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A b s t r a c t  

A zsw koiz;rz;hic k x p l e a e n f = t i o -  o5 a s a z p l i n q  t e c h ~ i q t ~ e  p e r z i t s  s t r 3 i g h t f o r 2 ~ a r d  resro- 
; ,,,,ozs 05 t;.:~ e i y - e a s i o n a i  s 2 z s e - v a r i e n t  o c t i z a l  s y s t e ~ s .  T h e  set o f  s a n 2 i e  t r a n s f z r  

f u c . z t i 3 n s  r q c r r c 2  fcr t h t  r e ~ r n s s z t z z i o n  i s  s e q u e z t i a i i y  r e c o r e e d  o n  a s i n g l e  hoio5rz ;k ic  
p l z t e  by utilizr:. ,  2 d i f f u s a r  ts 3 r d ~ c e  phase-codeC r e f e r e n c e  b e a z s .  The p h a s e  codin: 
c2era t ion  zkez z z z s  is s u g F r 2 s s  c r ~ s s t a i k  i;ets:een t h e  s t o r e d  ho1oc;raxs .&.hen t h e y  a r e  -,laye2 
beck s i n u l t ~ : e ~ : s ~ - : ,  - Because = h i s  a p s r o a c h  d o e s  n o t  de?cnd c n  v o l u n e  e f f e c t s  i n  t h e  rezsr2- 
i ? ~  r a ? i ? ~ n  in ZE essential way, t k s  ho1ograz.s c a n  e i t h e r  te produce2 d i s i t a l i y  cr o ~ t l z + l L y .  
3 a s i c  c o n c e 2 k s  6r.E t k e  r e s u l t s  zf e x p e r i m e n t a l  i n v e s t i j a t i o n s  a r e  ? r e s e n t e d  anC discusse5. 

A p r o c e d u r z  k z s  r . z c t n t l v *  Seen Z s s c r i b e 2  f o r  usiza a saap1ix- j  tcchnic;ue t c  regr2scr.r sFare  . . v a r i a n t  q t i c s l  sys te7.s. 'if Qne srcposer. r m z l e x e n t a t i o r  o f  t h i s  teckr,ic.;e relies o n  v o l t n e  
kolo~rsn effects t c  ancle-* 3lti:iex v a r i o u s  ssn:;le t r z n s f a r  f c n c t i o n s  o f  t h e  s y s t e z  i2ts a - .  a i d - - z y i  - 
t h i c k  r e c o r i i i n g  necrcx. ;rsSl(tn a r i s e s  w i t h  acgle n \ u l t i ~ l e : c i n g ,  however ,  i n  t i . 5 ~  z5-2 
ex-  -..Linc;iori a- ; angle e f f e c t  i q ; j f o r  ~ r s c t i c z l  p u r p o s e s ,  o n e - d i c e n s i o n s l  i n  n a t u r e  d u e  t o  t k e  
resultizg "Bragq cones" .  G-.. r : 6 r ~ ,  u s i n g  vo l t l ze  h ~ l o g r z a s ,  o n l y  om-d imens i cz r1 .  specs-:.-==- 
i a z t  s y s t e m s  c a 2  te r e 2 r e s s n t t d  i n  a s t r a i g k t f o r x a r 6  way, wic?,out u n ~ ~ s i r ~ b l e  crosstzlk z ~ c z  - .  
p l a y b a c k .  More s t r a i ~ h t f o r w s r 2  t s c h n l q u e s  haup i o ~ ~ ~ . - - -  c?enons t r=teZ else:-:here fo r  one-c lz?n-  
s i o n a l  s 2 a c e - v a r i z n t  systexs r e ~ r s s e n t a t i o n .  

T h i s  ?i?per ?er.er ,skzates a d i f f e r o a t  ha loq t r zah ic  i ~ p l m s n t s ~ i s r !  technFc;_:1-2 :or s ~ ~ p l i n ~  
theore::-5ased r e p r e s e 2 t a t i o n s  o f  t - .qo-di~er?sional  s p c e - v a r i a c t  s y s t e n s .  T h i s  izpierr.cr.-.-,t=ior: 
u t i l i z e s  r z f e r e z c e  beam'enccciinq of t h e  var lcus  t r a n s f e r  f u n c t i o n s  v i a  z xazdcz (or ~ s 2 c e a -  
rzndoz) pkase d i E f u s e r .  T h i s  a p s r o a c h  e l i a i n a t o s ,  i n  p r i n c i p l e ,  t h e  need f o r  a v o l u a t  re -  
c o r d i z q  ~ e d i ! ~ z ,  s o  t h a t  t h i n  ( r a t h e r  t h a n  t h i c k )  r e c o r z i n g  media may b e  u s e d .  It ther -s fs rc  
o?ens c:Ie iyor- ,aSr; , t  2 o s s F b i l i t y  of u s i n g  c o n p t z r - c e n e r z t e d  h o l o g r a n s  t o  simulete arbicr=rt . r  
ti.$--a--dinensio;.,al s ?ace -va r i an t  o p e r z t i o ? . ~  n o t  ~ o s s i 3 l e  w i t h  v o l u z e  ho1o;ram ro?resentakio.?s. 

' P k a s e  eacsded r o f e r e ~ c e  bezns k3ve been cscd p r e v i o u s l y  f o r  c o l o r  holoc;ra;hy, (8-9) a -z  

f c r  the  p u r F s s e  o f  m u l t i p l e x i n g  a nucbe r  o f  ~oint s o u r c e  o b j e c t s  for e i g i t a l  s t o r a g e .  'IC' 
The r e q u i r e z e n t s  i n  h o l o g r a p h i c a l l y  r e p r e s s n t i n g  s p a c e - v a r i a z t  s y s t e s s  are more s t r i n g e c t  
t h a n  f o r  t h e s e  a p ~ ~ l i c z t i o n s  i n  thaz s i rnu l t ane2us  phase -cche ren t  r e c o n s t r u c t i o n  of a ntixksr 
of r e c o r d i n g s  i s  d e s i r e d  w i t h  no s i g c i f i c a r - t  o b f s c t i o n a b l e  c r o s s t a l k  Sctwesn c h e  v a r i o : ~ s  
plclybnck ( r e f e r m c e )  bearns, A s  we w i l l  show below,  the r a ~ ~ d o a  phase  d i f f u s e r  techniqze can 
satisfy t h e s e  r equ i r emen t s .  

Recorlina ard Playback O p e r a t i o n s  F?ith Phase-Coded R t f e r e n c e  Beaizs 
--.l-----d--- 

T h e  s p z c e - v a r i a n t  sys t em r e c o r d i n ?  p r o c e d u r e  bafnd yn t h e  sa:r,gling theorem,  b u t  w i t h o u t  
r e f e r e n c e  beam phase encod ing ,  is  shown i n  F ig .  1. The s y s t e n  S fcr t h e  noment is 
shown sampled by i iapulse  f u n c t i o n s  ( p o i n t  s o u r c e s )  il to .  iy, g i v i n g  r ise t o  t he  p o i n t  r?resi 
f z n c t i o n s  h l  t o  hx a t  t h e  o u t p u t  p l a n e  oE 5 .  Thc l e n s  L1 t h e n  p roduces  Llelds p r o p o r t i c n a l  
t o  the transfer r u n c t i o n s  H1 t o  Hx a t  t h e  hologram ? l a n e ,  >:kcre E .  i s  ;he F o u r i o r  t r r n s f o r c  
o f  hi. ! ~ L J  Sow f o r  e ach  i n p u t  p o i h t  s o u r z c  i t h e r e  is a c o r r e s p o k i n G  r e f e r e n c e  p o i n t  
source r. which t i :  - . n s f o r ~ e d  by the l e n s  ~j to  form t h e  r e f e r e n c e  p l a n e  v a v a  R .  a t  t ke  

?l?ne.  ' 3 F * ~ h c  r e c o r d i n g  t e c h n i q u e 2  then  consists o f  sequen t i s l l y  r e c o r z i n g  t h e  
i n t e r * ' e r t ? n c s  p a t t e r n s  of  t n z  sys t em f u n c t b o n / r e f e r e n c e  p l a n e  :.:av.?? p a i r s  Oi., R . )  . I f  w e  
bias  the medium sc t h a t  t h e  r e s u l t i n g  ho luq re rns ' s  a m p l i t u d e  t r a n s m i t t a n c e  ?ucc$ ion ,  t ,  is 
~ r o ? o r t l o ~ a l  t o  t h e  expos ing  intensity p a t t e r n ,  t h c n  

* T. F. Krile i s  w i t h  Rose-Euln.xn I n s t i t u t e  o f  Technc losy ,  Dzpt. of E . E . ,  T e r r e  h 'aute,  Iz. 
473833. 

T.F. Krile, R.J. Marks II, J.F. Walkup and M.O. Hagler, 
"Space-variant holographic optical systems using phase coded reference beams", 

Proceedings of the International Optical Computing Conference,
 San Diego, California, August 1977. 



Tka pli.yS=c:: ste? is shows in fi;. I .  - 3 2  i n p . ; ~  o b j e c t  i s  s p a t i a l l y  SFS.?~EE a t  t h e  po ipr  
scur te  Isczcic~s o f  rho o r i g i n s l  rofezfr.cs s r r i l y  zo s r o d u c e  san?lcd i n p u t s  s l r , . t o  s,.r,,, 
w'-ar-  I.- -.= si is t h e  sznx?ied v a l u -  a: t he  j-th l s c ~ z i o ~ .  The d e s i r e d  o u t q t  plane z r e l d  $s-'given 
by t k s  sc7. 

wkrxe i ic  coze t h a t  coherent i55Ci?i?z of t3e s i n u l t a n e o u s  - - o n s t r u c t i o n s  is  r e q u i r e < .  A l s o  
noce t h l t  aorezzial t r o s s z a l k  r e z s  kz:e Seen a c q l e c t e 2 ,  . . -  "" a n d  t?~: l o ~  ?ass t i l t e r i r g  i n  
t h e  h o i c ~ r a z  ??a-e w i l l  be rrq;:rez rc 3Steii a c o n t i z u c u s  o u t p t .  

Sa.np!ed 
Inputs 
0 1 

Holoarcrn 

O i J t ? ~ t  
Plane 

Fis. 2: Playback s c h e z e  f o r  t h e  
ho1ograpk . i~  r e p r e s e n t 2  t i o n  
of t h e  s y s t e z  S. 

Fig. I: Recoeinq scheme f o r  ths h o l c g r a ~ h i c  
r e s r e s e n t d t i o n  of the s ~ z c ~ - - ~ a r i ~ z t  
systez S.  

. . 

Since c r o s s b a l k  t e r n s  have been n e z l r c t e d  i n  w r i t i n g  Eq.  (2), we have  assumed t h a t  e a c h  
i n p u t  p o i n t  s a n ~ 3 . e  " s e e s "  o n l y  t h e  d e s i r e d  transfer f u n c t i o n  upon p l ayback .  We will now 
c c a l j z e  what  hap?ens i n  t h e  s p e c i a l  case of  a s i m p l e  two s a n p l e  p o i n t  s y s t e a  t o  show w h ~ t  
thl c r o s s t a l k  ?rcSLecs a re  and  t o  e x a x i n e  hov u t i l i z a t i o n  of t h e  d i f f u s e r  encod ing  technique 
i n  t h e  r e f e r e n c e  b e a m  cac suppress c r o s s t a l k .  

A f t o r  seqze~tial r e c o r 2 i n g  o f  the  t:<o o b j e c t - r e f e r e n c e  ja irs  (HI, 1 ar.3 (Hz, 112), t h e  
:&-?I'-: -.... . ~ - - e  trznsni-.car.ce f u n c t i o : ~  s t o r e 9  i n  t h e  h o l o g r a n  is g i v e n  br - 

in tno s l a y b a c k  siep, if t h s  sampled i n p u t  v a l u e s  are  g i v e n  by the c o n s t a n t s  s, ene s,, 
t h e  recons:ructeI w a v e f r o n t  j u s t  to the r i g h z  o f  t h e  hologram i n  F i g .  2 c c n s i s t s  df 16 t e r n s ,  
four cf w h i c h  have been diffracted by t he  h o l c g r a o  tu a p p a r  i n  t h e  out;ut ? l a z e .  W e  
:?cfine thesc f o x  t e r m  a s  $;', s o  t h a t  



*- - - I>" sxp;cte a: ideal ;has2 CLffcser is ?lacs2 in t h e  reference 2 ~ 2 5  side of the systtr cs 

shc':~ i- F I G .  3 ,  S X C ~  that 3, 1-2 9.- a re  ;nit ~cplir-de waves cc-plex phase (i.e. 
3: = 3:.:3 - ,: ' :- (S,y?l , 2 ,  =  SF:: :? (R,?\ ) . >I,  r3-q -2ke f-52 inverss Fourier t-a>sfora' 
E.5. (4) S>z..- -...>; - - -..-. €he CC~?S='  (izqs! pi,%;.e f i e i d  is qivefi  by of 

\;;lere "it' r t ? r e + z t s  convsluiic-., in5 "&" rcarestnts correlation. In obtaining 2 ~ ; ~ { 5 ;  -,.e 
ksve n a C i  csr 3 5  t k e  ccnvoluric:. sz5 a g r s z 3 r r e l r ~ i c n  theorems of Fourier anaiysis. A - 4  So t 2 
t k l t  nsu, hs:<et:cr, .r, an? -, w - -= - -  r---=---- ==;.- t t e  di f fzse r  p a t t e r n  seen et t h e  tWc ?csitior; i.; 
the input saa?:ixs a t r n v .  Tkest =;-5 satt.r-s a r e  sffettively multi?lird bv the sas?lsl 
val-es S,  an,'. s , ,  Z S S ? ~ ~ ~ ~ Y P L ~ .  Ii i$e 2iSfuse1.  $ 2 ~  t k z  p~oaerty that r. ..$. r i  is effil---y~- 

1 1:; a DirIc2slrZ _S.;.zctio?., : i t i L t  z ; R  I- is a very broa5, unifora sgatiar fu r . e t ion ,  t he?  ~5-c_, 
se e-.:" = - - - J  oct_=t~t may 2f freti-.-2Ly ' L - . - . - ~ . . . ~ - . . -  e3 

- '  =,n + ?iffuse hackground noise 
L 2 

9sftrence flys' .eyes 

Input 
f lyst  eyes 1 . . !Ling 
h 1 , h 2  - f ,- f _i Material 

Fig. 3: System configuration for incluzi~g 
phasz 'iliffusers in 'the reference 
beam to be used for both recording 
and playback. 

It shouie 52 ncted that no extinction anqLe was assu~ed operative in oStain:ng t he  re;sit 
of E c i - ( J 6 1  In this approach, we are thus not restricted to workirig with thick r5cor"ing 
media, --J' a potcctially signi'icant advantage. 

,Exceriicen tal Results -- - 
TG tes+ the  theory presented above, an idealized, s9ace-variant tw-zoint nagnifier Gas 

s e t  up as shcxn ir: Fig. 4. T:io fly's-eye Lenses ( 3 . 3  mn diameter each) having a -.*erticai 
s e g z r a t i o n  of 15.4 =% were used to for3 the reference poirt sourcos. The outsut ct nn idea- 
l . i t i .d oagnificr (with 31 = l / 2 )  ;<as siztilatc.5 by usinq two fly's-eye lenses sr~arated S:, 
7.7 rkm. to for- tho cbject points. The transfcrnir.q lenses L and L, n32 10 cn focal lezgchs. 
'Lh* results of three exaerizents ~ ~ h i c t  were perforzcc? are described-hclox. 

E x - e r i r c n t  ----_,- 1: In the first experinent nc d i f f u s a r  was placed in the re2eronce bcscs.  
Th2 2 ,  El) d~ci .  (P2, A.,) C O . T ~ ~ C ~ Z L G ? S  wsre recori:ed ~c'ijile3ticllly on a R o d ~ %  649F piat-. Ee- 
cozs2ruction uas ~crforled by novinq L1 10cn. to t h e  r i q h t  of t !~e  hologram, and o5servins 



t t a  rnaae 21s-c, ub ich  is now .he P ~ u r i e r  rrt:sfc:r ?lane o f  L, (see FFs. 2 ) .  The r e s - 1 ~  i s  - .  shown i n  Fils. 5 uhcre the i n n e r  2aFr  ox ec:'r; ii -he cicsirea d u t s u t  (i.o. a p a i r  o f  7 o i n - s  
sc?arz=ei ky 7.7 L?.) and the o u t e r  > a i r  of r s i n z s  resresents ?he  c r o s s z a l k  t e r n s  

It S~CZLZ ta ?zip5 h e r e  t h a t  t h e  isz:rtrT: jf t5is es;e=i-ent  ;qzi suci t h a t  t h e  ext---ction 
a-51e czfest - 2 s  zsz  cgeraz i t . -c  iz t?e c t r z i c a i  direction, s o  t h 3 t  the p i n t s  in t h e  ve r t i -  
cal r s n i j i t  ::-.:-:::r-::: c r o s s - t + l k ,  s : 3 . 5 .  

P:-:;:eri?ezt 2-: i? t h i s  expe r i z . r>z ,  a s5cusr class d i f f u s e r  was i n s e r r e e  i n  t h e  r e f e r e n c e  
a ,  a5ccr 3 c? ~ Z C Z  t h e  p h c e  a: :?s referents 2c i r . t  s o l i r t e s  s o  t h a =  e e c h  of t h e  t y o  
h e m s  vouLe i z : r rzc>t  2 zsxirnx- e i f z c s e r  nroa,  Zuz woulZ no; i n t e r s e c t  t h e  e i f f u s e r  a r e = ,  
i n t e r c e p z e 2  bg tke czher r e f e r f z c e  5ea:.. The o u t > c t  p l a n e  r e s u l t  f o r  t h i s  e x ? e r i n r n c  i s  
stown i n  ZLS. 6. %.re t h e  t u o  Cssire2 s z r 2 u r  p o i n t ;  stand o u t  c l e a r i v  aga ins t  a diffuse 
background.  of czr~srsik n o i s e .  ?:lo eesior. carsezz induci.2 by t h e  a a r t i c - l z r  shoizer c l a j j  
6 i f f c s i r r  cse2 iif 5-5 have 2 spary jr-ar? ac t e ;o r r , 2 l i t ; on  f.;fic-ion, s o  ,t::at yc:?csi : i>nin of 
t h e  d e r e l o ? e C  k;lzgrrz wes  n o t  ~ 2 2  c r i t i c ~ i  a2 sperlticn ( i . 2 .  i t  too;.. 2 novenent of se-.-eral 
c i l l i r n e t e r s  t o  2Lce  'he o u t p c t  ;siz:s tisapera=). S o t o  t h a t  the Biffuser a l s o  hzZ r s?l:iai- 
iy ? r a r y i n s  !i'.el.;arilr., s o  t h s z  t k  c r c s s - t z l X  i s  n o t  s;rs.sii as uni:or.<y a s  p o s s i b l e  cyar 
A s  ~ n e  o u t 2 u t  i i e l t .  22- :er tke less  ttt results r?>ear t o  be e z s o u r a q i n q .  

Ex-eri-ent 3:  A t k i r " e 2 e r k ~ r . z  ;<as ?"zfsr:p2 t~ Ceson;:rate t h e  t:zo-CL::z-siocel c a ? = b i l -  
-i 

i t i e s  of ths "iff-jer e n c & i n ~  rcchnioue. t h r e e - a o i a t  d e n a g n i 5 i e r  .*as.nLi:clated .sitti -he 
s n z e  b+gic c o n f i a z r s - t i s n  a s  in ~ 4 .  4,- h c ~ c ~ q . - ~ r  k t r e e  o f  t h e  fo-7 l e n s e s  rc  a sqcare suo- 
array s o r t i o n  o f  t h e  f l y ' s - e y r  arr.z;- Izeze us,.. Thr ies~lt, when t h e  d i f f z s s r  was g l i z e 5  
i n  the re-ferexce S e r z s ,  i s  sho~:- i? P i 7 .  7. I t  c a n  be serc t h a t  t h e  m a l t i p l e  c rossr+l : :  
point.; w h i c h  wol;l.' bs ss jec te8  ; i i - ,?sut  t h e  d i Z Z i i s ~ r  ezcoding o f  t h e  r e f e r e n c e  beams have  
t e e n  r e l e c a c e d  t o  a 5 i f L c s e  bac l c t ro~n2  n o i s e ,  w h i l c  t h o  t h r e a  desired o u r F c t  ? o i n t s  s t z n d  
ox; c l e a r l y .  Again i t  s h o s l d  be 23c.2 t h a t  s i n c e  619F h a s  a  r a t h e r  l a r g e  e x t i n c t i o n  a n ~ L e  
r e l a t i v e  t o  t h e  ax?ular se?ara;lcn o f  tk eeffcrozca beams u s e 6  here, volcr .3  hologra- e f f a z r r  
r , ; e i ~  nrrt r e s p o n s i 5 l s  fo r  e l i n i z i r i - s  eitter zhs h o r i z o n t ~ t l  o r  v e r t i c a l  c r c s s - c a l k  expec-.eE 
w i t h o u t  t h c  Ziffsssr. . . 

Conrf u s i o z s  - 
A tech-iqae h a s  been d e m o n s t r a t e 2  for k o l o c r a ~ h i c a l l y  r e c o r d i n g  r e p r e s e n t a t i c n s  of txo-  

; --...-:ia: ;-.a- -, o n a l  s~ace -7 : a r i an t  s y s t s z s  n s i . ? ~  ?h+s?-~ncsded r e f e r e c c e  beams. T h e  u s e  o: r e f  cr;l:!;e 
b a m  p h a s e  ~ n c o 5 . i n g  f o r  t h e  p o r s c s r  c ~ . u l t i ~ l e x i ~ g  n o n i n t e r f e r i n g  h o l o j r a n s  o n t o  a s i n a l e  
"L;; ..I 81 - .  . e m  r a k h e r  thir. a k z t r ? t i - y  t o  us2 t h e - e s t i n c t i o n  arqlr p r o ~ a r t y  of a L. ' l i .  r s c c ~ ~ :  *: 

t h i c k  r ezo r2 inc j  xedi:ln t o  e n g l c  i ;ul ; ialex t h e  n u l t i p l e  holocjrrms,  p o s s e s s e s  a number o f  go-  
t s c t i a l  adventajes. One would n o t  Se.rssrricteZ t o  vol~ne h o l o g r e n s  f o r  recording space- 
v e r i a i i t  o p t i c a l  rystes,;. Thcs  o n e  caul? i:~ s r i n c i ~ l e  c o n s t r u c t  compu te r -gene ra t ed  h o l c q r a z s  
f o r  r e ? r e s e n t i n g  a r b i t r a r y  two-dioer . s ioza i  s s i c e - s a r i a n t  p r o c e s s o r s .  

I t  is  c l e z r  that t h e  p r o p e r t i e s  of  t5e phase-coded d i f f u s e r s  are i m p o r t a n t  i n  d e t e r s i n i ~ g  
the p r a c t i c a l  l i n i t a r i o n s  o f  t h e  r e c o r d i a g  ?recess. A number of d i f f u s e r  s t u d i e s  have  beon 
eade concern in^ t h e  u s e  o f  d i f f u s e r s  as s p e c t r c a - l e v e l e r s  for r e c o r z i n g  F o c r i e r  t r a n s f o r ~ s  
a: i s p u t  d a t a  an2 z s  d e v i c e s  fo r  sgeckle r e l x t i o n .  S e v n r a l  a l g o r i t h m  have  r e s u l t e d  which  
qive rise to phase  zasks w i t h  f l a t  s?ectra anc! delta-like a u t o c o r r e l a t i o n s .  I n  t h e  space- ' ' 

" n r i a n t  p r o c e s s o r ,  we w u u l d a l s o  l i k e  d i f f u s e r s  w i t h  t h o s e  p r o p e r t i e s .  I n  a d d i t i o n ,  w e  a r e  
dca l inq  w i t h  a p e r i o d i c  f u n c t i c n s  i n s t e a d  of 2 e r i o d i c ;  tie r e q u i r e  a f a m i l v  of d i f f u s e r s  f o r  
an:; a i v e n  mask s i z e ;  and. w e  need a l l  c r o s s - c o r r e l a t i o n s  be tween men?-of a d i f f u s e r  fasily 
t o  be u n i f o r m l y  small s o  all holograms can be a c c e s s e d  s i n u l t a n e o u s l y  w i t h  minimal  c r o s s -  
t z l k .  Using r e s i ; ? t s  f r o m  c o d i n g  t h e c r y ,  two- . f iner , s ional  hi-phase  codes  are belng rievelc;sd 
~ , : h ~ c h  have  t h e  desiza6 g r c p e r t i e s .  A d d i t i o n a l  i n v c s t i c s t i o n s  i r e  underxay i n  t h e s e  and 
0-L ~ . ; e r  a r a s  r o i a k i n g  ts t h e  t e c h n i q u e  p r e s e n t e d  i n  this paper. 
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