l e d  t h e  

d i f f r a c t i o n  spectrum o f  t h e  g r a t i n g .  In  t h i s  case t h e  spectrum i s  a  s e r i e s  

of  do ts  l o c a t e d  along a s t r a i g h t  l i n e  perpendicular  t o  t h e  d i r e c t i o n  of t h e  

l i n e s  o f  t h e  g r a t i n g .  The mechanism of t h e  image forming is  show3 i n  P ig .  3. 

These dots  (which a r e  t h e  images of t h e  p o i n t  source)  have d i f f e r e n t  i n t en -  

s i t i e s .  The zero o rde r  image con ta ins  t h e  l a r g e s t  energy and t h e  i n t e n s i t y  

decreases  a s  t h e  number of t h e  o rde r  increases .  A photogrs.ph of t h e  a c t u a l  

d i f f r a c t i o n  spectrum of  a  l i n e a r  g r a t i n g  ( 3 0 0  l i n e s  per  inch)  is  shown i n  

Fig. 4.  

The d i s t a n c e ,  d ,  between any two dots  is  a  func t ion  of t h e  f o c a l  

l eng th  of t h e  l e n s ,  f ,  and t h e  p i t c h  of t h e  g r a t i n g ,  P ,  and they a r e  r e l a t e d  

through t h e  fo l lowing  r e l a t i o n s :  

d  = -f t a n  

i n  which. 8 i s  t h e  d i f f r a c t i o n  angle  of t h e  f i r s t  o rder  beam. Since i t , i s  
1 

evident  from Fig .  2 t h a t  



it can be e a s i l y  deduced t h a t  

which, f o r  a  c e r t a i n  l e n s  and c e r t a i n  wave l eng th  o f  l i g h t ,  ts a  measure 

of t h e  g r a t i n g  p i t c h .  The a n a l y s i s  o f  t h e  d i f f r acT ion  phenomenon o f  a  c r o s s  

g r a t i n g  w i l l  no t  be presented  he re  b u t  a photograph o f  t h e  d i f f r a c t i o n  spec- 

trum of  a  c r o s s  g r a t i n g  (1000 l i n e s  p e r  l i n e a r  i nch )  is  shown i n  F ig .  5.  

If a l l  t h e  d i f f r a c t i o n  o r d e r s  a r e  c o l l e c t e d  by t h e  Hecond imaging 

l e n s ,  t h e  beams w i l l  i n t e r f e r e  one another  t o  form an  image a t  t h e  second 

image p lane  and it w i l l  be t h e  exac t  reproduct ion  o f  t h e  o r i g i n a l  grating.$: 

However,since a  l e n s  has a  f i n i t e  s i z e ,  h ighe r  o r d e r  d i f f r a c t i o n s  a r e  n o t  

c o l l e c t e d  by t h e  second imaging l e n s .  The image w i l l ,  t h e n ,  have some modi- 

f i c a t i o n .  The amount o f  modi f ica t ion  depends upon t h e  number of  o rde r s  

t h a t  a r e  misscd by t 5 e  l ens .  For example, i f  a p e r f e c t  b a r - s l i p  amplitude 

~ r a c -  g r a t i n g  is  placed a t  t h e  ob jec t  p lane  and only  ( 0 , f l )  o r d e r s  o f  t h e  d i f r  

t i o n  spectrum a r e  c o l l e c t e d  by t h e  second imaging l e n s ,  t h e n  t h e  r e s u l t i n g  

g r a t i n g  seen a t  p l ane  Pg  w i l l  be a pu re ly  s i n u s o i d a l  p a t i n g .  The more t h e  

number of  orders  a r e  l e t  through t h e  second imaging l e n s ,  t h e  more c l o s e l y  

t h e  r e s u l t i n g  image resembles t h e  o r i g i n a l  square-wave g r a t i n g .  I n  f a c t ,  a  

t o t a l l y  f a l s e  image can be obta ined  i f  t h e  d i f f r a c t i o n  spectrum i s  a l t e r e d  

i n  c e r t a i n  ways a s  w i l l  be seen l a t e r  on i n  t h e  t e x t .  It has  been e s t ab -  

l i s h e d  [13], however, t h a t  a t  l e a s t  two o f  a l l  t h e  d i f f r a c t i o n  o r d e r s  of a 

g r a t i n g  should be c o l l e c t e d  by t h e  second imaging l e n s  i n  o r d e r  t o  form a 

g r a t i n g l i k e  image. 

>$Ideal l e n s e s  f r e e  from a b e r r a t i o n s  a r e  assumed. 



Since every ob jec t  has  i t s  own d i f f r a c t i o n  spectrum and t h e  image 

formed a t  plane P 3  depends upon what i s  c o l l e c t e d  by t h e  second.irnsging l e n s  

from t h e  d i f f r a c t i o n  spectrum, it i s  t hen  ev ident  t h a t  one can choose what 

he wants t o  s e e  a t  p lane  P by proper  f i l t e r i n g  a t  t h e  spectrum p lane .  In- 
3 

deed, it i s  t h e  whole p r i n c i p l e  of  o p t i c a l  s p a t i a l  f i l t e r i n g .  While it is 

concievable t h a t  t h e  number of  p o s s i b l e  f i l t e r i n g  o p e r a t i o n s  i s  un l imi t ed ,  

only some of those  which t h e  au thor  t h i n k s  a r e  u s e f u l  t o  t h e  p roces s ing  of 

moirg f r i n g e  p a t t e r n s  w i l l  be presented  i n  t h e  fo l lowing  s e c t i o n .  



DIFFERENT APPLICATIONS OF OPTICAL SPATIAL FILTERING 

I. Contrcst  Improvement and Background Grating I l luminat ion 

It is  not unusual t h a t  a  moirg f r i n g e  p a t t e r n  has  a  contras t  

less than des i red .  For example, i n  a  high speed event with not  enough 

i l lumina t ion ,  t h e  photographs w i l l  be underexposed and, a s  a  consequence, 

low-contrasted. The negative of t h e  photographs can then be placed a t  t h e  

o b j e c t  p lane  of t h e  o p t i c a l  s p a t i a l  f i l t e r i n g  system shown i n  Fig. 1. The 

d i f f r a c t i o n  spectrum of t h e  negative w i l l  be displayed a t  plane P If a  
1 ' 

f i l t e r  of  a  small c i r c u l a r  mask ( e i t h e r  opaque o r  with high dens i ty )  is  

placed a t  P a t  t h e  o p t i c a l  ax i s  t o  i l luminate  o r  g r e a t l y  reduce t h e  zero 
1 

order  l i g h t ,  t h e  r e s u l t i n g  image w i l l  have a  b e t t e r  c o n t r a s t  than the  o r i -  

g i n a l  negative.  If t h e  negative i s  of  such a  q u a l i t y  t h a t ,  although it is 

of poor con t ras t  bu t  t h e  l i n e s  of  t h e  g ra t ing  a r e  resolved,  t h e  f i l t e r i n g  

technique is even simpler. It is only necessary then t o  p lace  a  f i l ter  of 

an opaque mask with a hole a t  plane ? i n  such a  way t h a t  only one of t h e  
1 

two first orders  of t h e  spectrum i s  passing through t h e  o p t i c a l  system. 

Higher o rders  can a l s o  be used bu t  with l e s s  i n t e n s i t y .  An example is 

given i n  Fig.  6 where t h e  photographs of a  moirg p a t t e r n  before and a f t e r  

f i l t e r i n g  a r e  shown. The di f ference  i n  con t ras t  i s  q u i t e  evident .  I t  may 

be r e c a l l e d  t h a t  t h e  i n t e n s i t y  v a r i a t i o n  I of  a moire/ f r i n g e  p a t t e r n  can 

be expressed a s  C141 

I = I. + I1. Cos 4 (5) 

i n  which Io, I1 and 4 a r e  t h e  background i n t e n s i t y ,  i n t e n s i t y  amplitude 

change and phase change, respect ively .  And t h e  c o n t r a s t  c of any l i g h t  

d i s t r i b u t i o n  p a t t e r n  is given by 



I max - 1 min c  = -- 
I max ' I min 

/ 
In  t h e  case  of  moire f r i n g e s ,  one has from eq .  ( 4 )  t h a t  

I = I. - I1 
min 

It then  fo l lows  t h a t  f o r  a  moirg p a t t e r n  

Since t h e  zero o rde r  of  a  d i f f r a c t i o n  spectrum con ta ins  t h e  undis turbed  

l i g h t  from a d i f f r a c t i o n  g r a t i n g ,  i . e .  
I0 ' it i s  obvious t h a t  by e l imina t ing  

o r  g r e a t l y  reducing t h e  zero o rde r  l i g h t  t h e  c o n t r a s t  o f  a f r i n g e  p a t t e r n  

w i l l  be  improved. 

One bonus of  l e t t i n g  only h a l f  o f  any d i f f r a c t i o n  o r d e r  (except  

zero) pass  through t h e  second imaging l e n s  i s  t h a t  t h e  background g r a t i n g  

/ on which t h e  moire is formed i s  completely elbminated.  Because as men- 

t ionned i n  t h e  previous  s e c t i o n ,  it t a k e s  a t  l e a s t  two o r d e r s  t o  form an  

( i n t e r f e r e n c e  ) image o f  t h e  g r a t i n g .  The e l imina t ion  of  background g r a t i n g  

i s  important i f  t h e  d e n s i t y  v a r i a t i o n  of t h e  g r a t i n g  i s  t o  be t r a c e d  by a  

microdensitometer and t o  be f e d  i n t o  a computer [151. de Haas and Loof [ 9 ]  

/ 
i n  t h e i r  paper used a s i m i l a r  technique t o  improve t h e  c o n t r a s t  o f  moire 

p a t t e r n s  obta ined  wi th  t h e  Lightenberg method. However, t hey  claimed t h a t  

i n  o rde r  t o  apply t h e i r  technique t o  "planeT1 moire/ f r i n g e  p a t t e r n s ,  it is  

necessary t o  in t roduce  a  l a r g e  amount of  mismatch which, o f  course ,  i s  n o t  

t he  case  shown i n  F ig .  6 .  

11. Separa t ion  of u- and v: f a m i l i e s  of  ~ o i r g  Fr inge  P a t t e r n  

I n  us ing  t h e  moirg method f o r  s t r a i n  a n a l y s i s  bo th  t h e  u- and v- 



famil ies  a r e  required f o r  a complete determination of t h e  s t a t e  of s t r a i n s  

of a plane model ( u  and v are  t he  displacements i n  ' the  d i rec t ion  of x and 

y, respect ively) .  They a r e  usually obtained by r o t a t i n g  t he  master g ra t ing  

through an angle of 90 degrees. However, a s  pointed ou t  by D r .  Post C161, 

an inaccurate ro t a t i on  w i l l  cause se r ious  shear e r r o r s  and it is  advanta- 

geous t o  r e c ~ r d  u- and v- famil ies  simultaneously by us ing a cross master 

grating.  It may be ,des i rab le  sometimes t o  separate  t h e  two fami l ies  f o r  

reducing t h e  poss ible  confusion caused by t he  tangl ing of two s e t s  of . 

f r inges .  Three methods a r e  presented i n  t he  following f o r  t h e  separation 

of t h e  two famil ies .  

Method A: 

If both t h e  master and model gra t ings  ( e i t h e r  i n  c lose  contact  o r  

with a s m a l l  gap C171) a r e  placed a t  t he  object  plane of  the, op t i ca l  system 

/ 

shown i n  Fig. 1, a cross moire pa t t e rn  is formed with both u- and v- f i e l d s  

of f r inges .  The d i f f r ac t i on  spectrum of t he  g ra t ing  displaped a t  P2 w i l l  

be s imi la r  t o  t he  one shown i n  Fig. 5 except t ha t  each dot is now composed 

of two beams and they i n t e r f e r e  t o  form an in terference pa t t e rn .  A de- 

focused p ic tu re  of a ' d i f f rac t ion  spectrum is depicted i n  Fig. 7. It shows 

c lea r ly  what the  information each d i f f r ac t i on  order  conta ins .  The p ic tu re  

is  t he  defocused spectrum of two cross gra t ings  i n  contact  with ro t a t i ona l  

mismatch between them. I t  i s  seen ?hat u- f i e l d  and v- f i e l d  f r i nges  a r e  

e s sen t i a l l y  separated a t  the  orders along t h e  c e n t r a l  hor izon ta l  and v e r t i -  

/ 

c a l  axes, while t h e  zero order still  contains t h e  o r i g i n a l  cross  moire pat -  

t e rn .  The orders along cen t ra l  hor i ,zonta l  ax i s  conta ins  only u- family and 

orders along v e r t i c a l  ax i s  v- family only. The p i c t u r e  i s  taken with two ex- did- 

posures t o  bring out  some of t he  weaker orders.  Hence, f o r  t h e  separat ion,  

the  f i l t e r i n g  i s  a simple matter of blocking out a l l  t he  orders except t he  



one t h a t  con ta ins  t h e  proper  fami ly  of f r i n g e s .  

Method B: 

An a l t e r n a t i v e  is  t o  pLace t h e  c ros s  model g r a t i n g  along a t  p l ane  

P and t h e  c r o s s  master  g r a t i n g  a t  p lane  P A c ros s  moir6 f r i n g e  p a t t e r n  
1 3 ' 

w i l l  be  formed a t  P  if t h e  whole d i f f r a c t i o n  spectrum is c o l l e c t e d  by t h e  se- 
3 

cond imaging l e n s .  The conf igura t ion  of  t h e  spectrum w i l l  be aga in  s i m i l a r  t o  

t h e  one shown i n  F ig .  5 with  v a r i a t i o n s  due t o  t he  deformation of  t h e  model 

g r a t i n g .  If a f i l t e r  is  made i n  such a way t h a t  only two ( o r  more) neighboring 

orders  a long  t h e  c e n t r a l  v e r t i c a l  ( h o r i z o n t a l )  a x i s  a r e  c o l l e c t e d ,  only t h e  

/ 
v- f i e l d  (u- f i e l d )  moire f r i n g e s  w i l l  appear  a t  plane P An example i s  

3 ' 

given i n  F ig .  8 where t h e  c ross  moir6 p a t t e r n  and t h e  separa ted  u- and v- 

f i e l d  f r i n g e s  a r e  shown. 

Method C :  

There a r e  cases  where it may be inconvenient o r  impossible t o  

p l ace  t h e  model i n t o  t h e  o p t i c a l  system. For example, xhen t h e  model is n o t  

t r anspa ren t  and moirg p a t t e r n  has  t o  b e  formed by r e f l e c t i o n ,  then  t h e  f o l -  

lowing technique nay be used. F i r s t  t h e  c ross  moire/ p a t t e r n  and the  background 

g r a t i n g  a r e  recorZled on a  f i lm.  This f i l m  is then  p laced  a t  plane P1 of  t h e  

o p t i c a l  system. The d i f f r a c t i o n  spectrum w i l l  again  be s i m i l a r  t o  t h e  one 

shown i n  Fig.  7 i n  t h a t  t h e  two f a m i l i e s  o f  f r i n g e s  a r e  v i r t u a l l y  s epa ra t ed .  

The technique  desc r ibed  i n  Method A can then  be used, namely t o  l e t  on ly  one 

o rde r  conta in ing  t h e  proper  fami ly  of f r i n g e s  go through t h e  second imaging 

l e n s .  An example of  t h i s  method is given i n  F ig .  9 where a  r a t h e r  confusing 

c ros s  moirg p a t t e r n  i s  separa ted  i n t o  two i n d i v i d u a l  f a m i l i e s  of f r i n g e s .  

Although t h e  f r i n g e s  shown have some d i s c o n t i n u i t i e s  at  p laces  where t h e  

o t h e r  fami ly  i s  miss ing ,  t he  e s s e n t i a l  f e a t u r e  of  t h e  ind iv idua l  fami ly  i s  

preserved and it is  d e f i n i t e l y  l e s s  confusing than t h e  o r i g i n a l  c ros s  moirg 

p a t t e r n .  



111. ' F r inge  Mul t ip l i ca t ion  

A s  shown e a r l i e r  i n  E q .  ( 3 ) ,  t h e  d i s t a n c e  d between t h e  d o t s  of  t h e  

d i f f r a c t i o n  spectrum o f  a g r a t i n g  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  g r a t i n g  

p i t c h  p. This  p rope r ty  renders  i t s e l f  a s  a  means f o r  f r i n g e  m u l t i p l i c a t i o n .  

Indeed, if one l e t  p a s s  only every o t h e r  do t  (e .g . :  0 ,  t2, k4, ... o r d e r s )  
' 

I 
I 

of t h e  d i f f r a c t i o n  spectrum a s  shown i n  F ig .  4,  t h e  image formed a t  p lane  P 
3 

w i l l  have twice  a s  many l i n e s  p e r  inch  as t h e  o r i g i n a l  g r a t i n g .  And i f  every 

o the r  two d o t s  a r e  l e t  pass  ( e  .g.  : 0 ,  2 3 ,  t 6 ,  . . . o r d e r s )  t h e  image w i l l  have 

a  l i n e  d e n s i t y  t h r e e  t imes a s  g re ; , t  a s  t h e  o r i g i n a l  and s o  on. Since two 

d i f f r a c t i o n  o rde r s  a r e  s u f f i c i e n t  f o r  forming a g r a t i n g - l i k e  image, t h e  maxi- 

mum t imes of m u l t i p l i c a t i o n  a r e  1.imited only  by t h e  s i z e  o f  t h e  l e n s  t o  admit 

two s e p a r a t e  o rde r s .  However, i n  p r a c t i c e ,  t h e  i n t e n s i t y  of  t h e  l i g h t  a l s o  

has t o  be considered because of t h e  weakness i n  i n t e n s i t y  of  h igh  d i f f r a c t i o n  

orders .  The method presented  he re  is similar t o  t h a t  o f  D r .  Sciammarella C121 

with h i s  e l egan t  mathematical a n a l y s i s .  I n t e r e s t e d  r e a d e r s  a r e  r e f e r r e d  t o  

h i s  paper f o r  f u r t h e r  d e t a i l s .  

I V -  Suppression of Unwanted S i g n a l s  

If t h e  d i f f r a c t i o n  spectrum of  t h e  unwanted s i g n a l s  is sepa rab le  

from those  o f  t h e  ~ i a n t e d  a t  t h e  spectrum p lane ,  t h e y  can be  b a r r e d  from 

en te r ing  t h e  second imaging l e n s ,  t hus  e l i m i n a t i n g  them from showing on t h e  

f i n a l  p i c t u r e .  An example i s  given i n  F ig .  1 0  where a badly  sc ra t ched  p i c -  

t u r e  i s  seen  c o r r e c t e d  by t h e  process ing  of s p a t i a l  f i l t e r i n g .  The s c a r s  a r e  

no t  completely gone, b u t  t 5 e  q u a l i t y  of  t h e  p i c t u r e  i s  d e f i n i t e l y  improved. 



CONCLUSION 

It is seen t h a t  with an o p t i c a l  s p a t i a l  f i l t e r i n g  system described 

i n  t h e  paper, many f i l t e r i n g  opera t ions  can be performed t o  e i t h e r  improve 

the  q u a l i t y  of an e x i s t i n g  moirg f r i n g e  p a t t e r n  (examples given a r e  c o n t r a s t  

improvement and no i se  suppression) o r  t o  f a c i l i t a t e  t h e  i n t e r p r e t a t i o n s  of 

maid f r i n g e  p a t t e r n s  (examples given a r e  t h r e e  methods" o r  moire/ f r i n g e  

family separa t ion  and f r i n g e  m u l t i p l i c a t i o n ) .  O f  course t h e  poss ib le  opera- 

t i o n s  t h a t  can be pe r fo~med  t o  improve t h e  moir; d a t a  a n a l y s i s  a r e  no t  l imi ted  

t o  t h e  ones presented here in  and the  technique i s  n o t  l imi ted  t o  t h e  pro- 

cessing o f  moire/ 'fringe data  alone,  b u t  can be extended t o  o t h e r  o p t i c a l l y  

obtained information such a s  t h a t  from p h o t o e l a s t i c i t y .  

. * It should be mentioned t h a t  a f t e r  t h e  completion o f  t h e  manuscript,  t h e  
author became aware o f  t3e  work by H o l i s t e r  1181 i n  which a  method of  f r i n g e  
family separa t ion  was presented. The method i s  e s s e n t i a l l y  t h e  same a s  . 
t h e  method A of t h e  t h r e e  methods presented he re in  b u t  looked a t  from d i f -  
f e r e n t  po in t  o f  view. 
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FIGURE: CAPTIONS 

1. Arrangement of  t h e  components of an o p t i c a l  s p a t i a l  f i l t e r i n g  system 

2. Dif f rac t ion  Phenomenon of a  plane wave passing through a  g ra t ing  

3 .  Image formation mechanism of the  d i f f r a c t i o n  spectrum of a  g ra t ing  

4. P h o t g r a p h  I of t h e  d i f f r a c t i o n  spectrum of a l i n e a r  g ra t ing  (300 l i n e s  
per  inch)  

5 .  Photograph of t h e  d i f fpact ion  spectrum of a cross  g ra t ing  (1000 l i n e s  
pe r  inch)  

6. Photographs showing contras t  improvement of a  moire f r i n g e  p a t t e r n  
(a )  before  f i l t e r i n g  
(b)  a f t e r  f i l t e r i n g  

7. Defocused d i f f r a c t i o n  spectrum of two cross gra t ings  i n  contact  with 
r o t a t i o n a l  mismatch showing t h e  separa t ion  of  u-field and v-f ie ld  
moire f r inges  

8. Separat ion of moire f r i n g e  fami l i e s  with master gra t ing  a t  second image 
plane : 

( a )  c ross  moire f r i n g e  p a t t e r n  
( b )  u-family 
( c >  v-family 

9 .  Separat ion o f  moire f r inge  fami l i e s  a f t e r  the  cross f r i n g e  p a t t e r n  is  
recorded on f i l m  

( a )  c ross  f r i n g e  p a t t e r n  
(b )  tr-family 
( c >  v-family 

10. Noise suppressi-on by o p t i c a l  s p a t i a l  f i l t e r i n g  
( a )  before  
(b) after 
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F I G .  3 IMAGE FORMATION MECHANISM O F  THE 
D I F F R A C T I O N  SPECTRUM O F  A GRATING 



FIG. 4 PHOTOGRAPH OF THE DIFFRACTION SPECTRUM OF A 
LINEAR GRATING (300 LINES PER INCH) 



FIG. 5 PHOTOGRAPH OF THE DIFFRACTION SPECTRUM OF A 
CROSS GRATING (1000 LINES PER INCH) 



F I G .  6 PHOTOGRAPHS SHOWING CONTRAST IMPROVEMENTS O F  A MOIRF FRINGE PATTERN 
( A )  BEFORE F I L T E R I N G  

( B )  AFTER F I L T E R I N G  



F I G ,  7 DEFOCUSED DIFFRACTION SPECTRUM O F  TWO CROSS GRATINGS I N  CONTACT 
WITH ROTATIONAL MISMATCH SHOWING, 

THE SEPARATION O F  U-FIELD AND V-FIELD MOIRE: F R I N G E S  
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